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Abstract—We focus on the dynamical interaction between In this paper, we describe the average dynamics of both
regulated Additive Increase Multiplicative Decrease (AIMD) sources and queues dynamics through a system of Ordinary
traffic sources and the max-scalar scheduling policy, which has Differential Equations (ODEs), which is numerically save
been proved to be optimal in terms of throughput in case of . ’ .
stationary unregulated traffic sources. In [6], [15] the behavior of max-scalar policies under regu-

We describe the average dynamics of both sources and queuedated sources has been analyzed. However, the rate adaptati
dynamics through a system of Ordinary Differential Equations algorithms considered in [6], [15] significantly differ frothe
(ODEs), which is numerically solved. AIMD source behavior considered here, since they requize th
sources to gather detailed and updated information abeut th
network status.

!In recent years a significant effort has been devoted by thee consider the dynamical behavior of max-scalar policies

research community to the definition of efficient schedulin@nder rate controlled sources executing an idealized TCP
policies that maximize the system throughput in severaliappa|gorithm driven only by losses and delay information.
cation contexts such as wireless, satellite networks agh-hi

capacity switching architectures [1], [3], [5], [9], [1113], Il. SYSTEMS OF INTERACTING QUEUES

[14], [16], [17]. This problem dates back to the early ‘90,emh . . . . .

Tassiulas and Ephremides, in their seminal work [19], haveWe con§|der a systems af discrete time, mteracyng

first shown that the maximization of the throughput imet- queues, _th's_ provides an abstract model for several drffgre_

works of interacting queue®lso calledconstrained queueing communlcatlon scenarios such as the syst_em of transmission

systemp can be achieved with a dynamic scheduling polic? ueues at a erele§s access point, or the V|rt_ua| outputegueu

according to which the selection of packet transmissions, 99 (VOQ) system in a input queu_ed (IQ.) switch.

servers, is driven by the current queues state. We assume packets to be of fixed size. Queues evolve as
It is worth noticing that the scheduling policy proposedP!loWs:

in [19], the so-called max-scalar policy and its later _exten- 2g(n + 1) = [24(n) + ag(n) — pg(n)]* 1<¢<Q,

sions [1], [5], [9], [11], [13], [14], [17], do not require &n

a priori knowledge of the long-term traffic, thereby appeari wherez,(n) represents the queue lengify(n) represents the

amenable for implementation in contexts in which traffic inumber of packets arriving at the quewg(n) represents the

highly dynamic and unpredictable. amount of service received by quegeluring time(n,n + 1]
Optimality of the max-scalar policyand its extension has and[z]* representsnax(0,z). The set of achievable queues

been proved, however, only under assumptions of statignarservice rates is subject to a set of physical constraints. We

and admissibility for the traffic flowing through the systein oformalize the previous concepts saying that the vector of

queues. It is not clear how optimal policies behave in the caservice rategi(n) = (ui(n)-- - ug(n)) belongs to a convex

of either non stationary, or rate-adaptive traffic souredsch set of achievable rateS, i.e., u(n) € S with S C Rf, for

may induce temporary overloads of some system architdctuggeryn.

elements. The suspect ttabix-scalar policyand its extensions  Just as matter of example we consider three possible sce-

may be strongly unfair in the latter case has probably neé@i narios:

a massive deployment of such policies in commercial systems, work conserving queue:in such simple case, the sum
Only very recently the attention has been turned to the  of service rates is bounded by the transmission capacity

analysis of the interaction between opt!mal .dyr_1am|calqu C of the queuesS = {u: y > 0 and 3 p, < C}.

and regulated traffic sources; results in this field can have g, | switch: the system of VOQs in & x P input queued

great practical significance in consideration of the faeit th switch comprises) = P? interacting queues. In this

the majority of Internet traffic sources adopt the Transport  case, the sum of services provided to all the virtual output

Control Protocol (TCP) and dynamically adapt the sending  queues either residing at the same input card or directed

rate to the estimated traffic congestion level according t0 & g the same output card is limited to one packet per slot.

Additive Increase Multiplicative Decrease (AIMD) scheme. Let us denote withQ(i), (1 < i < P), the set of VOQs

1This work was funded by PRIMO FIRB of the lItalian Ministry for at inputi and withOQ(j), (1 < i < P) the_ set of queues
Education, Research and University. directed to outpuj. It results thatS is defined as the set

I. INTRODUCTION AND PREVIOUS WORK



of p which satisfy the following constraints: throughput in [13], [14], [18]. Finally, recently [4] gereds

g >0 Vg izes the result ir_1 [19] L_Jnder more g_eneral ex_ogenous_arrival
- ] processes applying a different analytical technique ddlled

>gerqiyHa(m) <1 1<i< P models.

Yqcoquta(n) <1 1<j<P All the previous works, however, have considered unregu-

« Wireless scenario:in this caseS depends on the coding lated stationary traffic sources.

scheme and on the power used for transmitting the |nteraction with Regulated sources
signals. Using an access scheme which ortogonalizes

transmitted signals, we can assume that transmission rtzhté-) nly ;/er_y riiﬁm!ytm’ [%5]’ :)het attentlor;_hasl; g een “.”;fd t
1t depends only on the powet, used for transmitting € analysis of the interaction between optimai dynamioar p

information fromq [14]. We further assume,(P,) to cies and adaptive traffic sources. Papers [6], [15] have show
be a regular concave function. In addition, we assunigdt Pus well behaves in presence of regulated sources,
that the total transmission pow#,, is bounded. Hence, SO guaranteeing an acceptable degree of fairness to flows

S is defined as the convex region defined by all L 1€ S8, € O A 2o e ot
vectorsp = (i (P1), ..., pg(Fy), ... un(Pn)) being g g

S P, < P different from TCP, which require that the traffic sources to
g9 — " tot

The geometry of regio® depends on the specificationStriCtly interact with the network and gather detailed apd u

of functions uq(P,) which in their turn depend on thedated inforrr;)atiohn about the quel_Jesl status. |
physical layer specification [14]. In this paper, just as et py(n) be the aggregate arrival rate at queyeequal to

matter of example, we assunseto be a circular region, e overall sending rate at the corresponding sources.]In [6
defined by following constraints: sources were assumed to adjysin) on the base of the

instantaneous queue sizg(n):

{ Mg >0 Vq K

2(p) < C pe(n) = ————
2 Hg(n) = ol zg(n) + 74

being C' a positive constant, being a,, K and~, opportune positive constants. Similarly
A. Optimal Policy under unregulated traffic sources in [15] the rate of sources must be dynamically adapted on

Under unregulated traffic sources, the problem of the déP—e basis of the mstqntanegus queues lengths. According to
%ne of the proposals in [15]:

inition of the optimal scheduling policy and the associate
throughput region in complex systems of interacting queues po(n) = min {[ B 1}+ ) }
under dynamic scheduling policies, has attracted sigmifica e 27,(n) Pmar
a_ttentlon n the I_ast decade from the rgsearch communggingv a control parameter ang,,,,. the maximum allowed
since the pioneering work [19]. By assuming(n) to form a ;

L . . source sending rate.
sequence of i.i.d random variables, and applying the Lyapun
function methodology, it has been shown that a system of I1l. M ODEL FORAIMD SOURCES
interacting queues achieve maximum throughput if maxascal
scheduling,Pyss, policy is applied. According toPyss, at
each time slot:, the service vector is selected as follows:

All the above congestion control schemes significantlyediff
from TCP/IP, running in the Internet. Aim of our work
is to study the behavior of TCP-based congestion control
Q mechanism in network of interacting queues. In our analysis
p(n) = arg gleag(z YaZq(n) (1) each queue is fed with traffic originated in a set a¥/, TCP
9=1 sources. To study the interactions between source and queue
The result in [19] has been generalized and adapted dgnamics, we adopt a continuous time fluid approach [12]
different application contexts in the last years. As matier in which both sources and queues average dynamics are
example we just briefly recall some of the related works. & thdescribed by deterministic ordinary differential equasio
switching context, several studies have been aimed at the de For simplicity, we assume that all/, TCP sources expe-
inition of the stability region in Input-Queued (IQ) swiidly rience the same round trip time,. We further neglect the
architectures built around a buffer-less crossbar: pafidrs effects of queueing delays on round trip time, identifying
[9], [11], [16], [17] have proposed different extensions oWith only the propagation delay component along the path.
Pus, which have been shown to achieve the maximuifhis assumption appears justified by the consideration that
throughput; stability properties for simpler scheduliraigies in modern large bandwidth networks often propagation delay
have been also studied in [5], [10]; in [2], [3], [9], finallthe represents the dominant component of the round trip time.
problem of the definition of the stability region in networks We suppose that each quegémplements an active queue
of 1Q switches has been considered. In the context of theanagement mechanism, like RED [7], according to which the
satellite and wireless networks, generalizationsgfs have packet loss probability,(¢) is related to buffer levek,(t)
been recently proposed and shown to achieve the maximagtording to the relatiorp,(t) = f(z,(t)), being f(z) a
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Fig. 1. Performance observed for LQF and wireless servahdrncase of three classes of sourégs S2 and S3

continuous strictly increasing function. Recall that(t) is classical well known AIMD fluid equation:
the service rate of queugat timet. Let w,(t) represent the
average window of the TCP sources feeq(jébqt?g dwqy (1) _1_ Mpq(t —(rg — 7))
dt Tq 2r,
wherer, is the propagation delay between sources and queue
To simplify the analysis, we consider only long-lived;. The fluid evolution of queue lengths,(¢) is driven by the

sources whose behavior can be modeled, approximatively,faowing equation:
an ideal AIMD source. We neglect the effects of both time- dry(t) M,
outs and slow starts phases. Note that short-lived flows can # = —Lwg(t — 74)(1 — pg(t) — 11q(H) 1z, (1)>0}
be successful assimilated to unregulated flows [8]. The fluid "
evolution of the average window size,(¢) is driven by the where the first term on the rate represents the average aggre-



gate arrival rate at queug indeed,M,w,/r, represents the
overall average sending rate of thé, sources.

Finally, both systems converge to a stationary behavior,
whose characterization is the aim of our future work. Simila

Finally, according to the definition dP,;s, queue service results have been observed considering other scenarios.

rates are determined in the fluid model according to:

. XQ: . il
p(t) = argmax 2 Yaq(t)
beingS the set of feasible service vectors. We supp®se be
a compact convex sub-set of‘fR Note thatu(t) is the vector
which maximizes the scalar product with the vecfo(t) =
(@1(t). - -~ 24(t)), insideS. Hence, from a geometric point of [3]
view, u(t) is the point (or is selected among the points) where
the perpendicular teu(¢) is tangent toS. 4

If we now apply the policy to the previous three scenarios:

« Work conserving queueP,,s selects simply the queue [5]
with the largest queue size. This policy is usually referred
as Longest Queue First (LQF) policy. (6]

« Wireless queue: it can be easily shown tRats provides
service according to:

(2]

(7]

zq(t)
BOI
« 1Q switch: P, s selects the queues corresponding to the
maximum weight matching on the bipartite graph built!®
as follows: an edge connects nod® nodej if VOQ ¢
present at input and directed to output stores at least
one packet; the weight of this edge is set equal o

Hq(t) 8]

IV. NUMERICAL RESULTS [11]

Consider the case in which a single server provides a service
rate equal ta3.6 Mbps. We assume that each packeli®0 [12]
bytes long. Tree classes of sources are pres€ntSs,S3
with M; = 10, My = 6 and M3 = 1. All the queues (13]
implement the same AQM scheme with loss functigtz) =
2/ Xmaz, WhereX,,,. is the maximum storage capacity. We
set X0 = 100 packets and; = ro = r3 = 100 ms. For [14]
simplicity, we show the results only for LQF and wireless
systems. Figure 1 compares the transient behavior obsarvetid]
both systems for each class of sources; the graphs are ethtain
by evaluating numerically the fluid equations describing thie]
system dynamics.

LQF tends to equalize the queue lengths and, indeed, all fhd
gueue lengths converge to the same value. The initial tahsi
phase on the queue length is different f§y since just one [18]
source is not able to fed its queue enough to follow the growth
of the other queues; indeed, the service rate receiveshhiyg [19]
very small. SinceS; and S, experience larger loss rate, they
slow down and allowS; to reach their queue length. Hence,
at the end of the transient period, all the queue lengths and
window sizes are equal.

For the wireless queue, the final queue sizes are different
for each class of sources. The service rates, by the policy
definition, are proportional to the queue size. The finalatffe
is that larger windows are observed for classes with larger
number of sources.
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