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Abstract—1In this paper, a novel distributed guaranteed cost
congestion control (DGCC) strategy for mobile networks with
differentiated services traffic is developed. The switching or
changes in the network topologies is modeled by a Markovian
process. By incorporating communication capability among
controllers, the distributed congestion controller is shown to be
in fact equivalent to a local state feedback control plus a nearest
neighboring controllers’ adjustment with proportional gains.
Numerical simulation results are presented to illustrate the
effectiveness and capabilities of our proposed DGCC strategies.

I. INTRODUCTION

Congestion control problem is one of the main challenges
in the mobile networks, which in general deals with the
problem of flow rate control and network resource allo-
cation. Standard congestion control schemes have shown
poor performances in wireless mobile networks [1], [2], [3]
and [4]. Furthermore, networks with differentiated services
traffic require highly adaptive congestion control algorithms.
Also, the nodes mobility, bandwidth limitation and the power
constrains of network nodes make these developments more
challenging.

Recently, several decentralized congestion control schemes
have been developed by using the sliding mode control [8],
the switching control [10], [12] and the guaranteed cost
control [13] techniques. Although decentralized congestion
control approaches are economical in implementation and
have been shown effective in the above works, nevertheless
performance of a decentralized controller is generally con-
servative due to the fact that the decisions are only based
on local information. Therefore, new congestion control
approaches which respect the underlying interconnections,
adopts a distributed architecture and scales well to large
networks are highly in demand.

The objective of this paper is to improve on the congestion
control strategy in [13] by incorporating the possibility of
communications among the controllers and to develop a
distributed congestion control strategy for mobile networks
with differentiated services traffic.

The proposed distributed congestion controller is shown to
be in fact equivalent to a local state feedback control that is
embedded with a nearest neighboring controllers’ adjustment
mechanism. The resulting guaranteed cost control problem is
then cast as a quadratic regulation problem of a time-delay
system with free parameters (gains) that need to be selected.
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Therefore, the decisions of each controller is based on the
local information of each node and the adjusting information
from the nearest neighboring controllers.

II. PROBLEM FORMULATION
A. Dynamical Model of Diff-Serv Networks

In this paper, we assume that the dynamics of a queue is
governed by an M/M/1. The resulting queuing system can
be applied to describe a wide variety of queuing models as
found in systems with a very large number of independent
customers/nodes that can be approximated as a Poisson
process.

Given an M/M/1 queue the dynamics of a single node can
be expressed as follows [9], [17], [18]

%i(t) =~ 1 _T_iiti)(t)ci(l) + i) )

where x;(¢) is the queuing length, C;(¢) is the link capacity,
Ai(t) is the average rate of incoming traffic, and 1/y; is
the average length of the packets being transmitted in the
network.

Consider a general network with n nodes. In a large
scale network the input traffic to each node can consist
of two parts, namely: (1) the external traffic A;(¢) which
in principle could represent the traffic that is being sent
from nodes of other clusters (defined as groups of nodes
not belonging to the nearest neighboring set ;) as well as
disturbances or environmental stimuli, and (2) the internal
traffic A;(r — 7;;(t)) which is the delayed input traffic from

all the neighboring nodes within a given cluster.
Therefore, by using the representation (1), the fluid flow
model corresponding to each node is governed by

1(1) = —faO)GO+ M)+ Y At —7ilr))gji @

JEPi(oy)
At = i) = fx;(t — (1)) Cjt — 7ji(t)) ©)

where f(x;(¢)) = wixi(¢)/(1 +x;(¢)), g is the set of the
nearest neighboring nodes associated with the node i, gj;(¢)
is the traffic compression gain from node j to node i, Tj;(r)
is the time-varying delay between node j and node 7, and oy
is a Markov chain that represents the rule for changes and

switching in the neighboring sets.

The Markov chain ¢ is defined on a complete probability
space {Q,.%,P} that takes values in a finite space .7 =
{1,...,M} which describes the switching between different
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modes, and whose evolution is governed by the following
probability transitions

A +o(A), k#1;

P[“'M:k'“’:’]:{ 1+ A+ o(A), k=1 “

where m; > 0 is the transition rate from mode k to mode
I, my = —Zﬁ”:Lk# T, and o(A) is a function satisfying
limp_,q % =0. In this work the modes 1,...,M correspond
to the topologies that are possible in the network due to the
nodes mobility.

Any communication network is characterized by a number
of physical resources constraints. A typical set of physical
constraints corresponding to the network are now specified
as follows

0< )C,‘(l‘) S xbuffer.i 0 S Ci(t) S Cxerver,i (5)

where xpufferi is the buffer size and Cgepveri is the link
capacity of node i.

On the other hand, the instantaneous traffic transmission
rate and its rate of change at each node should satisfy

Ailt) < Ai(t) € L (6)

Finally, the following two assumptions are made in this
work

Assumption 1: The time-varying and unknown delays
Tji(t) are upper bounded and the maximum upper bound
is a known constant, that is

0< ‘L'j,'(l) < /’lji with h= max{hji} (7
Assumption 2: The external incoming traffic to each node
is Ly norm bounded, that is

RLOIRES?

B. Guaranteed Cost Control

max
/1,' S Cserveni

%>0 ®)

The guaranteed cost control approach was first introduced
in [19], which is an extension to the classical LQR regulation
problem for linear systems with parametric uncertainties. The
conceptual objective of the GCC is to design a feedback con-
troller such that for all admissible uncertainties the closed-
loop system is asymptotically stable and an upper bound on
the corresponding cost function is guaranteed [16], [20], [21].

In this paper, the transmission, the processing, and the
propagation delays in the mobile network are considered as
unknown and time-varying variables in the dynamical system
model (2). The guaranteed cost control problem of system
(2) is then defined as follows.

Definition 1: [15] For the Markovian jump time-delay
system (2)-(3), the following jump quadratic cost function

is defined
B[ b Jui(1))dr )

where x;(t) is the state, u;(t) is the control input, and Q;(0y)
and Ri(o4) are positive definite matrices. Provided there
exist a control law u}(t) and a positive scalar J; such that
the closed-loop system is stochastically stable and the cost
function J; satisfies

J = (1) Qi(on)xi(t) +ul ()Ri( oy

Ji <J;
then J} is the stochastic guaranteed cost of the system (2)-(3)
and u’(t) is the stochastic guaranteed cost controller of the
system (2)-(3).

III. DISTRIBUTED GUARANTEED COST CONGESTION
CONTROL STRATEGY

In this paper, we consider three kinds of traffic, namely the
premium (denoted by “’p”), the ordinary (denoted by r””), and
the best-effort according to the definitions proposed by IETF
[5]. The dynamic queuing models of the mobile network (2)-
(3) are valid for each traffic class.

According to the dynamical queuing model (2)-(3), the
congestion control strategy for the premium traffic is to
allocate the output capacity Cp;(t) such that the queuing
length of the premium traffic is as close as possible to
its reference value. On the other hand, the strategy for the
ordinary traffic is to simultaneously regulate the incoming
flow rate A,;(¢) and allocate the capacity C,;(z) such that its
queuing length is as close as possible to its reference value.
Finally, for the best-effort traffic, no explicit active control
is designed in this paper since this traffic does not have any
QoS requirements.

A. Premium Traffic Control Strategy

The control input for the premium traffic is the link
capacity, that is u,;(r) = Cpi(t). Based on the nonlinear
system model (2)-(3), the following feedback linearization
scheme is first applied

upi=f~ o

l(xpi(t))’zpi Zpi(t) :xpi(t) —Xpi

where iip;(¢) denotes a state feedback controller, z,;(¢) de-
notes the new state of the transformed linear system, and
ref . .
x,; denotes the reference queuing length at node i.
The nonlinear dynamical model (2)-(3) is transformed into
the following equivalent linear one

+Z”P/

j€si(oy)

2pi(1) = —itpi(t) + Api(t —7;i(1))gl (1) (10)

The distributed congestion controller of the premium traf-
fic is selected as

iipi(1) = Kpi(04)Zpi (1) + Wji(w)Kji(04)Zp () (11)
where Z; = [25i(t) Api(1)]", Zp(1—7) = vee{Z} (1 — (1))},
and Kji(oy) = diag{K,;(0y)}.

The signal ipi(t) is an adaptive estimator used to estimate
the unknown external incoming premium traffic A,;(f) and

compensates for its effect via feedback which is defined as
follows

8pi(@)2pi(1) = Bpi0) Api(r), if O < A1) < A or

Ao im() 0, z,i(t) >0 or
hnlt) = ) ) = <o 0P
—Bpi(0t)Apit), otherwise
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Therefore, the closed-loop system of the premium traffic (10)
after applying the distributed controller (11) becomes

i) = Al(a)z()+ Z BiOW%(O‘r)Kpj(at)ij(f) 13)
jesi(ar)
+ Z BiKpj(0r)Zpj(t — 7)i(t))
je@i(ar)
+ Z B‘/ijka(at)Zpk(t - Tji(t)) +B?L;Api(t)
Jj€wi(on)
kew;(oy)

where Aj (04) =
By, for i l,] =1,.
as follows

Afo(a,)+B,oK,,,(a,) Aly(ey), Bio, Bj, and
,n are the system matrices that are defined

blet) —ﬁp?w»} B"":{ 51]

el

@ =5 e | 9| G

In view of the closed-loop system (13), the control objective
of the distributed guaranteed cost con%estion control (DGCC)
problem is to actually select the local state feedback control
gains K,;(;) and the adjusting weights of the neighboring
controllers Wj;(oy), such that the system (13) is stable and
the following jump quadratic cost function is bounded

Aloy) = {

Iy =E{ / (20 (6) 01 (0 ) 2pi() + TR0 i (1))t } (14)

where Q;(0) and R;(a) are positive definite matrices with
respect to each mode o4 € . = {1,...,M}.

Lemma 1: Given the cost function (14), if there exist
symmetric positive definite matrices Al (o), Xi(en), Vi),
Ti(o), and matrices U;, Ni(ey), AL, and Si(oy) for k=1,2,

i=1,..n and oy €. ={1,...,M} such that the followmg
LMI conditions are satisfied
Y 0W,,+h Wi 1+h2( w+T) 1+h2( i+ Ti)
= _ | = Wi+ R; W Wi
L = x U 1U; <0
* * hU;
M ~ - - —
Yie=2(Va+ )+ ¥ Tauhit + WV (04) + (1+h)S; — Ui+ Qi + Ri

k=1

then the distributed controller (11) is a stochastic guaranteed
cost controller of the system (10), and the state feedback

control gain is given by K,i(o) = B Ti(o4)A;;' (o), where
+” denotes the Moore-Penrose inverse.

Proof: Consider the following stochastic Lyapunov-
Krasovskii functional candidate

Vilzpi(0),04) = Vit + Vo + Via + Vs
Vi] = ZI)[(I)TPI'((X[)ZPi(t)

rt
Vo= [ EACTICATEN
1—h
0 gt ey
Vis :h/ / Z[,l» $)UiZpi(s)dsd®
14*/ /+9 pl

and Pi(a), Si(o), U; are positive definite matrices with
1EJroprlate dimensions. For each mode o = k € ., the
nitesimal generator [11] of the Lyapunov function can

15)

1(04)Zpi(s)dsd®

be derived as follows

LVa = 22()P(0n)[AL(04)Zpi(1)

+ Z BKpj(04)Zp;(t — Tji(t))
JEi(oy)
+ Y Bowhi(on)Kpj(04)zp(1)
Je@i(on)
+ Z BjW;:ijk(at)Zpk(t - Tji(t))]
JE@i(0)
ke (o)

M
+Z]n Z narkP ZP’ +221/11( ) (al‘)Bl Z’P'( )

k
Zpi(0)8i(04)Zpi(r) — (1= )2yt — 1) Si (04 2pi(t — h)

M
+/ zp Zﬂa,ks, zp, s)ds

(Al (04)Zpi ) + Z BjKpj(04)zpj(t — 7ji(t))
j€pi(a)

+ Y Biowhi(o)Kyj(0)Zp5(1)

j€si(oy)

LV

LV =

+B&. lp,' (l)

+ Z ijngpk(at)zpk([ — ’L'ji(t))}TU,'
jE@i(or)
kegpj(oy)

Al (a)Zi )+ Y. BiKpj(04)Z;(t —1i(1))

jesi(ar)

+B, Api(t) + Z Biowf,-(a,)K,;_,'((X,)ij(t)
je@i(ar)

+ X ijl{?ijk(ar)Zpk(f*

Jje@i(o)

kepj(on)

PV = 080zl / (s Zm,,ks, V2pis)ds

GO [ Uizn(0)ds

Let us define Zy (1 —7) = vec{z), (1 — (1))} k€ pj(),
Then by adding up £Vj; to 92”\7,4 one can obtain

2V < o0l (6T ) (o) it T h) + 0 (1T, h) @ () By, Apilt)
+1?2,;(1)B} UiBj, Apil1)
n; (t,T,h)[Z,'k(OC,)+M,'k(06,)]1’]i(l‘,’[,h)
+2,;(1)B] (O My @ () + h*Uy)By, Api(t)

IN

= nz'T(t7T7h)VVik(at)ni(t>th) +ApTi(t)\Pikkpi(t) (16)
where 1;(1,T,h) = [2,(t) Z};(1) Z} (1 — ©) Z1, (1 — ) 2Zh,(1 —

)T My () is a positive definite matrix, and the matrices
Y and ®y; are defined as

o1 oy [P(o)+h (AL (o)) UlBjiKji(oy)
* Oy /‘lzKﬁ(O(t)Wﬁ((xt)BiTOUl‘Bj,'Kﬁ((Xr)
Tiy(or) = * * thjTi(at)BJT'iUiBjini(at)
* * *
* * *
03 U;
O5 0
O% 0 an
07 0
* —U,'—( —h)S,(OC,)
Wi (o) = Zig(04) + My (%)
“P,‘((XI) = BI;‘ [G)szM,;l G),»k(oc,) Jrth,']Bl
Ou(oy)=[ 6 6, 6 64 0 ]T

61 = 2P (o) + 212 (AK (o)) T Us;
03 = 20°K i (o) BYU;:

6, = 20°K; (0u)W; (04)BRU;
04 = 21K (o )W (ot ) B ;Ui
Let us define Wy(oy (o) + diag{Qi(ay) +

K[fi(a,)R,-(a,)Kpi(a,) K};WjiRin,’Kji 0 0 0}, and the
following matrices
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A,-l((x,):Pfl(OCt); AlZ(at):K;(at)
Ai(a) = [BjiKi(rt)] ™' Aua(ay) = [BijWij(04)Kji ()]~
Ais(0y) =05 Ai(0y) = diag{A;j(ou)}

By pre and post multiplying the matrix Wy (o) with AT and
A;, respectively, we obtain

- Qy 0
szl-k(oc,):Af(oc,)w,-km,)m(a,):{ o o ] (18)
where
Xi BioWji + AL U;Bi Wi 1+ h*AR U,
&y = *  WPWEIBLUBoW;i+WIRW;:  h WI,B,TOU
o * ' * . h2U;
* * *
1+1?AL U
2w T T
h WﬁBiOU, (19)
h*U;
h*U;
k i 2 AT (pAkN\T k
X = 24,An+ Z Ty iAit +h°Ajy (A7) UiAi A
k=1

+(L4+h)AL SiAin — ATUA7 + AT (0 + KLRiK i) At

pi

Therefore, if we further define

A{.‘O(a,) Vie(06) Ay o) BioKpi(oy) = T(O‘t)/\ o)
Vie(oy) = Vlk () U 7" (o0) =T, (0)U;
Ri = AL KLRiKpiAir: Ri=W[R; W,,
Wji= AchiBiOWji; = WITB[TOU,-
Wi = W;iBioWii; S_i = /\5 SiAin
0; = Al 0iir; Ui = A\ Uika
Vie(on) = (Vie(04) + T (o)) (Vie (0% ) + Ti((01))
the matrix Q; (o) becomes
Y BooW;i+hWj I+h*(V Vi +T) 1+h2( Vie +T)
A * h2W,','+R,' PW Wii n? W,,
Qi = * * W2U; U
* * * n2U;

M
Y =2(Vie +T;) + Z TogiAit + 12V (o) + (L+1)S; — Ui+ Qi + R;
k=1
Therefore, if Qi (o) < 0, one will have Q; < 0, and
hence Wy, < 0. Furthermore, by solving the LMI conditions
Qu(0y) <0, the weight matrix Wj;(e;) can be obtained di-
rectly. The state feedback control gain K,,;(¢;) and the system
matrix A% can be expressed as K,i(o) = By Ti(o:)A;' (o)
and Afy(0r) = Vix(an) Ay (o).
Furthermore, since W (a;) < 0, one will have Wy (ay) < 0.
From (16), it then follows that

LV < Z‘,f,()(Ql(lxr)+KT—(a;)Ri(a,)Kp,-(oc,))zp,-(t) (20
_ZPTJK/TIWJIR WiiK;iZpj(t) +/lpTi(t)\Pi(0!rMpi(l)

Therefore, for any [z,(t) Z, /-(t)] that satisfies

ZTi(t) ’ ) z i(t) ‘ )
{ Z?Af) } Clk{ Zps(0) } > Wi o) Ay(t)
Cy = { QI(OC/)"FKT( )R (Otf)K,,,(oc,) 0
- 0 KIWERWiK i

one will have .ZV; < 0.
Therefore, the system (13) is stochastically ultimately
bounded and the ultimate bounded region is given by

max(¥;(oy))
Ainin(Cik)
On the other hand, in review of (20), we have

201 (DI + 12 (1)1 > A1) @n

i SB[ (2 ALY (0))dr)
= Vil2i(0),0,r0) — lim Vi(Zi(1). 1, 1) +E{/0m Wi(04) Ap;(1)dr}
< Vi(5i(0),0,70) = 2p;(00) Pi(ro) Zpi(o0) + yimax(W;(04))

Therefore, the upper bound of the cost function J; is (since

Zpi(e) = 0)

pl < V,(Zp,(0)07 }’0) + %max(\Pi(af)) = J;i (22)

Therefore, the distributed control law (11) is a guaranteed
cost controller for the system (13). This completes the proof
of Lemma 1. |

B. Ordinary Traffic Control Strategy

Since the incoming ordinary traffic A,;(¢) is measurable
and available for control, the control inputs for the ordinary
traffic are the link capacity and the incoming traffic, that are
ul.(t) = Cu(t) and u(t) = A,(t). Similar to the premium
traffic, we first apply the following feedback linearization

scheme to the open-loop system (2)-(3), namely
Zri(t) = xri(t) *X:ff and u”-(t) = F_l (xn-’t)ﬁ”.([)

where uy(r) = [ ()2 ()]T, i(r) = [l (1), (1)), and
F(x,i(t)) = diag{f (x,i(t)), 1}.

The resulting dynamlcal model (2)-(3) with respect to the
ordinary traffic becomes

Bioityi

I)+ Z B,‘jﬁrj(l‘

jesi(ar)

i(t) = — ;i) (23)
where By=[ —1 1 |and Bjj=[ g/ o ] are the system ma-
trices. The performance cost function for the ordinary traffic
is selected as

= EL [ (GEOQ00)2 (1) + a0 R o)1)} 24)

where Q;(o) and R;(0y) are given positive definite matrices.
Based on the decentralized model (23), the distributed
congestion controller for the ordinary traffic is selected as

Ki(0n)zi(t) +Wji( o) Kji(04) Zrj (t) (25)

where Wji(oy) = vec{w’;(04)} and Kji(a) = diag{K,i(o%)}.
Therefore, the controI] objective for the ordinary traffic is to
select the distributed control gain K,;(¢) and the distributed
weight matrix Wj; such that the system (23) is stochastically
stable and the following cost function is upper bounded:

ﬁri(t) =

D= E( | 0Q00)2r(e) + T 0R: 00)it0)dr ) 6)

where Q;(o) and R;(0y) are given positive definite matrices.

Lemma 2: Given the cost function (26), the distributed
controller (25) is the stochastic guaranteed cost controller
for the system (23), if there exist symmetric positive definite
matrices Ail (af)’ Si(at)’ Ui» Ui’ Qi(af)’ARi(al)» pOSitiVe def—
inite matrices T;(oy), Ti(0y), Wii(oy), Wji(ay), and Wj;i( o),

fori=1,...n, & € ,5”.2 {1,....M}, such that the following
LMI conditions are satisfied
Y ,oW,,+h Wi I+hT  I+h*T;
« o= W W W
z"tk(O‘f) - * * th,' th,' <0
% * * h2U;

M
Yy =2Ti(o) + Y, Tt + P Ti(0u) + (14 1)Si — Ui+ Qi +R;
k=1

and the distributed control gain is given by K(oy) =
BiTi(a)A; (o).
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Proof: Consider the following stochastic Lyapunov-
Krasovskii functional candidate
Vi(Zri(t), 1) = Vit + Vo +Vis + Vi (27)

Vit = 2i(t)" Pi( ) zri(1)
Vo= [ Siozi(s)ds

Vis = h/ / Z” Uizyi(s)dsd 0
hJt+-60
t4 */ / Z”

and Pi(a;), Si(o), U; are positive definite matrices with
appropriate dlmensmns For each mode oy = k € ., the
infinitesimal generator of the Lyapunov function can then
be derived as follows

(0 )zri(s)dsd®

ZLVy = lim *{E[th(zrr(H’A) 055t +A)|zri(t), 0 = k]
A0+ A
—Vir(zi(t), k,1)}
M
= 22rt(> (af)ZVl +Zﬂarkzg(t)f)i(k)zri(t)
k=1
= 25()P(o)[BoKri(o)zi(t) + Y, BiKej(0)zri(t — Tji(t))
j€gi(ar)
+ Y Bowh(a)K(0n)z;(0)
j€wi(on)
+ Z ijf_jKrk(al)Zrk(t - le ] +Zr1 Z na,kP Zrt
JE@i (o)
kep;(on)
t
2o = [ 2hosi@)ids+ [ s zms Jeri(s)ds
Jt—
= Zn( )Si(a)zi(t) — (1= )Zrt( —h)S;(Ot,)z,[(l—h)
M
[ 6 Y kS Be(s)ds
t=h k=1
t
LVis = RELOUizi(t)—h | 25(s)Uizni(s)ds
Jt—h
= W[BioKi(o)zi(t)+ Y, BjKj(0t)zj(t —1;i(t))
Jjew@i(o)
+ X Bowj(an)Kej(o)ar;(0)
j€i(on)
+ Z B./'Wi}jKrk(aI)Zrk(t_Tji(l))]TUi
JE@i (o)
kep;(on)
X [BioKri(0u)zri(t) + Y, BjKrj(04)zrj(t = Tji(r))
j€wi(oy)
+ Y Bowh(an)K(0n)z,;(0)
j€wi(on)
1
+ Y Biw Kozt = Ti(0)] —h [ 2li(s)UiZi(t)ds
je@i(on) =
kepj(oy)
LV = hZfi(t)Si( )zi(t) / Zrl Z”azksl zri(s)ds

By defining Z(t — ©) = vec{z! (t —7;i(t))} k€ (o)

and BjiKji(04)z,j(t — T) = Zjem(a,)BjKrj(at)er( Ti(t)),
and adding up ZV;; to £V, one gets
2V, < nlt,t,h)Zi(o)ni(t, T, h) (28)

-(t —

where (1, 7,h) = [}(1) Z],(t) ZL(t — v) Z] (1 — 7) 2,
m))7, and X; is given by

o1 0y [P(oy)+h (BioKi()) Uj)BjiKji(ot)

x 0y WK (o)W (04)BLUiBjiK ji(0)
Zi(Ot,) = * * th};(af)BEUiBjini(af)

* * *

* * *

o3 U;

O5 0
06 0 (29)
O7 0

* 7U,'7(17h)si(0l,)
Let us define

Saa)=sta+ [ Oy, <0 o
and the matrices
Ail(al):PfI(at% A,-z(a,):K*-(a,)
Ai(oy) = [BjiK;i(rt)] ™! Aig(04) = [Bi;Wij (o) Kji( )] ™!
Ais(og) =05 Ai(0y) = diag{A;j(ou)}

By pre and post multiplying the matrix X;(¢;) with AT and
A;, respectively, one will obtain

- T £ 0
Sulor) = AT (s anton) = | 0| @D
where
Xik BtOW]l +h BIOKriUiBiOWji I+h BioK;iU;
5, = x  WPWEBLUBoW;+W)ERWj; hZWJ{BgU
! * * hU;
* * *
I+h BlOKrlUt
2w T T
h W}/lZ,B,OU, -
nU;
M
X = 2BoKniAii+ Y Touhin + 1Al (BoK:) UiBioKrili
k=1
+(L+R)A]SiAi — AL UiAi + A (Qi + KiRiKyi) A
Therefore, if we define
BioKyi(04) = Ti(0u) Ay (o4); I (o) = 1,7 () U;
Wiji = BioK,iUiBioWii; Wi =W BRU;
Wi = W;iBioWji; Ri= ASK RiK i1
Sf:A[-]IS,'A”; U A”UA,I
0; = AL QiAi; Ti(oy) =TT (o) Ti(y))
then the matrix £;(;) becomes
Yix tOW[t +h sz I+h27_} l-‘rhzi
P R2Wj; RPWi  RPWy
M) =, * RU R
* * * thi

M
Yy =2Ti+ Y mouhin + 12 Ti(00) + (1+1)S; — Ui + Qi + R;
k=1
Therefore, if ¥;(0y) < 0, one will have ¥;(¢) < 0, and the
system (23) is stochastically stable. By solving the LMI
conditions Qg (%) < 0, and the Weight matrix Li(oy) <0,
one can obtain K,, (o)
Moreover, in view of (Zég and (2% we also have

LV < —2h[0i + KERiK i)z — 2L (OKEW ] RW;KjiZ0 (1)) <0 (33)

Consequently, one obtains

Ji = E{/O (2iQi + K RiKyilzri + Z) (1)K F W RiW;iK jiZyj(1))drt }
< —E/ LVdt
0
= V(Zn’(o),o,ro) = ‘]:i 34)

Therefore, according to Definition 1, the scalar J; is the
stochastic guaranteed cost of system (23). This completes
the proof of Lemma 2. |
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IV. STABILITY CONDITIONS INCORPORATING THE
NETWORK PHYSICAL CONSTRAINTS

In this section, the network physical constraints (5)-(6)
are transformed into LMI mode-dependent conditions. These
complementary LMIs, together with the stability conditions
provided in Lemmas 1 and 2 will be taken into account
for determining a complete solution to the guaranteed cost
congestion control problem.

A. Mode-Dependent Physical Constraints of the Premium
Traffic

The state constraints for system (10) can be expressed as
follows

it < Zpi(t) <2 (35)
re, buffer _ re
where 7" = [—xplf 0]" and Z3™ = [xpif ! plf At

denote the minimum and the maxnnum bounds of the new
state. By squaring (35) one will have

Zpi(1)Zpi(1) < Iz (36)
Consider the following ellipsoid for a given parameter £;; >0

IE‘,-(O(;) =

According to the definitions of the Lyapunov functional V;
in (15), since Alfll(al) = P(0y), we have

)Zpi < VilZpi(t), %)

{Zpi(t)ﬁ;i/\ﬁl (04)Zpi < &1} 37

A (o

Zpil\iy (38)

By integrating (20), from O to 7 and considering that
Vi(Zpi(0),70) =0, we get

Vo = [ @)+ KR oK) (0)ds
/ 1}! )dt
PR GL AL MR
< pmax(¥i(or) 9

Therefore, the state Z,;(r) will belong to the set F;(ay)
for all the modes oy if ymax(W;(oy)) < €;. Consequently,
the right hand side of the state constraint (35) is satisfied if
&1/ () < Ay ().

By applymg the Schur co 1plement, the right-hand side

of the state constraint (35) will hold if the following LMI
conditions are satisfied

qu( ) £ ymax{¥;()} < & (40)

Aii(oy) A ( t)

QF (o) =
c21( t) |: Ail(at) H maxH /811

} >0 (41)
[u

On the other hand, the left-hand side of the state constraint
(35) can be rewritten as Z,;(r) -yt > 0.
According to the definition of non-negative systems [22],
if the above system is non-negative, then the left-hand side
of the state constraint (35) holds. By selecting the matrix
Aj1(0y) as a diagonal positive definite matrix, the non-
negative condition of the closed-loop system matrices can

be expressed as follows

Qo) £ (Ti())ij =0 (42)
Vi (OC,) V2 (a,)
Vi O = L i
o) Viler) Vi(en)
Vilos) = V(o) =0
Vi) = Vi(oy)=0
Vale) = 0
Vi(e) > 0 and is diagonal
Vizlt(al) = Vé(oc,) <0 and is diagonal

The input constraint of the system (10) is expressed as
0 S ’/_lpi(t) S Cserveri(at) (43)

Noting that i, (t) = By Ti(0:)A;;' (04)Zpi(t), hence the input
constraint (43) becomes

0 < BzJ(r)T(al)A (at)zpl( ) < Cserver,i(at) (44)

Consider the ellipsoid (37), so that the right-hand side of the
input constraint will be satisfied if

(B:(r)Tl(af)A:ll(af)) (811/Cververl((xt))Bl()T(af)A (af) <Atl ( f) (45)
The above condition can be transformed into the following
LMI condition
{ 1 K (o)

Ki(an)  (Chopyeri(on)/€10)Ait ()

The non-negative constraint of the input will be satisfied if
the control gain (K);(0y));; > 0. Hence, by using K;(0;) =
BiTi(a)A;;' (o) and noting that A,'(c;) is set to be a

diagonal positive definite matrix, then Blo is negative definite.
he left-hand side of the input constraint can be trans-
formed into the following LMI condition

QF

Pylon) = >0 (46)

Qls(an) = (Ti(e));j <0 47

Therefore, the above results and the LMI conditions given
in Lemma 1 can be summarized into the following theorem.

Theorem 1: A distributed guaranteed cost congestion con-
troller (DGCC) for the premium traffic in a mobile network
is designed according to

ipi = Kpi(04)Zpi +Wii(04) K ji(04)Zp () (48)

if the LMI conditions that are given in Lemma 1 subject
to the positive definite diagonal matrix A;'(c¢) and the
LMI conditions Q7,.(e) to Q% (o) for i =1,..n, & €
7 ={1,...,M}, as given in (40), (41), (42), (46), and (47),
respectively, are all satisfied.

Proof: Follows along the same lines as in the derivations
for Lemma 1 and the analysis of the physical constraints.
These details are omitted due to the space limitations. W

B. Mode-Dependent Physical Constraints of the Ordinary
Traffic

The physical constraints for the ordinary traffic in a mobile
network are listed as

ngin <z(t) <285 0<ia(t) < criloy)

b
where 9% = x2UITer _ el and zmin — —x7T

To avoid any confusion, in the remainder of this section
we use the notations Ap;; and A, to denote the Lyapunov
matrix A;; that is used in Lemmas 1 and 2, for the premium
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and the ordinary traffic, respectively, and the following
analysis of the physical constraints can be obtained.

For the state constraints, consider the following ellipsoid
for a given parameter &, > 0, namely

Si= {Zz;(pri)il (at)zri < 81'2}

From the definition of the Lyapunov function given in (27)
and the stability conditions given in Lemma 2, we will have

2 (1A 2 (1) < Vilzri(t), o) (50)

Now, by integrating (33) on both sides from 0 to ¢ and
considering V(z,4(0),r0) =0, we will have

(49)

Vos - [ 0@ie) - Kh@R(@)Kn(o)zidr <0 (5D

Therefore, z,;(t) belongs to the set S; for all ¢ > 0. Conse-
quently, the right-hand side of the state constraints can be
expressed according to the following LMI condition

A Avir (o) AL (o) S

= It 0 52
[ Avir (o) (Z?}“)Z/Siz - 2

On the other hand, the left-hand side of the state constraints

can be considered by the following non-negative constraint

2i(t) — 2" >0 (53)

Following along the similar lines as those in deriving the
LMI conditions for the physical constraints of the premium
traffic, and noting that the matrix A,;; is set to be diagonal
and positive definite, and given that B;p < 0, the non-negative
constraint of the state can be expressed by the following LMI

conditions Ople) 2 (Ta))y <0 (54)

Qpyi(on)

For the constraints on the input i,;, by taking into account
that i, (1) = K,i()z,i(t), it can be stated that

0< B}ST,((XI)A;HI (a[)Zri(t) < Cri(at) (55)

Note that ¢,i(04) = Cerveri(04) — Kpi(04)Zpi(2), where K,i ()
is the control gain of the premium traffic controller. Conse-
quently, the input constraints of the ordinary traffic can be
expressed as follows

0 S Kri(at)Zri(t) S Cserver,i(%) _Kpi(%)Zpi(t) (56)
From the right-hand side of (56) one can have
Kri(at)Zri(t) +Kpi(at)zpi(t) S Cserver,i(at) (57)
By squaring (57) we obtain
ri ’ KT ri
NI
(58)

Therefore, by considering the ellipsoid F; and the set Si, the
right-hand side of the input constraints will be satisfied if
the following LMI conditions hold

Qisi(0n) = ymax{Wi(o)} < e (59
I Ki(oy) Kpi(on)
() 2 | K@) Sz (@) 0 >0
K () 0 Gl 5 (c0)
(60)

The model-dependent LMI conditions derived above together
with the stability conditions obtained in Lemma 2 can be
summarized according to the following theorem.

Theorem 2: A distributed guaranteed cost congestion con-
troller (DGCC) for the ordinary traffic in a mobile network
is designed if the conditions given in Lemma 2 is satisfied
subject to the LMIs Q,; to €, that are governed by
equations (52), (54), (59), and (60), respectively.

Proof: The proof follows along the same lines as those
given in Lemma 2 and the derivations and analysis for the
physical constraints that are given in this subsection. ]

V. SIMULATION RESULTS

The simulation results presented in this section are in-
tended to demonstrate the effectiveness and capabilities of
our proposed decentralized Markovian jump guaranteed cost
congestion (MJ-GCC) strategy to mobile Diff-Serv networks.

A. Performance Metrics

In the simulations of this paper, one denotes the link
between nodes by a connectivity parameter a;;j(;) which
is defined as

(61)

aij(oy) = 1, if nodes i and j are connected
U770, otherwise

where o represents the changes of network topology.
Now, let the packet loss rate (PLR) for the pre-

mium traffic in the mobile network be defined as

— Pi+Pci — .

PLRy1) = 2100 T Lyestagtaey Foill) = maxt0. Api(r) +
o

X Aji(t)gji(t)aji(e) — (Xpugferi — Xpi(t))}, and Py(t) =

JEH;
Y Au(t)gu()(1 —ay(0y)), where Py; is the packet loss
ke o,

indilced by the buffer overflow and P,; is the packet loss due
to the network topology changes. The PLR for the ordinary

traffic in the mobile network is similarly defined.
On the other hand, the average queuing delay of a mobile
network can be extended to the mobile network as

E{xi(t)}
E{N(1)} +jezﬁ)_E{lji(f)gji(f)aji(Oﬂr)}

E{T)} = (62)

where E {Tq’} is the average queuing delay and x;(¢) is the
present queuing state.

The network we consider consists of three clusters where
each cluster has five nodes. In each cluster, one of the five
nodes act as the decision maker and the other four nodes
act as sensors. Only the decision makers can communicate
with each other to share the information among the three
clusters. This network configuration is quite general and
can be found in many applications such as sensor/actuator
networks, cooperative team of unmanned vehicles [6]-[7],
and high speed Ethernet networks. The physical constraints
of the network are set t0 Cyepveri = 10 Mb, Xpyrperi = 5
Mb, for i =1,...,15. Each source node generates a premium
random traffic with a mean packet size of 512 bytes and
pace the packets into the network every 10ms. The premium
traffic is assumed to be bounded such that /'L,’,’l?‘”C = 0.8 Mbps.

The comparative results of the buffer characteristics in
node 11 by utilizing the proposed DGCC strategy, the decen-
tralized GCC [13], and an equivalent centralized guaranteed
cost congestion control strategy (the details are not provided
due to space limitations) are summarized in Tables I and II.
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TABLE I
THE PREMIUM TRAFFIC PERFORMANCE OF THE NODE 11

Monax Decentralized | Centralized | Distributed
=80 ms GCC [13] GCC GCC
PLR 0 0 0
Queuing Delay 26.0 ms 24.5 ms 24.6 ms
Mean Error 3.83% 2.87% 2.93%
Settling Time 0.09s 0.11s 0.09s
Max cost J3 5.05x 10 [2.94 % 10% |3.27 x 10%
Num of LMIs 21 8 18
Max dimension of LMIs 10x 10 18 x 18 10 x 10

As can be inspected from these numerical results, one can
readily observe that:

o The DGCC strategy can obtain a more accurate con-
trol result (mean error) than the decentralized GCC
algorithm, and respond faster (settling time) than the
centralized GCC. This is due to the fact that by incor-
porating the adjustments from the nearest neighboring
nodes, the coupling effects of the neighboring states are
considered explicitly. Therefore, by properly selecting
the distributed weights, the DGCC approach can obtain
a more effective control than the decentralized one. On
the other hand, the DGCC controller is implemented at
each node and updated only based on the local infor-
mation. Therefore, the buffer response of the DGCC is
faster than the centralized one, and

o The upper bound of the guaranteed cost by utilizing
the DGCC approach is between the decentralized and
the centralized GCC approaches. However, the number
of LMIs and the maximum dimension of the LMIs by
utilizing the DGCC approach is similar to the decentral-
ized one. These results confirm again that the DGCC
approach is also scalable to large scale networks.

VI. CONCLUSIONS

In this paper, a distributed guaranteed cost congestion
control (DGCC) strategy for a mobile network with Diff-
Serv traffic is proposed. By taking the advantages of the
Markovian jump and the guaranteed cost control principles,
the proposed DGCC algorithm is shown to be in fact
equivalent to a local state feedback control plus a nearest
neighboring controllers that are adjusted with proportional
gains. The resulting congestion control problem is then cast
as a quadratic regulation problem of a time-delay system
with free parameters (gains) that need to be selected. The
analytical results are confirmed through a number of simu-
lation studies. The comparative results demonstrate that the
DGCC strategy significantly enhances the scalability of the
centralized algorithm and improves the performance when
compared to the other congestion control approaches in the

literature.
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