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Abstract: The stability and performance of a networked adnglystem are strongly influenced by the
network delay and packet drops. In this paper, evesicler that late arrived sampling data are dropped
that we only focus on the analysis of the impacpatket drop sequences on the control loop stabilit
and performance. For any dropping sequence spedifigm,k)firm model, and considering a simple
mono-variable linear system with a proportional tcalfer and zero control action in case of sampling
data drop, we derived the stability conditions ldage the upper bound of the plant state variarideas
been shown that the stability only depends on #iees ofm andk but not the pattern of the dropping
sequence. In case of network overload, this giveshnfreedom to actively dropping some packets while
still keeping the system stable. An analytic mettmdletermine the optimal control gain for any give
packet drop pattern is also derived, providing tawguideline for optimal control and network resmur

scheduling co-design. Copyright © 2009 IFAC

Keywords Networked control system, packet drop, (m,k)-fistability, performance optimization

1. INTRODUCTION

With the progress of networking technology, mord amore

control systems are now linked by networks, formiag packet loss may lead to bad QoC or even to system

network link is often shared among different apiiens and
control loops, the network overload may occur anginbe
correctly handled. Otherwise excessive networkydetzd/or

research topic named Networked Control Systems JNC@stability.

where one or more feedback loops are closed vihased
communication network (Antsaklis and Baillieul 200Tn

such systems, the measurements quantized by therseare
sent to the controller over the network link. Afténe

computation of the controller based on these measemts,
the control output is then sent to the actuatoas thay also
be via the network.

Unlike fieldbus design approaches in the past thainly
focused on providing to applications with real-tingoS
(Quality of Service) guarantee from network poihtv@w,
the design of NCS focuses on the QoC (Quality offit€x)
optimization from the application point of view. IFOICS
design, the challenge is how to optimize on the loaned the
QoC with the presence of the network induced delag
packet loss, and on the other hand the share ofirttied
network resources (e.g. network bandwidth). Theeuyihg
network of a NCS could be either a fieldbus (e.@ANC
Controller Area Network) or a general-purpose nekne.g.

For dealing with network overload, three controldan
implementation (e.g. task and packet schedulingjlesign
approaches are available. One is to dynamicallypgéahe
priority of packets in order to favour the datansfer of some
critical control loops to the detriment of the atlhess critical
applications. This approach can be easily impleetkoh the
prioritized bus like CAN (Juanole and Mouney 200} its
generalization to other kinds of networks is faonfr
straightforward. The second approach consists iranhycally
changing the control loops’ sampling periods bydseg less
frequently the sampling data to reduce the netiaall. This
approach has been proposed mainly for optimallyishahe
processor on which several controllers are exegyiseto et
al. 1996), (Eker et al. 2000), (Simon et al. 206&)wever its
implementation for the network resource sharinglddae
difficult for general purpose network. Note thaisthpproach
has been proved effective for certain particulamoeks, as
FTT-Can (Antunes et al. 2007). For instance, atrigisvork

Ethernet, WiFi, or even Zigbee/I[EEE802.15.4). A< thoverload, the period change decision must stilirbasmitted

This work has been partially supported by Safe_ Np@§ct
funded by ANR under ANR-05-SSIA-0015-03

to the sensor nodes via network, implying compédat
mechanisms. The third approach consists in sebdgtiv
dropping sample data within a certain toleratedtliduring

the resource overload period, while still keepihg tesired



QoC or graceful

degraded QoC (Ramanathan 199%pntroller, is a sample that can be transmitteléss thardto

(Hadjicostis and Touri 2002), (Bommannavar and Basghe controller.
2008). Among these three approaches, it is cleat th

changing packet priority does not reduce the to&tivork
load but only re-allocates more network resourodbé most
important control loops and less resources to ttiers.
While changing the period or dropping packets amrem
radical solutions to the workload reduction.

In this work, we adopt the third approach since parimg to
changing the sampling period it appears easiempeiment
and more efficient than that of the priority chanbgewever
the following problems must be carefully addresbetbre
adopting this approach. The first problem is theiod of the
dropping sequence when selective dropping should
implemented. What is the impact of the droppingusege
on the QoC? The second problem is how to desigimapt
control law when a dropping sequence is effective.

In what follows, we describe
architecture we considered, the packet droppingrypdlased
on (m,k)-firm model and then give the analytic tielaship
between the packet drop sequence and the constmyand
state what are the considered stability -criteriond a
performance optimisation objective. We particulahow in
section 2.3 how the network-induced delay can
incorporated into the discrete-time system modeleurour
“zero control” action assumption. This allowed ws dnly
focus on the study of the data drops. Section &stthe
stability condition under any given dropping seqen As
the dropping sequence is repeated periodically-périodic,
the traditional stability in variance (Astrom andti&hmark,
1997) does not exist when the horizon tends tmiiefj so the
upper bound of the variance is used instead tosastg®
system stability. The new metric allows us to uppeund
the system output variance. We also give the metiwod
determine the optimal gain for any given droppieguence.
Section 4 provides a numerical application of onalgtic
results. Through this example we show two poinjsodr
analytic results can be easily applied to compleailowed
(m,k)-firm dropping patterns while upper bound tplant
state variance; 2) the default value of the colgrajain is a
tight upper bound of the optimal gain. Section &dsses the
possible implementation plans of our approach axtiéh 6
summarizes the new contributions of this work.

2. SYSTEM MODEL AND PROBLEM STATEMENT

2.1 Network Control System (NCS) architecture

The NCS model shown in Fig. 1 consists of a comtirsu
plant (linear, mono-variable) and a digital coreol
connected onto a networked architecture. The outpube

plant is sampled periodically (period) and has to be
transmitted immediately through a network (see aignin

Fig. 1). This transmission introduces a delay. Wppsse
that the closed loop system is controllable if thétay is less
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Fig. 1. System architecture

Therefore, as soon as the network is overloadedismb
more able to transmit in time<(d) the sampled data, the

b@plicy that we propose consists in dropping thekpathat

contains this data since late arrived data is asefer such
kind of applications. Note that this strategy, wigspect to
priority adjustment, allows to keep always an antoah
bandwidth for other data flows sharing the network.
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Fig. 2. Algorithm of the controller under samplasso

We assume that the controller node is synchroniviéd the
sensor one (this service is provided in certainwoek
protocol). The signal management in the closed ygiem
is: a) clock-triggered sampling of plant outputr{pd h); b)
clock-triggered controller (periodic task, period executing
a constant delay control law under a constant skega

than a given valué. A correct sample, for this plant and thissimilar policy is proposed in Liou and Ray, 1994jd c)



event-driven actuator, updating the plant-inputsam as the
controller output becomes available.

If a sensor sample is dropped, it is recognizedvasant
sampling by the controller (Halevi and Ray 1988y dhe

actuator applies the “zero control” action to thenp Fig. 2
illustrates both cases. Applying a “zero contrafral to the
actuator in case of absence of sampling data tifigusby the
fact that it would cost the least amount of conteokergy
among all possible control actions (Hadjicostis aramlri

2002), (Imer et al., 2006), (Sadjadi 2003). Of ssuanother
way is also possible which consists in applying thest

available control”. This last way is equivalent ttee zero-
order hold (ZOH) action in continuous time but megd to
more control energy.

2.2 Sample Drop Policy

As explained in the former section, the approaahsittered
in this paper to solve network congestion is teec#@lely
drop some instances of systems outputs. Some @udutixist
that discard data packets in order to reduce tliectefe
utilization of the system. Among these solutionbge t
technique often mentioned (s, k)}firm policy (Ramanathan,
1999) (Quan and Hu, 2000). Tl k}firm model requires

that at least m out of anly consecutive packets must be

delivered by the network. In (Jia et al., 2005) &did et al.
2007) was first studied how to choose the valuk ahd the

rate ofm overk so that the system remains stable for monc

and multiple-variable linear systems. The impact tioé
packet drops distribution on the QoC has been atadubut
without giving a general relationship.

In this paper, we continue to adopt tfmk}irm based
dropping policy and give in section 3 the genenadlgtic
relationship between a packet drop sequence ar@dble

2.3 System Model

The first order plant is described by the discrétae
dynamics (f (ih) is notedf; in the following):

X =ax tpy+4q,5%0
and
Yi=%+R
where x represents the plant statg, its input; g; and pj,
are white noises, assumed to be independent amdzeib

@)

mean and whose variances will be notexgand Op-

X =@+ Ai)x +BMiye + ) @
We consider that the delay between the time of gdaht
output sampling and the time of the corresponditgadion
instant is always equal td (see section 5 for the possible
implementation of this assumption). In order to pemsate
this skew (figure 3), we use a Prediction-Based &l¢iarti
and Velazco, 2007) that computes the control signalith
the estimated state vector at the actuation instent .
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Fig. 3. Impact of the transmission delay.
During the intervalih ,ih + 9), the plant (linear) evolves and
the estimated state vectorit+ J, is x(ih+9) = ¢ x(ih).

If we multiply the terms of the equation (2) by tbenstant

e | we obtain:

e x((i+)h) = &° @+ Byn;) A i)

+e7 BNy p(ih) + o ih)
and the obtained equation shows that:
x((i+Dh+9) = (a+ By )x(ih+9)

+e79 B(M;y p(ih) + o iH)
Then, without loss of generality we can work dikeatith
the model (2) where the noises ¥ n and & § (same
properties asp; andq ).

Particularly p; models the gquantization noise in an additive

way andg;, represents the actuator noise.

Considering a proportional controligr=)f1; y , where IT;
models if the plant state sample is transmitted the

controller or not (1; =1 if the i" sample is transmitted and

0 otherwise).l; is called(m,k)pattern.

Then the closed loop model is:

2.4 Stability conditions and optimisation issues

First we need to identify the condition on the elddoop
control that ensures the stability of an unstaldétpunder
output and process noises and subject to a spelcdjgping
strategy of the sampled plant output. As specifiedection
2.2, we apply a proportional controller with a ggand the
transmission of plant state samples are contréliadks to a



(m,k}firm policy. For any sequence kfsamples, onlyn are
transmitted according to a predefingd,k)pattern. So, the
packet sequence deliverykieriodic.

From control theory, the control design goal fosystem
under noise (or cost criterion) is to determine ¢tbetroller
gain which minimizes the variance of the outpute(der
example, Astrém and Wittenmark, 1997). In this pape
consider an infinite horizon and propose to guamrthe
closed-loop stability by calculating the gajn in order that

Then B; can be computed by the recurrence relation:

B =gB+b@l-A,fori=0,

k-1
with BO = zobj aj+l...%_l.
J:

We obtain the following result.

supvar(x should be finite. This property allows taking intoTheorem 1.

|
account all the future of the system.

Moreover, finding an optimal controller means tdedmine
the parameters of the system that makes this éimgémall as
possible. More precisely, the optimisation issuastsis in
finding:

- the parameters of the dropping policy; k and the(m,k)
pattern,

- the gairny of the controller.
The purpose of the next section is to provide shemattical
support for the specification of the parameters.

3. ANALYTICAL APPROACH

In the following, we notev, =var(x ). The assumptions
made on the noisep; and g; , show that:

Visp =8y +h, =0,i20 (3

where: g = (a +By7;)? andb = B2(ag +y°0 5 1T})

We denoteA = g,&...§-1. Bearing in mind thafl; =0 for
k-mterms and1; =1 for mterms, it is readily seen that:

A: (a, + ﬁy)2ma,2(k— m)
This shows tha# depends only om andk and not of /7 .

i+k-2
We set B =hy-+ X B 3s.-fk-1, 0< i<k and
j=

B=max(B ).
O<i<k
In fact, taking account of thie-periodicity of & and b we
have:
i+k-1

Bia1 =R + Zlq 8 +1:-- Rk
jEi+
i+k—1
=h +3 _Zlq g1 Bk -1
j=i+
=b +3 (B - b Ak -1)
=h(l-A)+aB

1) If A=1, the sequencév,) is unbounded.

2) If 0< A<1, then the sequendg,,) is bounded and:
supy, :i
o | 1-A

For short, the system is stable if and onl@& A<1

Sketch of proofFrom equation (3), taking into account #e
periodicity of & and b, it can be seen that for

O<i<k andnz= C
(4)

1) If A=1, the equality (4) shows that, = vy + By = ng,.

Vi+(n+k = AVnk t B

k-1
We note that By =) bjg,y..4-12 Q—12'82‘7<12> 0;
i=0

therefore, vy = N0 showing that the sequende,) is
unbounded.

2)If 0<A<1, from equation (4), we can deduce that

vi+nk:%+A”(v;— for O<i<kandn> C

Thereforelim v = I
n —

It can be shown thaw, slB‘—A for anyi. Due to thek-

periodicity of B, we have Vi s% and therefore

B; .
supv; =—— . Finally, supv,, = .
Aok T A Yo SuPn =8

O

Let us consider now the optimisation problem. Fois t
purpose, given a(m,k) dropping policy (m k), the
find y that

in mind

minimizes
that

is to
bearing

optimisation problem
M (y) =supv, (),

n=0



A=(a+BY)*a?® ™ under the constraind<1. This is
equivalent to:

P

|a m where )y = a
0= ——
|81 B
A way to evaluate the optimum can be achieved thanlan
iterative algorithm that computesM(y)for y from
k

1——
o m

lv=1wl<

Lk
| | m _ a
|,3| 0 Vmax = Vot

18]
This can be complex because of the computationBaf

Therefore, we propose a convenient and simple uppend
for inf M(y) .
y

Vmin = Yo~ by step equal td.

/7 being given, if/ = yp = —% , then A(yp) =0.

Corollary .

Sjtm At AN Si<j+nitnotot+ng, = jt+k with
Bj+n1+...+nm,1 =c
Consequently,

M (yo) = erITl?:(k B = max@;.n,-1 Bj+ny+ny-1 - Bjak-1 -

DenotingN = max(n .y ,....Ny, ), it is seen tha ()5) = XN

where xy is the N" iteration of the relation

Xi+1 :a'2>§ +,820q2 with the initial conditionx =c. It is

well known that:

2.2

which entails the result.

pag
@?-1)

a®N 2 2 2 2
m(/g Jq+(a _l)ap)_

M (yo) =

where N -1 is the length of the longest run of O in th
pattern/7 (see Fig. 4).

ny=4 na=f ny=3 ny=I1 ny=2
‘A —p

1(ojofojt1jofojofdfa1{O0j0|1]1|D]|1

i {;' b FRT Jhmpta B I:.'i
: k terms '

N=maxin{ n2 nindnil=6
Fig. 4. Example of patterfy.

We notice thatM (),) depends only on the longest run of
in the pattern’7, N.

Sketch of proof.

It has been seen before tHat, =3 B + b(1- A where g,
b,B and A depend ony Since A()p) =0, it turns out

thatB,; =g B +b. Settingc = ,8205 +aza§, this relation
shows that the sequence is strictly increasingsee Fig. 4):

-j<i<j+ng with B =c,

-t <i<j+ni+ny with Bjy, =c,

/* Calculation of M),
/* lnput data

for , m k and 77

/* a, B : characteristic of the plant

/* Op. ad:noises on plant output and input
e .

1* y. controller gain

/* m k, /7

/* Result

1* R=Mp

Ma, B03. 04,y mk, 1)
begi n
for Jin 0..k-1 |oop

a(Jd) :=( a+ﬂ*}£*/7(3)*( 6;+ﬂ*y*/7(~1));
b(J) :=B*B*(Og+y* y*ap* M(J)) ;
end | oop
A r=exp(2*nrLog(| a+p i) +2*(k-m *Log(| a]));
pa :=1;
B(0) :=b(k-1)*pa
Ofor I in k-2..0 | oop
pa :=pa*a(l +1)
B(0) :=B(0)+b(l)*pa ;
end | oop
Brmax : =B(0)

for Jin 0..k-2 | oop

B(J+1) :=a(J)*B(J)+b(J)*(1-A)
if B(J+1)>Bmax then
Brmax :=B(J+1)
end if
end | oop
R :=Bmax/ (1-A);
return(R);

end

Fig. 5. Algorithm forM (y) evaluation.



Obviously, inf M()) <M()p). One the one hand, the cof-/ * cal cul ati on of Yopt Such asM (Yopt) =inf M(y)
y

v
ollary shows that it's possible to compute easilyatue ofy |/« _|npyut data

that respects the stability condition but on theeothand, we /* * a B: characteristic of the plant
would like to know if the boundM ()) is tight. This will be '2 '2

investigated in the next section that presentscaerément.  |/* * Op, Og:noises on plant output and input

[* * )y controller gain

/[* * limits on k, mk and Vjp

We apply this approach on a classical case studg. .

consider a plant described by equation (1) and whos
parameters are: !
-a=3and =1, begin

for each (mMKsuch as k=2..10, %SO.S | oop

4. NUMERICAL APPLICATION

- Resul t
* % Yopt: M(opt) M (o) for each adnissible /7

- under the noisgsandq, whose variances aref, =1 and

k k
(S 1
0'§=l. yminzyo_lal mAﬁl; Vmax:y0+|a| mAﬁl
In order to avoid a too large dispersion of thenpktate, we d = (Vimax = Ymin)/100;
impose the variance of the plant output to be bedrioy a Yopt=Vinin s Mopt =M (Vopt) :

given valuey;,, =1000. So we have to ensure that the gain

for each in +d L. ,stepd | oo
of the controller is such a1 (') < Vi - for_each g in [ Ymin Vinax: | p o ook

M=M(y) ;
The control architecture is distributed as showRim 1. i f (M<Vjjy,)t hen
We consider that the dropping policy is handled dy _ifM<M <Mqp) then

dedicated admission controller implemented in tessr or Moo =M Yoni=
in a router. The available memory in this devictowas opt 1 ropt=
representing a pattern whose size is less or etudl0 end if

end if
(k=10). end loop

Furthermore, we impose to limit the network bandtvidsed print(mk, /7, Yopt Mopt, M(»));

end | oop

. S .1 m
by this application by ensurngsIsO.S. The end

computation of M (y) =supv, (/) is done thank to the
n=0

algorithm presented in Fig.5. Fig. 6. Evaluation ofgpt, M(yopt) . M()p) for each k)

. L . ) constraint that is admissible.
The result we obtained is given in Table 1. The first

columns give thenj,K constraint:m, k, and the patterr7.

The third and fourth columns providgy,; that minimises the The smallest limit of the plant state variancebtamed for a
limit of the plant output variance for this congttaand (1,2) constraint whose pattern /g ="10" . In this case, the
Mopt =M(¥opt) (see Fig. 6 for the algorithm providing best gain is ) =-2,966667 and M( o) =90,11. Note

Yopt)- The column 5 containM(yp) and in order to that, for this pattern, on 100 regularly spacedigalofy, 10
of them are such tham (y) <M (yp) =M (-3)=91. Fig. 7

estimate, for this case study, j§ is a tight upper bound
shows the curveM () for this configuration.

of Yopt, We provide two information: the first oney) gives

the number ofy’ tested inf Vi, Vmax] SUCh as The largest limit of the variance corresponds t¢5#0)
min: 7max pattern, /7 ="1110100100. The optimal gain is

M (y) <M(yp) , the second one{ furnishes an indicator on Jopt =-2,9932 and M(Jppt) =819,7C. M () =820. Only
the relative distance betweew(),) and M(yopt) and is 2 values ofyare such asM () < M(yp) andeis smallest
M(¥0)=M(¥opt) than 0,00001 (see Fig. 8).

M (Vopt )

evaluated ag =
For this example, the value 070:%:—3 appears to

provide a tight upper bound ahf M(})) .
y



Table 1. Yoot » M (¥opt ) according tom, k, /7

(m, k) Vi Yopt | Mopt | M(yp) [N &

(1,2 10| -2,96619,01E+019,10E+0] 10 1,0%
(1,3 100 -2,99568,19E+028,20E+02 3| 0,1%
(2,4) 1100 -2,89337,86E+028,20E+02 26| 4,3%
(2,5) 1010Q -2,96928,13E+028,20E+02 15 0,9%
(3, 6) 110109 -2,96678,12E+028,20E+02 11| 1,0%
(3,6) 110010 -2,86007,75E+028,20E+02 32| 5,8%
(3,7) 1100100-2,99548,19E+028,20E+02 2| 0,1%
(3,7) 1010100-2,96768,12E+028,20E+02 14| 1,0%
(3,8) 10100100-2,99688,19E+028,20E+02 3| 0,1%
(4,8) | 11100100-2,99338,20E+028,20E+02 2| 0,1%
(4,8) 1101010d)-2,966’ 8,12E+028,20E+02 10, 1,0%
(4, 8) 1101001&)-2,966' 8,12E+028,20E+02 11 1,0%
(4,8) | 11001010-2,84007,71E+028,20E+02 35| 6,4%
(4,9) | 110100100-2,99498,19E+028,20E+02 1| 0,1%
(4,9) | 110010100-2,96968,12E+028,20E+02 10| 0,9%
(4,9) | 110010010-2,99498,19E+028,20E+02 1| 0,1%
(4,9) | 101010100-2,96968,12E+028,20E+02 12| 1,0%
(4,10) | 1100100100-2,99628,19E+028,20E+02 2| 0,1%
(4,10) | 1010100100-2,99628,19E+028,20E+02 2| 0,1%
(5,10) |1110100100-2,99338,20E+028,20E+02 2| 0,1%
(5,10) |1110010100-2,97338,13E+028,20E+02 9| 0,9%
(5,10) |1110010010-2,99338,20E+028,20E+02 2| 0,1%
(5,10) |1101100100-2,99338,20E+028,20E+02 2| 0,1%
(5,10) |1101010100-2,966718,12E+028,20E+02 10| 1,0%
(5,10) |1101010010-2,96678,12E+028,20E+02 10| 1,0%
(5,10) |1101001100-2,96678,12E+028,20E+02 11| 1,0%
(5,10) |1101001010-2,96678,12E+028,20E+02 11| 1,0%
(5,10) |1100110010-2,89337,86E+028,20E+02 27| 4,3%
(5,10) | 110010101( -2,83337,69E+0748,20E+07 37| 6,6%

5. IMPLEMENTATION ISSUES

As stated above, the goal of our communication @otrol

condition should also be implemented to know thedit@mn
to decide the packet dropping.
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For the synchronous system considered in Fig. &gle
way to if the network is in overload situation atiis the use

co-design approach is to optimize both the networlf a timer at the sender node (sensor) by settiagiimeout

bandwidth utilization and the QoC.

The approach we proposed consists in selectivedpping
the sampling data packets to reduce the networdk \aaile
still maintain an acceptable QoC for the applicatim fact,
as we have shown in section 2 and 3, for a givempbag
period, the control loop can tolerate a certainseontive
data packet drops, i.e. the longest runOoin the (m,k}
pattern. To achieve the selective data droppingaise of
network overload, a dropping mechanism should
implemented either in the network and/or at senumies
(e.g. the sensor node in our control loop), andiggér

value too - 1. Whereris the expected packet transmission
delay from the sensor node and the controller rude a
secure margin (e.g. mean value + the variancek dhlay
can be either estimated on-line (similar to thentbtrip time
estimation in TCP) on fixed off-line when it is pisle. If a
sample data packet is not transmitted in time, (before
0 — Iy, it indicates that the network is in congestionl ave
should reduce the workload by sending the samptiata

acket according to a pre-configured (m,k)-pat{@ould be

Implemented using kbits register). The system passes thus

from the normal mode to a degraded mode. The system
try to return back to the normal mode after a fiyxediod or



by observing that the delay before sending the patket is
much lower thad - 7.

6. CONCLUSIONS

In this paper we decided to choose a simple monae

linear system with a proportional controller taidtrate the

Eker J., P. Hagander, and K. E. Arzén, “A feedtsutieduler
for real time control tasks”,Control Engineering
Practice pages 1369-1378, 2000.

Felicioni F., N. Jia, Y.Q. Song and F. Simonot-Lidimpact
of a (m,k)-firm Data Dropouts Policy on the Qualif
Control". 6th IEEE International Workshop on Factory
Communication Systemiburin, Italy, 2006.

approach of control and communication co-design. Wﬁadjicostis C. and R. Touri Feedback Control Uil

assumed “zero control” action in case of sampliatadirop.

So for dealing with network congestion we propoged

selectively drop sampling data accordingrtgk)-firm model.

Following new results are presented: 1) We provegl. @)
that the network-induced delay can be incorporatéal the
discrete-time system model under our “zero contealtion
assumption, allowing thus the system stability gsial by
only considering the data drops. 2) When periodapgding
pattern is applied to the system output samplirtg,ddassic

Packet Dropping Network Links Proc. of tH&EE
Conference on Decision and Contr@002, pp: 1205—
1210.

Halevi, Y., & Ray, A., 1988. Integrated communioatiand
control systems: Part |—analysidournal of Dynamic
Systems, Measurement, and Con8@r—373.

Imer O. C., S.Yukselb y T. Barb. Optimal control of LTI
systems over unreliable communication links.
Automatica42: 1429 — 1439 (2006).

plant state variance does not converge to a viiuiis case Jia N, Y.Q. Song and F. Simonot-Lion, "Graceful

the upper bound of the variance can be used ins&adle

derived that the system stability (upper bound bé t

variance) only depends on the valueroandk but not(m,k)
pattern (theorem 1). Moreover, we identified a gajn that
can easily be computed (even on line) and thatigesva
tight approximation of the best upper bound of vheance;
this gain only depends on the longest rurdaf the (m,k)
pattern (corollary).

Although a very simple system has been chosensmtper,

Degradation of the Quality of Control through DBtap
Policy", European Control Conference 2007 (ECC.07)
Kos, Greece, July 2007.

Jia N, Y.Q. Song and R.Z. Lin. "Analysis of Netweck

Control System with Packet Drops Governed By (m,k)-
firm Constraint". Thesth IFAC FET'05 Mexico, 2005.

Juanole G. and G. Mouney, “Using an hybrid traffic

scheduling in networked control systems”, Procegslin
of European Control Conference 2Q0Kos, Greece,
July 2007.

it is worth noting that the principle of this appol can also Liou, L. W. and Ray, A. A stochastic regulator fotegrated

be applied to multi-variable linear systems. Fastance in
(Jia et al. 2007) and (Felicioni et al. 2006), a-wariable

system has been considered and ZoH has been asdinamed

stability as well as the QoC under (m,k)-firm dropppolicy
have been investigated using LQ cost function. fdwilts
are also encouraging.

Our future work aims at extending this approachaadling
multiple control loops sharing a same network (direr
wireless) where the design of packet schedulingsatettive
dropping should significantly contribute to optinng the

resource utilization while still keeping the syststable and

with a graceful QoC degradation during network @stipn
situations.
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