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Abstract— We investigate a novel robust flow control frame- time needs to retrieve some files from the server. Seveffittra
work for heterogeneous network access by devices with multi flows are hence created by the device which dynamically
homing capabilities. Towards this end, we develop an M-optimal 1, itors the networks at its disposal. The device then soute
control formulation for allocating rates to devices on multiple . . .
access networks with heterogeneous time-varying characts- the flows via these networks and dyn_amlcally reassigns tb_emt
tics. H* analysis and design allow for the coupling between different networks based on the varying network charasties
different devices to be relaxed by treating the dynamics for like available bit rate (ABR) and delay.
each device as independent of the others. Thus, the distribed While the distribution of traffic flows amongst different
end-to-end rate control scheme proposed in this work relies nanyorks can enable better network utilization than single

on minimum information and achieves fair and robust rate i K tat th it . i k ch ierist
allocation for the devices. An efficient utilization of the acess NEWOrk use at atime, the variation in network characiess

networks is established through an equilibrium analysis inthe like ABR and delay makes the problem of flow control
static case. We perform measurement tests to collect tracesand assignment challenging. This and similar problems have
of the available bandwidth on various WLANs and Ethernet. peen explored from different perspectives. A game theoreti
Through simulations, our approach is compared with AIMD 5 mework for bandwidth allocation for elastic services in
and LQG schemes. In addition, the efficiency, fairness, and tworks with fixed ities has b dd din 1113
robustness of the H°-optimal rate controller developed are networks wi !Xe Capa_c' le_s as een addressed in [1]{3]
demonstrated via simulations using the measured real world Packet scheduling for utilization of multiple networks feen
network characteristics. investigated in [4]. Flow scheduling for collaborativedntet
access in residential areas via multihomed client devices

|. INTRODUCTION is discussed in [5]. A solution for addressing the handoff,

Contemporary networks are heterogeneous in their ategbufietwork selection, and autonomic computation for integrat
such as the supporting infrastructure, protocols, andredfe Of heterogeneous wireless networks has been presentef in [6
data rates. The multitude and variety of existing and emergiThe work, however, does not address efficient simultaneous
wireless and wired networking technologies continue to e of heterogeneous networks and does not consider wire-
the driving force towards convergence of networks. It i#ne settings. In [7], the authors have explored design of a
commonplace today to have electronic devices with multipfeetwork comprised of wide area and local area technologies
networking capabilities. Personal computing devices, &ag- Where user devices select among the two technologies in a
tops, PDAs, smartphones, are typically equipped with sdvegreedy fashion so as to maximize a utility function based
access systems ranging from different types of IEEE 802.0M wireless link quality, network congestion, etc. Reognt
wireless local area networks (WLAN) to Ethernet, GPRS, arlCost price mechanism that enables a mobile device to split
UMTS. its traffic amongst several IEEE 802.11 access points based o

On end-user devices a variety of applications emerge wiitfoughput obtained and price charged, was proposed in [8].
different bandwidth requirements for multimedia accessng [N [9], an optimal rate control scheme has been investigated
ing, and collaboration. Our objective is efficient utilioat Where the queue size at a bottleneck link is optimized using
of multiple networks by devices via rate control and optian H* control formulation.
mal assignment of traffic flows to available networks. The In this paper, we address the problem of optimal rate
functionality we envision can be described in a hypothéticgontrol and assignment of flows on a device onto multiple
scenario. Imagine a user in a corporate setting participati networks with randomly varying characteristics by deveigp
a video conference call via her device having both Etherrdtinciples for an envisionedniddieware functionality. The
and WLAN (say IEEE 802.11g) connectivity. While engageH‘ain motivation for our approach is the practically obsdrve
in the conference proceedingsl the user is up|0ading cboten Varying characteristics of networks. We consider a Setting

a remote server for the participants to access, and at the sa¥Rere multiple devices hosting a variety of flows with diéat
requirements have access to several different access mstwo

1Research supported by Deutsche Telekom AG. Each device has to decide on its flow rate on each network



which it determines by measuring the available bandwidth. Table | shows the average ABR and RTT and their standard
Here, unlike our recent work [10], the devices do not captudeviations to the TU Berlin destination for different netk®

the characteristics of the network, which vary randomlyrovéor 2 hour traces. We observe that all the networks display
time within a Markov model, but use a linear state-space syssticeable variation in ABRs. For instance the ABR on
tem to keep track of current and past observations on a¥ailaB02.11g can be as high as 24 Mbps and can drop down to
bandwidth. We consider a worst-case formulation and let ths low as 6 Mbps. These random fluctuations in the ABR
devices update their flow rates using various formulatiohs observed experimentally clearly indicate the need for aisbb
H°°-optimal control. The use of ¥ analysis allows to treat flow control approach.

the dynamics for each device as independent of the others
and the variations in the available bandwidth are modeled as
unknown disturbances. We study the control schemes prdpose

TABLE |
AVAILABLE BIT RATE AND RTT FROMT-LABS TO TU BERLIN

both analytically and nur_nerically_via simulations in Méatla _ ABR(Mbps) | RTT(ms)
The rest of the paper is organized as follows: We describe Avg. 71.8 5.2
: Ethemet 45 13.0 0.04
the network access problem and our measurement results in ~ ev. 113 —
Section Il. The network model is presented in Section Ill. 802.119 = %ev’ 35 07
The analytical framework for robust flow control is discubse 802.11b L__AVg. 45 10.7
in Section 1V, which also includes an equilibrium analysisla ' Std. Dev. 0.5 0.6

an illustrative example. Section V generalizes the formioita

in Subsection IV-A. We describe the simulations and results
obtained therefrom in Section VI. The paper concludes with
remarks and a discussion of future research directions inln this section we present an analytical model of the het-

IIl. NETWORK MODEL

Section VII. erogenous network (access) environment. We consider 4 set o
access networkg := {1,2,...,I} simultaneously available

Il. HETEROGENOUSNETWORK ACCESS AND to multiple devices. Let us define the set of such devices
MEASUREMENTS sharing these networks @:= {1,2, ..., D}. The assignment

We describe the underlying architecture for routing and ragnd control of flows originating from these devices on these
control of flows originating from applications running on @ccess networks constitute the underlying resource ditoca
device via access networks that are available to the devipgoblem we investigate in this paper. Let the nonnegative
Essential to the design isreiddleware that runs a lightweight flow rate a devicel € D assigns to each available network
tool to estimate the uplink and downlink bandwidths andylela € Z bery := [r{",r®,...,r{"]. Consequently, the total
for the flows on different networks. Applications running orflow rate on networki is #(? = 25:1 rg). An important
the device consult the middleware for routing of flows t@roperty of the access networks investigated in this paper i
and from the corresponding hosts in the Internet via differethe high variability of the network capacity®) (t), wheret
networks. For the uplink flows, network assignment is dorgenotes time. The available bandwidti? on a network is
by assigning flows generated by the applications on the deviben given byB® (t) := CO(t) — ZdD:l rg) (t). A device
to suitable networks by consulting the middleware. For thean estimate via various online measurement tools [11] the
downlink flows, suitable network assignment can be done vigiantity w® := ¢ (B(i) (t)), where the functiong(-) is
handshake mechanisms with the sending host in the Interrsproximately proportional to its argument, i.e. the aali
This handshaking would involve the sending host assistieg tbandwidth B .
device in assigning downlink flows to the network suggestedIn our recent study [10], we have investigated a Markov
by the middleware. chain based framework for modeling the access network

An interesting question that arises in this setting is th&operties and addressed mainly the problem of discretesflow
characterization of the access networks in terms of barttiwicissignment. In this paper we shift our focus to explicit flow
and delay. We conduct network measurements in a real wodontrol. Towards this end, we introduce and investigatde t
setting and will use the traces to simulate (Section VII) theext section a linear system formulation and &R Eontroller
flow control schemes introduced in the subsequent sectiotisat optimizes the network usage.

We monitor the ABR and round trip time (RTT) on different

networks including Ethernet and IEEE 802.11b and IEEE IV. 'ROBUSTFLOW CONTROL

802.11g WLANSs. The tests are conducted between hosts irMost of the access networks available to a device at a given
Deutsche Telekom Laboratories (T-Labs) in Berlin to threime are wireless ones. The characteristics of a (wireless)
destinations - Stanford University, Technical Universit§ work i € Z, and hence, its available bandwidt? fluctuates
Munich (TU Munich), and the Technical University of Berlinrandomly due to fading effects in the case of wireless ndtwior
(TU Berlin) - respectively representing long, mid, and elosas well as background traffic. Following a different pathrtha
distance destinations [10]. We surveyed several publiedfia the one in [10] we do not attempt to model this quantity but
able tools including Pathrate, Nettest, CapProbe and chdake a function of itw® (B()) simply as an input to devices.
Abing [11] for measurement of ABR and RTT. We do not make any assumptions on the nature of this function



which captures the random variations in available bandwidf. H>-optimal control

due to channel state and other factors. In order to achieve the objectives defined above on sys-

We next_define a system from the perspective o_f a deviﬁgﬂ (1) without explicity making any assumptions enwe
d_ € D which keeps track of the available bandwidth of Ytilize H> optimal control theory. It provides a powerful
single access network. The system sz(gé_ reflects from the framework that allows for a worst-case analysis of distodea
perspective of devicé roughly the bandwidth availability on gttanuation problems. H analysis allows for the coupling
network:. In order to simplify the analysis we focus in thisyenyeen different devices to be ignored. Furthermore, the
section on the single network case and drop the Supersciiphamics for each device are treated as independent of the
i for notational convenience. Then, the system equation fGfhers and driven by unknown disturbances. By viewing the
deviced is disturbance (here the available bandwidth) as an inteitige
Tqg=axq+bug+w, (1) maximizing opponent in a dynamic zero-sum game who plays
) ) with knowledge of the minimizer’s control action, we evdkia
where uy represents the control action of the device. Thye system under the worst possible conditions (in terms of
parameters: < 0 andb < 0 adjust the memory horizon capacity usage). We then determine the control action tilat w

(the smallera the longer the memory) and the “expectedminimize costs or achieve the objectives defined under these
effectiveness of control actions, respectively, on thetesys \yorst circumstances [12].

stater4. The deviced bases its control actions on its state The system described can be classified as continuous-time
which not only takes as input the current available bandwidf;i, perfect state measurements due to the statebeing

but also accumulates the past ones to some extent. It is al§Pinternal variable of devicé. We conduct an PP-optimal
possible to interpret the system (1) as a low pass filter wiflyntro| analysis and design taking this into account. Létrats

input w and outputz. o introduce thecontrolled output, z4(t), as a two dimensional
Let us introduce a rate update scheme which is approyisctor:

mately proportional to the control actions:
Y prop 2a(t) = [haa(t) gua(t))”, @3)

whereg and h are positive parameters. The cost of a device

where¢ > 0 is sufficiently small. Although this rate updatethat captures the objectives defined and for the purpose<of H

L ) > |
scheme seems disconnected from the system in (1) it is AO@IYSIS is the ratio of thé“-norm of 24 to that ofw:
the case as we show in Section IV-B. As a resultuobeing

Tq = —¢rq + Uug, 2

_ | /B, As a resuluobe . _ .
a function of the available bandwidtB, which in turn is a d(rd,ug, w) = [l (4)
function of the aggregate user rates, the systems (1) and (2)

are connected via a feedback loop. where || zq]|? := [ |z4]° d7, and a similar definition applies

For simplicity the coefficient ofu, is chosen to be oneto |w||?. Although being a ratio, we will refer td.; as
in (2). Since a rate update of a device will have the invergge (device) cost in the rest of the analysis. It captures the
effect on the available bandwidth, the parameiem (1) proportional changes in; due to changes inv. If |wl||
has to be then negative. We additionally note that we res@tvery large, the cost.; should be low even if||z,| is
here to a "bandwidth probing scheme” in a sense similar targe as well. A largd|z,|| indicates that the statgr,| and
additive-increase multiplicative-decrease (AIMD) of tivell-  the control|uy| have high values reflecting and reacting to
known transfer control protocol (TCP). On the other hanghe situation, respectively. However, they should not grow
our scheme’s main parameters follow from an optimizatiaimbounded, which is ensured by a low cdsi, For the rest of
problem which will be defined next. the analysis, we will drop the subscripfor ease of notation.
We now address the question of how to calculate the rateH>-optimal control theory guarantees that a performance
control actionu, of a device. To be able to do so, we firsfactor will be met. This factot, also known as the ¥ norm,
need to formulate our objectives based on the full bandwidtban be thought of as the worst possible value for the &ost
utilization criterion. We make the following observatioas |t is bounded below by
the system (1) and (2): First, the inputis zero if all devices
fully use the available bandwidth on the access network. 7" = inf sup L(u, w), (5)
Second, the system is stable, i.e., the state convergesdo ze v
unlessw and ug are nonzero. Third, the rate change is which is the lowest possible value for the parametelt can
function of control actions.,. Finally, the control actions,; also be interpreted as the optimal performance level in this
have a direct effect on the statg. Thus, we can formulate H>* context. Interestingly, we assume here that the available
the objectives of the optimal controller as minimizing (aoes  bandwidth is "controlled” by a maximizing player (we call
of) w, the stater, and the control actions. These objectives as Murphy) who plays second in this formulation knowing
ensure that the input or "disturbance” to the system is tegec the control applied by the minimizing player or device. This
(maximum capacity usage) while preventing excessive rdtegmulation as well as the order of play ensures that we are
fluctuations leading to instabilities and jitter. indeed analyzing the worst case scenario.



In order to solve for the optimal controller(z), a corre- By ignoring the noise in the system, we make the simpli-
sponding differential game is defined, which is paramegerizfying assumption ofw := C' — Zfil r; and letd = 1. Then,
by v,
¥ — . . — D
Ty, 0) = 2112 = 72w ©) R ©)
The maximizing player (Murphy) tries to maximize this cost rp=—¢ri+0x;, i=1,...,D.
function while the objective of a device is to minimize it.&h
optimal control action: = ., (z) can be determined from th'sunique, and is asymptotically stable- we haye= 7; = 0 Vi.

dlf_flfar]rgntlal ga;;ne formulanon(;‘qr any > Wf' | luti Solving for equilibrium values of; andr; for all 4, denoted
is controller is expressed in terms of a relevant so uth?y 27 andrt, respectively, it is easy to obtain

0., of a related game algebraic Riccati equation (GARE) [12

At the equilibrium -which we will show below exists, is

21 rf = __ o0
gaa_(_z__2>az+h2_o @ 6D — (a + 00)
g Y
and
By the general theory [12], the relevant solution of the GARE Co

xr

is the "minimal” one among its multiple nonnegative-detnit T 9D - (a+0b0)p’

solutions. However, in this case, since the GARE is scalar, . . ., I
and the system is open-loop stable (that ds,< 0), the which are unique, under the negativityofndb and positivity

+
GARE (which is a quadratic equation) admits a unique pcesiti\g:e’ as long ahgé > 0. Now, we nr?te that as ? 0™, ;/]ve hav_g
solution for ally > ~*, and the value of* can be computed 2~ " C. Thus, asp approaches to zero from the positive

explicitly in terms of the other parameters. Solving for thaide. Im_ear fe_edback co_ntrollers of the fonm= 0z, wh_ere
roots of (7), we have: 6 > 0 (including H*-optimal controllers) ensure maximum

network usage when the capacityis fixed and there is no

—a++va?— Ah? noise .
Iy =N We now show that the linear system (9) is stable and
where asymptotically converges to the equilibrium poi_nt whenmeve
1 b2 ¢ > 0. Toward this end, let us sum the ratesin (9) to
A== == obtain
v 9 j:i:—uxi—F—l-C’, Z:L,D
The parametei could be both positive and negative, depend- (10)
ing on the value ofy, but for~ close in value toy* it will be F=—¢F+ 925):1 Zi,
positive. Furthery* is the smallest value of for which the b )
GARE has a real solution. Hence, wherer := 3,7, r; andp := —(a+b6) > 0. We can rewrite

(10) in the matrix form as

i a2 217t . .
v —{ ﬁ‘i‘?] y=Fy+I[C---CO",

wherey := [z --- xp 7]T. Then, itis straightforward to show
that the characteristic function of theD + 1) dimensional
square matrixt’ has the form

pry () = — (g—bQ aw> . @© det(sI —F) = (s+ )" [s* + (u+¢)s + up+ D6] =0.

Finally, a controller that guarantees a given performamesd
v >y is:

Notice that,F" hasD — 1 repeated negative eigenvalues at

This is a linear feedback controller operating on the deV|%e: — 4 and two additional eigenvalues at

system state;, where the gain can be calculated offline using

only the linear quadratic system model and for the given _ 1 }\/T
system and cost parameters. 1.2 = 2(M +o)+ 2 (1 =9) 4D9.
f (u— ¢)? < 4D0, then both of these eigenvalues are
imaginary with negative real parts. Otherwise, we have) >

The H*-optimal rate controller which has been derived if: — ¢| and both eigenvalues are negative and real. Therefore,
the previous section has the general farns: 0z, wheref is  all eigenvalues of” always have negative real parts and the
a positive constant. We conduct an equilibrium and stabilitinear system (10) is stable.
analysis of the system (1) and (2) under this general clasdtimmediately follows that:; is always finite and converges
of linear feedback controllers for a single network of fixedb the equilibrium, and from the second equation of {9has
capacityC' and accessible by devices. The results obtainedio be finite and converges for all We thus establish that the
also apply to the specific case of thé*Hontroller. original system (9) is stable.

B. Equilibrium and Stability Analysis for Satic Capacity



C. Alternative Controller Formulations where we assume th&t” G is positive definite, and that no

Having established and analyzed the tptimal controller COSt is placed on the product of control action; apd states:
for the system at hand, we study variations of it and othéf G = 0. The matrix I represents a cost on variation from
formulations. One possible formulation is the well-know$e© state, i.. full capacity usage. Let us in addition eefin
linear quadratic Gaussian (LQG) problem where the input Q:=H"H. i
is modeled as a Gaussian noise. Although this assumptionVe next define the cost
probably does not hold for the problem at hand we use the L(x,u,w) = |zl (14)
LQG as a comparsion case. It can be obtained here simply as Y lw]’

L s o 2 o . .
:E: lgfgeziégeviep;}?ljgzaﬂ wh(i)c?h Vv\éz ;ZZiiSdtgfgﬂa ,by v_vhere||z||2 = J, |z(_t)|2dt, and the corresponding differen-
lz||? by a slight abuse of notation, and the problem is one gl game parameterized by,
minimization of ||z||2. Jy(u,w) = ||z||? — 73| w]? (15)

As an alternative, we define a simple AIMD controller as . ) ) )
another comparison scheme: as in Section IV-A. Herey is larger thany*, where~* is

defined as in (5).
. @ Jf w >0 The corresponding GARE
Td = . ’ (11)
—pfr ifw<0 ATZ+ZA—Z(B(GTG) BT —4~2DDT)Z+Q = 0, (16)
wherea and 3 are positive parameters.

admits a unique minimal nonnegative definite solutiy for

~v > ~*, if (A, B) is stabilizable andA, H) is detectable [12].
Thus, we obtain the #-optimal linear feedback controller for
the multiple network case:

D. lllustrative Example

We illustrate the I°-optimal controller with an example.
The cost and system parameters are chosen simply-as-1, -
b=—1,g=1,h =1 Thenv = v2/2 ~ 0.707. If we py(x) = —(GTG) BT Z x, 17)
choosey = +*, then the unique positive solution of the GAR . L I
is 64 = 1 which leads to the simple feedback controIIeEfrOr eachy > 77, which is also stabilizing.
i~ (z) = x, which is the optimal ¥ controller. VI. SIMULATIONS

We compare this result analytically with the LQG formula- v gimyiate the FP-optimal controller in a scenario where

tion wherey — oo. Then, the GAREg?+20—1 =0, SiMply 54 geyices share three different network interfaces with vary
yields the unique positive solution, ~ V2 — 1, which leads ing available bandwidths obtained from real world measure-
t0 fiy () ~ (\/5_ _1)x' We observe that despite the same Foﬁtlents as discussed in Section Il. The parameters are-1,
structure, the optimal M controller is more “aggressive” in , _ —1, g — 1 and chosen to be the same over all three
order to ensure an upper bound on the dosegardless olv.  enyorks resulting inG to be the identity matrix andl and

On the other hand, the LQG controller has a lower feedbagk, pe the negative identity matrices. For the Isstlevices,
gain possibly due to the inherent Gaussian noise assumpiag ;) matrix is chosen as the identity matrix while for the

onw. first 5 devices it is
V. H°-OPTIMAL CONTROL FORMULTIPLE NETWORKS

1 0

In Section IV we have provided the analysis and controller Q=04 ’
design for a single access network shared by multiple dsvice 0 0
to increase readability and focus on core concepts by kgepimhich indicates a preference for network 2 due to, for exam-
the notation simple. We now provide théHoptimal control ple, favorable delay characteristics and nature of apiptics
formulation for the general case of multiple access networkunning on these devices. Hence, the controligrsand u2
for a single devicel € D and drop the subscript again for for the first5 and lastl5 devices, respectively, are
ease of notation.

Let us definex := [z()], r := [r(¥)], andu := [u()] for all 050 0 xg;
i € Z. Then, the counterpart of the system (1) and (2) is given ul =10 3.9 0 1t ’
by L0 0 05 z®
x=Ax+Bu+Dw
f:—@:+u,+ (12) (1.0 0 e
u2=1,0 1 0| -] 2@
wherew := [w()] Vi. Here, the matrices!, B, and® are 00 1 3

obtained simply by multiplying the identity matrix by, b,
and ¢, respectively.
The counterpart of theontrolled output in (3) is

The corresponding values af are calculated a8.895 and
0.707, respectively.

The resulting aggregate flow rates and capacity of each
z(t) := Hx(t) + Gu(t), (13) network are depicted in Figures 1, 2, and 3. The average



capacity usage on the networks &82%, 89.2%, and89.9%, _ .

respectively. The corresponding individual flows of desioa 1000 -2areaste Flow Rale versus Capactly under H Contrel
each network are shown in Figures 4, 5, and 6. As expect
the 5 devices with a preference for network 2 receive a high
share of bandwidth on it. 12000
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We next compare the ¥-optimal controller with the AIMD 1200
scheme in (11) with parametess= 10 and3 = 0.75 for 20
symmetric devices on network 1. The results are depicted
Figure 7. We observe that the average capacity usage uredet
AIMD controller is only74.6% and the H°-optimal controller
outperforms AIMD in this aspect. In addition, the flow rate: 600
fluctuate less under the°M scheme despite a careful choice

Rate in Kbps
=
o
o
o

=)
=]
o

of AIMD parameters. 400
As a second comparison, we simulate the LQG controll ‘ ‘
discussed in IV-D within the same environment. As shown i 0 50 100 150

Time

Figure 8 the LQG performs better than the AIMD but wors.

than the Ho-optimal controller with an average capacity usaglgl . 5. The rates of representative flows 1 and 6 on network deuf-
of 85.6%. We observe that the aggregate flow rate does ng%imm control.

follow the capacity as closely as it was the case with the
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H°°-optimal control. It is also important to note that the LQG
scheme does not provide a minimum performance guaran
on the costl, whereas the P control ensures one.

Subsequently, we investigate the fairness properties of ¢
approach by simulating 20 devices with random initial flov
rates on network 1. We observe in Figure 9 that within
short time each flow converges to an equal share of t
available bandwidth or capacity. Previous simulation itesu
in Figures 4, 5, and 6 also show that the devices whic
obtain more bandwidth on network 2 get less on the oth
two networks further indicating the fairness of our apptoac

Finally, we study the robustness ofHoptimal controller
with respect to variations in the number of devices. In this s
ulation, we abruptly increase the number of devices aatgss
the network fronR0 to 40 at time step = 100 and deactivate
them again at = 200. We observe in Figures 10 and 11 th
our algorithm successfully responds to these changes with,
high speed of convergence.
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VIl. CONCLUSION (8]

We have presented a robust flow control approach based ¢
H°°-optimal control theory for the purpose of efficient utiliza
tion of multiple heterogenous networks and a fair bandwidflﬂo]
allocation to devices accessing them. Bandwidth and delay
measurements of different network types in a real worldraptt
have indicated random fluctuations of these quantities ang
justified the necessity of a robust rate control scheme. We ha
modeled the system from a device’s perspective and derivéd
a minimum information rate control scheme using optimal
control actions obtained through"Hanalysis and design. By
reformulating the rate control problem as one of disturieanc
rejection, we have utilized ¥ control theory without making
any restrictive assumptions on the random nature of network
characteristics.

An efficient utilization of the access networks under our
algorithm has been established through an equilibriunmyaisal
in the static case. We have considered a LQG (as a variation
of the H*®) control scheme as well as a simple AIMD
algorithm for comparison purposes. The efficiency, faisnes
and robustness properties of thé°rbptimal rate controller
developed have been demonstrated via simulations using the
measured real world network characteristics.

The promising results obtained are motivating for future
research. One immediate direction for extension is to ekten
the H>* analysis to the noisy measurement case where the
devices estimate the available capacity on the network with
some errors. Another interesting direction is the study of
adaptive parameter update schemes for the linear systemlmod
of devices. Yet another extension would be to takeithand
r; dynamics to be device dependent, that is for the parameters
a, b, ¢ andf to be indexed by. The equilibrium values aof;
andr; can also be readily computed in that case, but the proof
of asymptotic stability seems to be fairly involved, though
tractable. Finally, we note that the robust flow control sohe
can also be applied to wired networks.
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