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Abstract

We adopt the optimization framework for the rate allocation problem proposed by Kelly and inves-
tigate the stability of the system with arbitrary communication delays between network elements. It is
shown that there is a natural underlying discrete time system whose stability is directly related to the
stability of the given system. We first present general stability conditions of the system with arbitrary
delays, and then apply these results to establish the stability of the system with afamily of popular utility
and resource price functions. The exponential stability of the system with the given utility and resource
price functionsis established. We also investigate discretized models that better approximate the packet
level dynamics of the system and show that similar stability conditions can be obtained. Numerical
examples are provided to validate our analyses.

1 Introduction

With continuing growth of the Internet with no signs of slowing down, proper management of congestion is
emerging as an important issue. Poor management of congestion leads to a degradation in user experience
and, potentially, inaccessibility of some parts of the network. Researchers have proposed many solutions
to manage the congestion level inside the network and to allocate the available rates in afair manner based
on avariety of definitions of fairness. Some of examples of fairness include max-min fairness, proportional
fairness[8], and (p, )-fairness [16].

Kelly [8] has suggested that the problem of rate allocation for elastic traffic can be posed as one of
achieving maximum aggregate utility of the users and proposed an optimization framework for rate aloca-
tion in the Internet. Here the utility of auser could either represent the true utility or preferences of the user
or a utility function that is assigned to the user by the end user rate control algorithm, e.g., Transmission
Control Protocol (TCP) and Proportional-Fair Congestion Controller (PFCC). In the latter case the selection
of the utility function determines the end user algorithm and the trade-off between the fairness among the
users and system efficiency [1, 9, 12, 16]. The PFCC is such an example. Using the proposed framework
he has shown that the system optimum is achieved at the equilibrium between the end users and resources.
Based on this observation researchers have proposed various rate-based algorithms, in conjunction with a
variety of active queue management (AQM) mechanisms, that solve the system optimization problem or its
relaxation [8, 11, 12, 13].

The convergence of these algorithms, however, has been established only in the absence of feedback
delay. Modeling the communication delay is especially important when the delay is non-negligible and/or
the delay could be widely varying, e.g., multi-hop mobile wireless network. Tan and Johari [7] have stud-
ied the case with homogeneous users, i.e., same round-trip delays and same form of utility functions, and



provided local stability conditions in term of users gain parameters and communication delays. In general
their results state that the product of gain parameter and communication delays should be no larger than
some constant. Similar results have been obtained in[4, 15] in the context of single flow and single resource
with more general utility functions and in [2] in the context of single bottleneck with multiple heterogeneous
users. The given stability conditions are similar to those in [7] and state that the product of the delay and
gain parameter of end user algorithms needs to be smaller than some constant. A more detailed discussion
of these previous results is presented in Section 3. These results, however, focus on characterizing sufficient
conditions on the communication delay and gain parameter for stability.

In this paper we study the problem of designing a robust rate control mechanism in the presence of
communication delays between network resources and end users. However, unlike in the previous studies
where the authors give the conditions on the delay and user’'s gain parameter for stability of the system,
we are interested in establishing stability criteria in the presence of arbitrary delays and with arbitrary
gain parameters of end users. In other words, our goa isto find a set of conditions, under which the rate
control mechanism design can be carried out as if there were no feedback delays for the issue of stability
of the system. Our approach is consistent with the philosophy that network protocols must be simple and
robust given the complexity and scale of the Internet, and may prove to be more suitable for wireless ad
hoc networks where delays are often expected to be unpredictable and widely varying. In particular, the
stability conditions given in [2, 4] may be sufficient to ensure smooth operation of the network when the
network is operating normally. However, a network can occasionally experience high congestion and behave
unpredictably due to the presence of alarge amount of nonresponsive traffic, e.g., broadcast of a concert on-
line, and/or a collapse of a part of network as aresult of, for example, alink failure or routing instability. In
such a scenario the system may temporarily deviate from the stable regime characterized by the conditions
in [2, 4] because of the increased queueing delay or alarger number of flows, and the unstable behavior of
the end user algorithm can aggravate the congestion level, eventually leading to a congestion collapse.

Our approach also provides a fresh way of looking at the issue of communication delay than traditional
approaches. A natural question that arises in this setting is whether or not it is possible to design a system
that is stable with an arbitrary communication delay. If possible, what are the necessary and/or sufficient
conditions for the stability? These are the core issues addressed in this paper.

Our analysis is based on the invariance-based global stability results for nonlinear delay-differentia
equations[5, 6, 14]. Thiskind of global stahility results are different from those based on Lyapunov or Razu-
mikhin theorems for delayed differential equations used in [2, 4, 15, 21] or from passivity approach [22].

Generaly speaking, our main results can be summarized as follows. First, we demonstrate that the
stability of a system given by a set of delay-differential equations can be studied by looking at the stability
of a natural underlying discrete time map, which is often easier to analyze and/or simulate. Second, if the
user and resource price curves have astable market equilibrium, which is captured by the underlying discrete
time map, then the corresponding dynamical eguation for flow optimization converges to the optimal point
in the presence of arbitrary delays. This result essentially shows that stability is related to utility and price
curves in afundamental way. In particular, for a given resource price function, under certain conditions (to
be stated precisely) it is possible to design a stable end user algorithm so that the ensuing dynamical system
converges to the solution of the optimization problem, irrespective of the communication delays. Similarly,
given the end user algorithm(s), under similar conditions one can design the resource price function(s) such
that the system is stable regardless of the communication delays. Conversely, if the underlying market
equilibrium is unstable then it is possible to find alarge enough delay for which the equilibrium point loses
its stability and gives way to oscillations. In practice, this gives rise to a fundamental trade-off between the
responsiveness of end users and network resources.

It isworth noting that in general characterizing the exact necessary and sufficient conditions for stability
with delays is difficult. Hence, our results provide a simple and robust way of dealing with the problem
of widely varying feedback delay in communication networks through a clever choice of the users' utility
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functions and price functions.

This paper is organized as follows. Section 2 describes the optimization problem for rate control. An
overview of the previous work on characterizing stability conditions in the presence of a communication
delay isprovided in Section 3. Section 4 describes the system model with communication delays. Section 5
studies a simple case where the feedback signal from the resources to a user is delayed by the same amount
for each user. We apply our results in Sections 5 to establish the stability condition using a popular class of
utility and resource price functions in Section 6. We investigate discretized systems that better approximate
the packet level dynamics and/or a situation where measurements at the network resources are performed pe-
riodically over awindow in Section 7 and establish exponential stability using the utility and price functions
in Section 6. Numerical examples are given in Section 8, which is followed by a study of genera models
where the delays between sources and resources are captured in more details in Section 9. We conclude in
Section 10.

2 Background

In this section we briefly describe the rate control problem in the proposed optimization framework. Con-
sider a network with a set £ of resources or links and a set 7 of users. Let ( denote the finite capacity of

link [ € L. Each user has afixed route r;, which is a non-empty subset of £. We define a zero-one matrix

A, where A;; = 1if link [ isin user i’'sroute r; and A;; = 0 otherwise. When the throughput of user i is
x;, User 1 receives utility U;(z;). As mentioned earlier, this utility function could represent either the user’'s
true utility or some function assigned to the user for carrying out the trade-off between fairness among the
users and system throughput [1, 9, 12, 16]. We take the latter view and assume that the utility functions of
the users are used to select the desired rate allocation among the users (i.e., the desired operating point of
the system), which also determines the end user algorithms as will be shown shortly. The utility U(x;) isan

increasing, strictly concave and continuously differentiable function of s over the range z; > 0.1 Further-

more, the utilities are additive so that the aggregate utility of rate allocation « = (5,7 € Z) is)_ ;o7 Ui(z;).

Let U = (U;(+),i € Z) and C = (C},1 € L). Therate control problem can be formulated as the following
optimization problem:

SYSTEM(U,A,C):

maximize > Uj(x;) (1)
i€z
subjectto ATz <C, >0

The first constraint in the problem says that the total rate through a resource cannot be larger than the
capacity of the resource. Instead of solving (1) directly, which is difficult for any large network, Kelly in [8]
has proposed to consider the following two simpler problems.

Suppose that each user i is given the price per unit flow ). Given )\;, user ¢ selects an amount to pay per
unit time, w;, and receives arate z; = 2 Then, the user’s optimization problem becomes the following
[8].

USERZ(UZ, >\z) .

maximize U (%) — w; (2
wj

i
over >0

Isuch auser is said to have elastic traffic.
2Thisis equivalent to selecting itsrate z;; and agreeing to pay w; = i - ;.



The network, on the other hand, given the amounts the users are willing to pay, w = (w,7 € Z), attempts
to maximize the sum of weighted log functions ;. w; log(x;). Then the network’s optimization problem
can be written as follows [8].

NETWORK(A,C;w) :

maximize " w; log(z;) (3)
i€T
subjectto ATz < C, 2 >0

Note that the network does not require the true utility functions (Jj(-),7 € Z), and pretends that user i’s
utility function isw; - log(z;) to carry out the computation. It isshown in [8] that one can aways find vectors
= (N e D),w" = (w),i € 1), andz* = (27,7 € Z) such that w; solves USER;(U;; ;) for al
i € Z,2* solves NETWORK (A, C;w*), and w; = z} - A\ for al ¢ € Z. Furthermore, the rate allocation
x* isalso the unique solution to SY STEM (U, A, C).

Assume that every user adopts rate-based flow control. Let w;(¢) and z; () denote user i's willingness
to pay per unit time and rate at time ¢, respectively. Now suppose that at time ¢ each resource ! € £ charges
aprice per unit flow of 4 (t) = pi(3;.c,, 7i(t)), where p;(-) isan increasing function of the total rate going
through it. Consider the system of differential equations

%wi(t) = K (wz’(t) —zi(t) ) Mz(t)) : 4

l€r;

These equations can be mativated as follows. Each user first computes a price per unit time it iswilling to
pay, namely w; (). Then, it adjusts its rate based on the feedback provided by the resources in the network
to equalize its willingness to pay and the total price. In [9] w;(t) is set to z;(t) - U, (x(t)). The feedback
from aresource ! € £ can aso be interpreted as a congestion indicator, requiring a reduction in the flow
rates going through the resource. For more detailed explanation of (4), refer to [9]. Since we assume that
the utility functions of the users are selected to decide the rate allocation amongst the users, under (4) one
can see that, in fact, both the users' utility functions and resource price functions can be utilized to decide
the system operating point. Therefore, the design of rate control algorithms is equivalent to selecting the
users utility functions and the price functions of the resource in the network.

Kelly et al. have shown that under some conditions on p(-),l € L, the above system of differential
eguations converges to a point that maximizes the following expression

e = X v~ X [ ma ®
i l

Note that the first termin (5) is the objective function in our SYSTEM(U, A, C) problem. Thus, the algorithm
proposed by Kelly et al. solves arelaxation of the SY STEM (U, A, C) problem.

3 Previous Work

The analysis in [9] of the convergence of the rate control algorithm given by (4), however, does not model
the communication delay that is present between the resources and the end users. There has been some
previous work on studying the stability of the system in the presence of communication delay. Tan and
Johari [7] have analyzed the case where every user has the same round-trip delay and utility function given
by wlog(-), i.e, w(t) = w. They have characterized the conditions on local stability in terms of the gain
parameter x and and communication delay d. Their results state that there exists some constant D such that
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the product of the gain parameter x and communication delay d should be smaller than D. In addition, they
have shown the convergence rate of the system in the case of single-user single-resource.

A similar sufficient condition isalso obtained in [15] in the context of single-flow single-resource. Sup-
pose that the end user algorithm is given by

() = k(w —z(t — d)p(z(t — d))),

where w, x > 0 and d is the communication delay. This models the end user algorithm with U(z) = w -
log(z) with afeedback delay of d. The authors show that, if p(-) isafunction of classC' that is nonnegative,
nondecreasing, and bounded in norm by 1 such that #(-) is nonincreasing and lim,_,+ p(z) = 1, then the
system is stable provided that 0 < d < .

Recently Deb and Srikant [4] have investigated the stability of the system in the context of single flow
and single resource with more genera utility functions, and have provided a sufficient condition for stability.
Assume that the rate x is constrained to [/, M]. Let d denote the feedback delay from the network resource
to the single user. The resource price function is denoted by p(-), and 2 is the unique solution to (5). The
proposed end user algorithm is given by

Lh) R S N
:Jc(t)—/@(w T~ el d))).

Define

w minleSM(—xU” (z) — U (z))

maXleSM h(]?)

A(LM) =1+ (6)

wWmaxj<g<M ‘J?U” (II?) + U, ($)‘ + maxj<g<M h(]?)
B(l, M) =

(")

minlngM (IIUI ((II)

where h(z(t — d)) = limy_,5(;_q) ww)=2"p(=") Thejr main results state that if there exists some constant

y—a*
q > 1 suchthat \/grd < gg:%; , then the system is globally exponentially stable. One can see from (6) - (7)

that if the range [I, M| is large, for some utility functions, e.g., utility and price functions used in Section 6,
theratio A(l, M)/B(l, M) will be very small, and thus, the given constraint may be very restrictive. In fact,
wewill show that this condition is not necessary for the utility functions in Section 6 under amild condition.
Alpcan and Basar [2] have studied the stability of a system with a single resource and multiple flows,
using adelay based agorithm, and provided a sufficient condition for stability. Although the algorithm uses
the estimated queueing delay as the feedback information, the authors assume that feedback delay is fixed.
Denote the feedback delay of flow ¢ by r;. Assume z* isthe solution to (5) and 0 < z; < ; paq, Where
Zimaz 1S @SSUMed not to exceed the minimum capacity of the links on the user’sroute. Let Z := = — 2 and

gi(#) = Wile) _ dUE) pefine

Q(Nii)

Kmin = min inf

* ol *
¢ —T; Smigxi,mamfxi

(8)

The end user’s rate evolves according to

@(t)z%ﬁ—aiq@(t—rm,z‘zl,...,z,
I 0(h
i) = ZE )



where g isthe queueing delay and o; > 0. They show that if 7,4, 1= max; r; < 5~ fninC then the system
is asymptotically stable. These conditions are, however, not aways easy to verify, and also become more
restrictive with increasing number of flows I. Therefore, when a bottleneck is shared by many flows, for
instance, in the core network, these may provide very conservative conditions.

All of the conditions presented above are imposed on the gain parameters of the end user algorithm and
the feedback delay. However, these are sufficient conditions derived using well known techniques and are
typicaly not necessary as we have shown in [17]. Moreover, it is not known how the system behaves when
it leaves the stability region characterized in [2, 4] due to unforeseen events, such as a partia collapse of
the network or routing instability. Clearly, in alarge scale system such as the Internet, it is not desirable
to use an algorithm whose stability region is limited to a small region. In this paper, rather than providing
the sufficient conditions on the gain parameters and feedback delays after the utility and price functions are
selected, we study the problem of selecting the utility and/or price functions that ensure system stability
regardless of the communication delay or users' gain parameters x;. This is different from the approaches
used in the previous work in [2, 4, 15]. For example, if the utility functions of the users are fixed through
the end user algorithms, then our results provide the conditions on the network resource price functions for
system stability and vice versa, hence providing a guideline for designing a stable AQM scheme. We study
the trade-off between the responsiveness of resource price functions and end users' utility functions, which
can be captured using the notion of price elasticity of demand.

4 Network Model with Delays

Although the previous studies [2, 4, 15] attempt to model the del ays between the network resources and end
users, their models are relatively simple due to the simplicity of the network that was considered. In this
section we first describe the network model that captures the delays between the network resources and end
users under the assumption that the delays are constant. Although in practice the delays are time-varying
due to the varying queue sizes, we assume that the variation in the delays due to fluctuating queue sizes
is not significant. For example, AQM mechanisms that attempt to either maintain very small queue sizes,
e.g., AVQ, or keep the queue sizes around some target queue sizes, e.g., REM, can be well approximated by
our model.
Consider asetZ = {1,..., N} of users sharing anetwork consisting of aset £ of resources as described

in Section 2. Let I; bethe set of userstraversing resource ! € L,i.e, [, = {i € 7 |l € r;}. We assume that

pi(+),1 € L, are gtrictly increasing and continuous. The feedback information from the resources to user i
is delayed due to link propagation delays and transmission delays. Foral < € ZTand ! € % let T; ; and Z; ;
denote the delay of the feedback signal from resource [ to user ; and the delay user ¢ packets experience
before reaching resource [ from the sender, respectively. |If user i does not traverse resource [, then we
assumethat 7;; = Z;; = 0. Suppose that the linksinr; = {l;1,...,l; r, } are arranged in the order user :
packets visit, where R; = |r;|. Define T; = Z;, | + Ty, = Ziy,, + Ty, p k= 1,..., Ry, i.e, the total
delay before the receipt of the acknowledgement of a packet. We denote}";.(R; + 1) by =. Under this
general model, the end user dynamics are given by

%xi(t):n,- (xi(t)U;(x,-(t) ) —zi(t —T3) (> wult — Tiy) ) )

ler;

where

it —Tig) =m (Zfﬂj(t—( Tiy + Z; ))) .
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Under this model the price of resource  at time ¢ depends on the rates of the users at time ¢ — 7 ; due to
the delay from the sources to the resource. The feedback signal generated by the resource price functionsis
then delayed by 7; ; before user 7 receives it.

One thing to note is that when there is a unigue path that is used by the users’ routes between any two
resources in the network, the above model can be simplified considerably. However, we consider more
general cases, where multiple paths between any two resources can be utilized.

In this paper we are interested in studying the stability of the system given by the set of delay-differential
equations in (9). In particular, our goa isto find a necessary and/or sufficient conditions on the utility and
resource price functions that will ensure the convergence of z;(¢), 7 € Z, to the solution of (5) regardless of
the delays T, ; and Z; ;.

5 General Network with Heterogeneous Delays

Inthis section wefirst study asimpler caseto illustrate the basic techniques used in this paper for establishing
the stability of the rate control mechanism in the presence of arbitrary feedback delays and to explain the
intuition and insight behind the techniques. We assumethat Z; = O foral: € Zand! € Land T; > 0,

i.e, for each user + € 7 there is no delay from the sender to its receiver and all of the feedback delay lies
in the reverse path from the receiver to the sender, which equals ; > 0. The general cases described in

Section 4 where the feedback signals from resources to the users experience different delays are discussed
in Section 9. We assume that there exists some small positive constant  such that 7 = m; - h, where m; is
a nonnegative integer, for al + € Z. This does not pose any serious limitation as h can be arbitrarily small
and typically devices are driven by local oscillators with fixed frequencies and hence periods. Thus, we can
find the greatest common divisor of their periods.

Following Kelly's rate control formulation [8], in this simpler model eq. (9) can be simplified to

ailt) = (zi(tw; (w(t)) = it = T (X u(t - Tm) (10
ler;
where py(t — T;) = pi(3 ey, zj(t — T3)). Welett = s - h and normalize timein (10) by A:
%diﬂﬂi(S) = i | 2i(s)Uj (wi(5)) — @ils — ma) (O (s —ma)) | - (11)
§ ler;

’

Using the substitution y; = z;U; (;) := gi(z;), we obtain

() = a—L(us () — yi(t)
i(t) =9; (yi(t)), () o )

and (11) can be rewritten as
viji(t) = migy (0 i) (wi(t) = filg™ @ — ma)))) (12)
where v = £, 7(t — mg) = (y1(t — myq), -+, yn(t —m)), 7 @) = (97 (1), - g5 (yn)).% and

filg M@t —mi) = filor (it —ma)),-.. . g5 (yn (t = my)))

= g; "(yi(t — my)) (sz (Z g; " (y;(t - mﬂ))) : (13)

ler; JEL

3Throughout the paper we assume that all vectors are column vectors.



We can write the above in the following matrix form:

vy(t) = K(G(t) (F(G(t — ma),.... 5t —my)) = 7(t)) (14)

where x(-) isastate dependent diagonal gain matrix with r;; (7 (t)) = —rig; (g; *(vi(2))), and F;((Fy, - - -, Tn))
= fi(g '(¥;)). This decomposition is possible due to the fact that the utility of a user is afunction only of
its own rate and does not depend on those of other users. The map F'(-) given by (14) is amultidimensional
nonlinear map, which is crucial for understanding the stability of the system. We note that this system of
differential equations in (14) has the following natural underlying discrete time map with unit time of A.

yn+1:F('gn)a TLEZ+:{1,2,...} (15)
_ . _ _ 2
wherey,, € §R£1 Yn = (yn—ml—i—la Y yn—mN—l—l) e R, and

Fl(gn) = fi(g_l(ynfmﬂrl)) = fi(gfl(ynfmi+1,1)a s ag]:fl (yn*miJrl,N)) .

The importance of this multidimensional map will be clear when we prove that the global stability of this
map is a sufficient condition for the global stability of the delay-differential system given by (14) in the
following subsection.

5.1 Convergence Results

In order to establish the stability of the system with multiple users of heterogenous utility functions we need
to prove the global convergence in amultidimensional space. Our approach extends the basic approach used
by Verriest and Ivanov [20]. The basic idea behind this approach is to use invariance and continuity prop-
erties of the underlying discrete time map given in (15) for the differential equations and find a sequence of
bounds using convex sets, which converges to the singleton with the solution to (5). Hence, the convergence
is derived from the underlying discrete time map, which provides the bounds for the tragjectories of the delay-
differential system. Following this plan, we first prove the invariance of the system given by (14) when the
underlying map given by (15) has a convex invariance set that is a product space. The assumption of the
existence of aconvex invariant product space is hatural in arate control problem because the utility of auser
depends only on its own rate. Thiswill beillustrated in the next section using afamily of popular utility and
resource price functions. Then, we use this invariance property to establish the asymptotic stability of the
system when the underlying discrete time map has a stable fixed point.

Before we present the convergence results, we state an assumption that we make on the functions g(+)
and f;(-), i € Z. We denote by J* the set of users that share a resource with user i, i.e., ' = {j € T |
i1 #* (Z)} = UleriIl-

Assumption 1 (i) The function g;(z;) is strictly decreasing with g (z;) < 0 for all z; > 0, (ii) the function
fi(Z) isdtrictly increasing in z; for all 5 € J* and Z > 0, and does not depend on z; for all j € T\ J°,
and (iii) both g;(x;) and f; () are Lipschitz continuous on R, and R, respectively, where R, = [¢, o0) and
e isan arbitrarily small positive constant.

From (13) one can see that condition (ii) is equivalent to the assumption that the resource price functions
pi(-) are strictly increasing in the total rate traversing them.

It can be seen that under this assumption «(-) is a positive definite matrix, which turns out to be an
important property in proving the convergence results for the system given by (14). We first define the
invariance of the map F'(-) that will be used throughout the rest of the paper.

Definition 1 Aset D C RY is said to be invariant under the discrete time map F(-) defined in (14) if
F(§) € D whenever j € DV,i.e,§= (7y,...,5y) andy; € D for all i € T.
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Let my,qp = maxjez m;. We denote by C([—mmaqz, 0], D) the set of functions that are continuous over
[—Mmaz, 0] With therange D.

Our first result states that the set C([—mynaq, 0], D) is invariant under the action generated by (14),
provided that D is closed, convex and invariant under £ in (15).

Theorem 1 (Invariance) Supposethat D ¢ R isaclosed, convex, product space, i.e., D =Y, proj,(D),
that is invariant under F'(-), where proj;(-) denotes the i-th component projection operator. Then, for any
initial function ¢ € C([—mMmas, 0], D) := Yp theresulting 7(¢) from (14) belongs to the domain D for all
t>0andv > 0.

Proof: The proof is provided in Appendix A. n
We next define a fixed point of the multidimensional map F'(-).

Definition 2 A vector y* € RY issaid to be a fixed point of F(-) if F((y*,...,y*)) = y*.

One can verify that g~ ' (v*) = (9, (¥7), 95 *(y3),- -, 95" (¥k)) iS asolution to (5) from (13) and (14),
i.e,,y* = g(xz*), where z* isasolution to (5).

Using the invariance property, we now turn to the asymptotic property of the delay-differential equation
under the natural assumption that the map F'(-) has a stable fixed point. Our approach is to find a sequence
of convex coverings of theimage F(D,,) which are product spaces and converge to the single {4/ }. In other
words, we construct a sequence of closed product spaces { D, }, where D,, = [[Y., D,,; C RY, such that,
under certain stability conditions, F(DY) C int(Dyy1) C Dpyq C int(Dy,), where int(D) denotes the
interior of D, and N,,>0D; = {y*}. If one can find such a sequence, then the solutions of the map given by
(15) converges to y* asymptotically provided that 7y, ..., 7_,,, . .1 € Do.

We now state the assumption under which the asymptotic stability is established.

Assumption 2 The multidimensional map F : RY° — RY has a fixed point y* € RY, i.e, F((y*, ...,
y*)) = y*. Also, there is a sequence of closed convex product spaces D,,n > 0, such that F(DY) C
int(Dy41) C Dy Cint(Dy) and Nyp>oDy = {y*}.

Let Yp, = C([—mmaz, 0], Do) beasubset of initial functions andT/;5 asolution of (14) constructed through
¢ € YDO-

Theorem 2 (Asymptotic Stability) All solutions,(¢) starting with initial functions ¢ € Yp, converge to y*
ast —»ooforall v > 0andforal m; € Z,,i € Z.

Proof: The proof isgiven in Appendix B. [

Theorem 2 tells us that the attracting fixed point of the map F'(-) is stable in the set I}). The basic tool
these theorems give us isto look at a set of delay-differential equations as a discrete time map, which is
typically more amenable to analysis and simulations. In addition, the study of the underlying discrete time
maps typically provides us with more insight than the delay-differential equations themselves as will be
shown in the following sections.

5.2 Comparison with Homogeneous Delay Case

In this subsection we discuss the relationship between a homogeneous delay system, i.e., where every user
has the same feedback delay, and a heterogeneous delay system discussed in subsection 5.1.



We first describe the system where all users have the same feedback delay T' > 0. Eq. (10) can now be
simplified to

%zi(t) = K (xz-(t)U; (zi(t)) — zi(t — (Z p(t — )) (16)

ler;

where T' is the common feedback delay of the users. We normalize time by T and use the substitution
y; = x;U, (;) := gi(x;) asbefore to obtain

vii(t) = g (9, i) (wilt) - L@ @ - 1))

whererv = 7, 5(t — 1) = (y1(t — 1),---,yn(t — 1)), and

fi(?l(?(t—l))) g; " (it = 1)) (sz (Zg] (y;(t— 1)) ))

ZE’!‘I ]GI[

We can write the above in the following simple matrix form:
vi(t) = k(m®) (FHE - 1)) - 5(1)) (17)

where «(-) is the state dependent diagonal gain matrix with «;; (7(t)) = —kig, (g{l(yi( ))) and Fj(7) =
fl(_—l( )). Note that since every user has the same delay, the multidimensional one step nonlinear map

F(+) has the domain %N (as opposed to %N in subsection 5.1). The discrete time map corresponding to
(15) for heterogeneous delay case isgiven by

Upi1 = F(T,), n€ Zs (18)

where, € RY, and F;(9) = f; (97" (41), - 95" ().

Suppose that the multidimensional map F : Y — R has some fixed point *, and that there is a
sequence of closed, convex product spacesD,,,n > 0, such that F/(D,,) C int(Dy11) C Dypyy C int(Dy)
and N,,>0D,, = {y*}. Then, it is shown that if the initia functions ¢ € Dy, i.e,7(s) € D, for al
—1 < s <0,thenlimy_, gy(t) =7* foral T > 0 [17].

A key observation to be made here is the following: Consider a system consisting of a set of users and
resources that satisfy Assumption 1. First, suppose that the users have the same delay T' and the assumption
in the previous paragraph holds for some sequence of D,,,n > 0, and hence the system is stable provided
that the initial functions liein Dy. Then, one can easily verify that even when the users have heterogeneous
delays, the same sequence D, = D,,n > 0, satisfies Assumption 2 and, hence, the system is stable if
the initial functions belong to Iy = D,. This observation is intuitive as follows. Suppose that in the
homogeneous delay case, the delay of the flows is T, and in the heterogeneous delays case, the delays
of the flows satisfy T; < T for dl i € Z. Then, since the communication delays of the users in the
heterogeneous delay case are no larger than T' of the homogeneous delay case, one would expect the system
with heterogeneous delays to be stable if the system with homogeneous delay is stable. However, since our
stability results for homogeneous delay case hold for any arbitrary T' [17], one should expect the system
with heterogeneous delays to be stable irrespective of I, i € Z, aswell.
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6 An Application to a Family of Utility and Price Functions

In this section we apply the results in Section 5 to investigate the stability of the rate control problem
described in Section 2. We consider the following class of users’ utility functions:

Ud(z) = -~ a0 (19)

In particular, a = 1 has been found useful for modeling the utility function of TCP algorithms [10]. This
class of utility functions in (19) has been used extensively in engineering literature [1, 8, 10]. With the
utility functions of the form in (19) one can easily show that the price elasticity of demand decreases with
a as follows. Given a price per unit flow p, the optimal rate 2*(p) of the user that maximizes the net utility
Ua(z) —p-x isgiven by p‘lﬁ . The price élasticity of demand, which measures how responsive the demand
isto achange in price, is defined to be the percent change in demand divided by the percent change in price
[19]. In our case the price elasticity of demand is given by

p_dz*(p) _ P Tl L 20)
z*(p) dp  pTm l+a

14a

Therefore, one can see that the price elasticity of demand decreases with a? i.e,the larger a is, the less
responsive the demand is.
The class of resource price functions that we consider is of the form:

p(y) = (%)b where b > 0 (21)

This kind of marking function arises if the resource is modeled as an M /M /1 queue with a service rate of
C' packets per unit time and a packet receives a mark with a congestion indication signa if it arrives at the
gueue to find at least b packets in the queue. One can easily verify that these utility functions and resource
price functions satisfy the assumptions in Section 5.

In order to establish the convergence of users’ ratesin ageneral network with heterogeneous delays, we
use the observation stated in subsection 5.2, which states that the convergence of a system with arbitrary
heterogeneous delays can be established by investigating the stability of the system with an arbitrary homo-
geneous delay. With the utility and resource price functions of (19) and (21), respectively, the underlying
discrete time map from (18) for the homogeneous delay system is given by

b
1 . Eje[l Ljmn
a; = Tin Z C
_ L

) — 7@%‘ ZJ'EII Zjn l — f(7 22
= Tin+l = Tin Z C = t(xn) ( )

ler;

Notethat z; -, isstrictly decreasing in each of z;,,,j € J°.

We define b, = max;e,, by and Ct = minye,. C; for al 7 € Z, and assume that users are ordered by
increasing a;, i.e, a1 < ag < --- < apy. Let z* be the unigue solution of the optimization problem in (5).
We assume that AT z* < C. A sufficient condition for thisisthat G > | I

Suppose that Dy = [T, Dy ;, where

l~)0,,- = [Bz! , ax}],

) 9

“When comparing the price elasticity, typically the absolute value of (20) is used.
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@ is some finite constant larger one, and /3 is a positive constant that satisfies
F(Bz*) < az* and Bz* < F(az") , (23)
where F'(-) = g~ (f(-)). Here we summarize the results shown in [17].

bipart1

a;

Lemmal Suppose that a; > b’

max

+ 1for all i € Z. Define 0 = — max;er —eg,where) < e <

1 — max;er biﬂfgz“. Then, any 3 suchthat @'/? < § < a” satisfies (23).
We assume that 3 satisfies the condition in Lemma 1. Now, for n = 1,2, - - -, we define

D, = { sz'vl[agnx* ’ BU (II:], n odd (24)

(2
n — N " s
=18 =i, @ x|, neven

Lemma 2 Suppose that a; > b, + 1 for all i € Z. Then, for all n > 1, F(Dy_1) C int(Dy) C D, C
int(Dp_1), whereint(D,,_;) istheinterior of D,,_;, and NS>, D,, = {z*}.

Theorem 3 Suppose that a; > b7, + 1 for all i € Z. If theinitial functions ¢, liein C ([0, —1], Dy), then
x(t) produced by (16) converges to «* asymptotically for all 7 > 0 and x; > 0,i € Z.

Now note that as @ increases, F(ag:*) goes to 0. Hence, since the rates of the users are in practice
constrained from above by the link capacities and receiver buffer size, and limited from below from the fact
that there is alower bound on the transmission rate? we can see that starting from any arbitrary rate vector
satisfying the capacity constraint, the rates converge to 2 asymptotically from the above results.

Our results in this section state that if o; > 0% . + 1 for al i € Z, then the users’ rates converge to the
solution of (5) regardless of the users' feedback delaysZ;. In practice, if thereisalower bound on ¢; > 1 of
the end user algorithms, then the global stability of the system can be established by placing an upper bound
on b; of the resource price functions, regardless of the communication delays 7 of the users. Moreover,
if al users and resources have the same parameters ¢ and b, respectively, then, the conditiona > b+ 1 is
again the necessary and sufficient condition for the stability of the system. The implications of a selection
of utility and resource price functions is discussed in [17].

7 Discretized Models

The system of delay-differential equations given in (10) provides a good approximation to the end user
behavior when the capacity of the link is high and/or the packet size is small, e.g., ATM cells. However, in
some cases, e.g., low link capacity and/or large packet sizes, it may not be a very good approximation and
the packet level dynamics may need to be modeled more accurately. In this section we introduce discretized
models of (14) that capture the packet level dynamics more faithfully and characterize the conditions for
asymptotic stability of these models.

SFor instance, in the example of TCP the transmission rate of a connection cannot be smaller than one packet size divided by
the round-trip time of the connection.

12



7.1 Basic Mode

In this subsection we start with the simplest form of discretized models and extend it in the following
subsections. Suppose that ¢ is a small_positive constant that divides k. We replace the time derivativey(t)
in (14) with an approximation 2000 j g

Vw =k(y(t)) (F(g(t —m1),...,y(t —mn)) —y(t))

or
Tt +0) = (I —h-3-kGEFE) +h-6- k@OF@E—mi)s....TE—my)).  (25)

Here ¢ can be thought of the interarrival times of the feedback signal (normalized by &). In other words,
t =mn-0,n > 0, can beinterpreted as the times at which the acknowledgments from the receiver carrying the
feedback information arrive at the sender. The updates of transmission rates take place upon the arrival of
acknowledgments. Here we assume that each acknowledgment contains the precise value of the price. The
effects of finite granularity of feedback information is discussed in [18]. In addition, this model implicitly
assumes that the time between updates § is smaller than the common divisor A of the round-trip times of the
connections. This assumption will be lifted in the following subsections.

Denote @ = 6~ !. Letting ¢t = n - §, we rewrite the continuous time system in (25) as the following
discretized system:

where I isthe N x N identity matrix, and
Yn = (yn—a-mla e ayn—a-mN) :

Assumption 3 Supposethat D ¢ R isaclosed, convex product space that isinvariant under F(-) in (14).
In addition, assume that

h-6-ki(7) <1 (27)
forall 2 € Zandfor ally € D.

This assumption has the following implications. First, for a given invariant set the time step ¢ has an
upper bound h"suPyeD,lieZ =) Also, as hincreases, the interarrival time (normalized by h) ¢ needs to
become smaller to satisfy the assumption. Thisis intuitive in the sense that as the normalizing constant &
increases, in order to maintain the same interarrival time before normalization, ¢ must decrease proportion-
aly. Since (14) is the limiting case as the packet size and the interarrival times go to zero, this assumption
can be removed in that case. Second, the larger the invariant set is, the smaller the value of A should be due
to the fact that supyc ;7 #4i(7) does not decrease with increasing invariant set D.

Assumption 3 is required to guarantee that the state-dependent gain (v, h,d) :== 1 —h -0 - k(y) > 0
foral i € Z and for all 5 € D. Given {Yo,¥_1,---,Y—qum,., € R} the solution g,,, n > 0, can
be computed by successively iterating the map given by (14). We prove that the dynamical behavior of
Un,m > 0, generated by (26) can be described by the corresponding properties of mapy, . = F(gy) in
(15). In particular, similar to our results for the delay-differential equations itisshown that ify, € D,n =
0,—-1,...,—a Mpaz, theny, € D for al n > 0, provided that D is invariant under F'(-). Moreover,
if there is a globally attracting fixed point 7* of the map F(-), then every solution 7, of (26) satisfies
lim,, - ¥, = ¥*, hence giving a sufficient condition for global stability of the discretized system.
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Theorem 4 (Invariance) Let a closed, convex product space D ¢ ®Y beinvariant under F and 7, € D,
n=0,-1,...,—a  Mpyq,. pposethat y(y,h,d) > 0foralliec Zandforaly e D. Then, 3, € D for
all n > 0.

Proof:  This can be shown directly from (26) as follows. Suppose that the theorem is false and there
exists some n' suchthat ,» ¢ D. Let@ = inf{n > 0 | 7, ¢ D}. This leads to a contradiction
because both g, _, and F'(y;—1) are assumed to bein D andy; isaconvex combination of them, i.e.,y; =
(I=h-0-6Fi1)Tar+h-06Fs1) Ffa-1)- =

Our next result establishes the global stability of the discretized system under the assumption that there
exists an attracting fixed point of F'(-).

Theorem 5 (Global Sability) Suppose that there is a sequence of closed convex product spaces I),,n > 0,
such that F (DY) C int(Dy41) C Dpy1 Cint(Dy,) and Ny,>0D;, = {y*}, where y* is a stable fixed point
of themap F(-), andthat 7, € Do, n = 0,—1,..., —a - Myqy. ASSUMethat v(g,h,0) > 0forall i € Z
and for all 5 € Dy. Then, 5,, € D, for all n > 0 and lim,, o 7,, = 7*.

Proof: The proof is provided in Appendix C. n

7.2 Exponential Stability

In this subsection we study the discretized systems in the previous subsection with the utility and resource
price functions given by (19) and (21), respectively. Let Z = {1,..., N} bethe set of users sharing the

network and £ = {1,..., L} the set of resources. The price function of the resources is given by p(z) =
b
(c%) l,bl > 0, and the utility function of the users is given by Uj(z) = ﬁ We assume that a; >

bies + 1 = maxe,. by + 1 so that the system is stable.

Assumption 4 Suppose that the conditions in Theorem 5 are satisfied with D, = g(f)k) and

—ok k )

ﬁl[ﬁ :L,>§<’aa a:;k]a k even

)

ok« —gk "
Dk:{ Hi\il[a xi ’ 16 J?i], kOdd

where@ > 1, (3 satisfies Lemma 1, and max;c7 ”m—m“ < —o <.

a;

Theorem 7.1 Suppose that Assumption 4 holds. Then, for each step size § > 0 there exist K(0) > 0 and
(d) > 0 such that,

20 — af] < K(6) - eap(—(6) - m) -

)

forallie”. (28)

Proof: The proof is provided in Appendix D. n

Corollary 1 Suppose that Assumptions 1, 2, and 4 with initial functions ¢, € C([— max;ez T}, 0], Do)
hold. Then, thereexist K > 0 and ¢ > 0 such that,

lzi(t) — x}| < K -exp(—yt) -z} foralieT, (29)
where Z(t) isthe solution to (10).

Proof: The proof is provided in Appendix E. n
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7.3 Asynchronous Updates

In (25) we have assumed that users update their rates at the same fixed rate, i.e., the time between updates
is the same for all users. However, in some cases it may be more realistic to assume that the time between
updates may be different from one user to another. For example, under the currently most popular transport
layer protocol, TCP, the congestion window size, which controls the number of outstanding packets and
hence the transmission rate, is updated upon the receipt of acknowledgements (ACKs). Since the round-trip
times of the users are different, which leads to unfairness in rate alocation [ 3], the rate at which users update
their window sizes depends on their round-trip times and may be different. In this subsection we consider
the case where users update their rates at fixed rates, but rates are allowed to vary from one user to another.
The case where the time between updates is a random variable is considered in the following subsection.

For afixed § > 0 in (25) we assume that user i's update period isgiven by I; € {1,2,...,m; - a},
i.e., user 5 updates its rate every T; - § amount of time, starting at some random time 7; - §, where 1; €
{0,1,...,m; - « — 1}. Here the constant § can be interpreted as the smallest time scale at which the
dynamics of the network evolve. Since devices are driven by local oscillators with fixed frequencies, one
can view ¢ asacommon divisor of the periods of these local oscillators. Since typically each source updates
itstransmission rate at least once per round-trip, we assume that T; < m; - a. However, this assumption can
be replaced by any finite positive integer. User ¢ updates its rate at discretized timesn € {7+ k- I';; k =
0,1,...} := T;. Thismodel aso removes an implicit assumption we have imposed in subsection 7.1 that
the rate update period is smaller than A, acommon divisor of the round-trip delays, because T; can be larger
than «.

In order to define a discrete time map similar to (26), we first need to define a family of discrete time
multi-dimensional maps. Let

62{(51335N)3 gle{oal}} (30)

The vectors £(n) € ©,n = 0,1,..., indicate which users update their rates at time n. In other words, if
&i(n) = 1,i.e,n € T;, then user i updates its rate at time n, and &(n) = 0 indicates that user 7 does not
update its rate. Now we define a family of multi-dimensional map: for each ¢ € ©, define F£(j,), where

Yn = (ynayn—a.ml, R ’yn—me) c RN(N+1) and
ey Fil0 o am) = Filn—am>- - Tn-amy) if &i=1
F; (Gn) = { Yn,i otherwise (31)

The user rates now evolve according to

where I isthe N x N identity matrix. In other words, for the users with §(n) = 1, the rates are updated as
before, while for the remaining users the rates remain unchanged.

Theorem 7.2 Suppose that the conditions in Theorem 5 hold, i.e,, (i) there is a sequence of closed convex
product spaces D,,,n > 0, such that F(DY) C int(D,.1) C D,y1 C int(D,) and {y*} = Np>0Dn, (ii)
Uy € Do,n=0,-1,...,—a - Mynqqg, and (iii) v(g, h,0) > 0 for all i € Z and for all 5 € Dy. Then, the
sequence generated by (32) satisfies that, € Dy for all n» > 0 and lim,, o0 7,, = 7.

Proof: The proof of the theorem is similar to those of Theorems 4 and 5, and is omitted. n

The above theorem establishes the convergence of the system when the update rates of the users are relaxed
to be heterogeneous. In addition, if the utility and resource price functions are of (19) and (21), respectively,
then one can prove the exponential stability similar to Theorem 7.1.
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7.4 Random Update Times

In the previous subsection we have considered the case where users are allowed to update their transmission
rates at different update rates. However, the time between the updates is fixed. In this subsection we extend
the model and investigate the case where the update times of the transmission rates are not deterministic.
Again, because each source typically updates the transmission rate at least once per round-trip, e.g., TCPR,
we assume that there exists some finite upper bound on the time between two consecutive updates of auser’'s
rate. We denote this upper bound for user i by Z;. Hereweassumethat Z; < «-m;, athough thisassumption
can be easily replaced with any finite positive integer. For each k, k = 0, 1, . . ., we denote the time between
k-th and (k + 1)-st rate updates of user i by random variable (rv) V¢. Thervs Vi, i € Zand k = 0,1,.. .,
are assumed to be independent of the past given the current system state, with some distribution )} whose
support is{1,2,---,Z;}, i.e, Ef;l P(V,j = v) = 1. Infact, these distributions 1/}3 can depend on the state
of the system including the transmission rate of the users. The only crucia assumption required for the
stability of the system is that these rvs are upper bounded by some constant. Thervs xg capture the fact that
in the Internet the interarrival times of acknowledgments (ACKSs) at the source from the receiver of a flow
are random, for instance due to ACK compression on the reverse path, and there may be some small random
delays before the source can process the ACKs.

We assume that the first update of user i’s rate takes place at V/ € {1,..., Z;}, and the set of times at
which user i updates its rate is denoted by 7 = {°F _, Vi: k = 1,2,...}. Under these assumptions the
evolution of user ratesis determined by

where jn = (s Tn—comys -+ > Un—amy) € RYVHD,
)1 ifneT;
i(n) = { 0 otherwise
and
Er~ f’i(g_l(ynfwmi)) = ‘F’i(ynfa-mla v 7ynfa-mN) if fl =1
Fi(Ga) = { o otherwise (34

Theorem 7.3 Suppose that the conditions in Theorem 5 hold, i.e,, (i) there is a sequence of closed convex
product spaces D,,,n > 0, such that F(DY) C int(D,.1) C D,y1 C int(D,) and {y*} = Np>0Dny, (ii)
Un € Doymn =0,—1,...,—a - Myqq, and (iii) v(g, h,d) > 0 for all s € Z and for all 5 € Dy. Then, the
sequence generated by (33) satisfies that, € Dy for all n» > 0 and lim,, 0 7,, = 7.

Proof: The proof is provided in Appendix F. [

Similarly asin the previous subsection, if we take the utility and resource price functions given by (19) and
(21), respectively, then we can establish the exponential stability of the system, following the same stepsin
the proofs.

8 Numerical Examples

In this section we present several numerical examplesto illustrate the results in the previous sections. First,
we consider the system given by (10) with utility and resource price functions given in (19) and (21). We
demonstrate that under the stability condition given in Theorem 3 indeed the user rates converge to the
solution of (5), while when the condition does not hold, for sufficiently large delays, the system becomes
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unstable. Second, we study the discretized system given by (25) and show the convergence of the user rates
under Assumption 3. We aso show that when (27) is violated, the system can become unstable where the
user rates diverge from the optimal rates.

8.1 Delay-Differential System

user 1 user 2

user 3
Figure 1: Topology of the example network.

In this subsection we consider a simple network consisting of two links. The first link is shared by users
1 and 3, while the second link is share by users 2 and 3. Thisis shown in Fig. 1. The capacities of the links
areset to [5 4]”. The utility functions are of the formin (19) with a; = a3 = 3 and a3 = 4, and the resource
price functions are of (21). We select two different sets of parameters §,! = 1, 2, to create both a stable and
an unstable system. The initial functions are given by ¢(s) = [3 1 2] for al s € [~mmae, 0]. The gain
parameters are set to x; = 0.1 for all users.

8.1.1 Stable System

The resource price parameters for the first case are by = by = 1.9. Since a; > bt,,, + 1 for al users,
the system is stable. One can solve the optimization problem in (5) and show that the solution is given by
r* = [1.392 1.2809 1.0944]”". The feedback delays are given by [T, T T3] = [28 43 77] unit times.

user rates x_
35 T

25 ‘ q

15F ‘ /\\, B

05 1 1 1 1
-100 0 100 200 300 400 500
t

Figure 2: User rate evolution.
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Fig. 2 plots the evolution of user rates according to (10). As one can see the user rates converge to the
optimal rates.

8.1.2 Unstable System

user rates Xn

T
— userl
— user2

user 3

Gl

Y

05l I I I I I I I I I
0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000
t

Figure 3: User rate evolution of an unstable system.

In the second case the resource price parameters areincreased to 4 = b, = 3.5. One can easily see that
the stability conditions in Theorem 3 do not hold. We increase the feedback delays by ten folds from the
previous case, i.e., [T T» T3] = [280 430 770] unit times. Fig. 3 shows the unstable behavior of the system
as the user rates show no signs of settling down, resulting in large oscillations in the rates.

8.2 Discretized Systems

In this subsection we consider the discretized model of the system used in subsubsection 8.1.1. We set
0 = 0.2 0r a = 5. The rest of the parameters remain the same. Since the greatest common divisor of
T;,i =1,2,3,isone, weseth = 1.

Fig. 4(a) shows the evolution of the user rates. Here we assume that D, = Hle[ﬁx;‘, az;], where
@ =1.5and § = 2/3. Theinitial functions are set toz, = [211.5]7 € Do, n = 0,-1,...,—a - Mpaq-
One can verify that (27) holds as follows. From its definition the state dependent gains are given

— r,o_ a;
ris(D) = —rigi(9; " (v:)) = Fi—re (35)

)

where we have used z; = g; 1_(yz-). Therefore, the gain parameter is decreasing in x;. Hence, it suffices to
check the condition withy = Sz*. }

In the second case we have expanded D, by fixing@ = 3 and 5 = 0.33 and set the initia functions to
¢(s) = [1.2 1.1 0.6]7". From (35), we have
a;
h-5-l€ii:0.2-0.1-$gi+1 .

For user 3, this equals 2204 — 1,0288 at the initial value of 0.6, which violates the condition in Theorem

4. We plot the evolution of the user rates in Fig. 4(b). Clearly, the user rates do not converge to the optimal
rates. In fact, the user rates diverge from the optimal rates due to the incorrect sign of the gains.
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Figure 4: User rate evolution in a discretized system.

9 General Modelswith Delays

In this section we build upon the simple model discussed in Section 5 and study the stability of the general
network model described in Section 4. Recal that 7;; and Z;,, i € Z,l € r;, denote the delay of the
feedback signal from resource [ to user 7 and the delay user 7 packets experience from the source to resource
[, respectively, and they are assumed to be zero if user 7 does not traverse resource [, i.e., [ & 1.

Definey; = z; - U; (z;) := gi(z;). Similarly asin Section 5 we assume that there exists some common
divisor h such that, foral i ¢ Zand ! € L, mi = Tiyl/h and Zj| = Zz',l/h, where mi 1,251 € Z+. Let
dmar = MaXicT 1cr; (MaXjer, My + zj;). By normalizing the time by h, we rewrite (9).

vii(t) = migi(or i) (v = fi (67" @ = ma)), (67 (), 1 € 7)) (36)
where m; = %’ Gy () = (yi(t — zjy —miy),J € 1),

fi (g ((t—mm,(g( ())lem)

= [i (07 @ = m), 07 Gy ()29 i n) (1))
=g "t —ma)) | D op | D g5yt —may — Zj,l)))) (37)
ler; J€l;
Letusdefine Y'(t) = (5t —m:), Gt (1): - o ity (1) € RE T ¥ (1) = (Y (1), ... YN (1)),
—1

and Gy(Y (1) = (97 (5t = m))s g Wig) )0 i, s, >( ))). Now we can write (36) in the
following matrix form:

vi(t) = (G(t) (F(Y (1)) - 5(1)) (39)
where F( (t)) = fi(G;(Y(t))), and k() is a state dependent diagonal gain matrix with r;(7(t)) =
—kig;(g; *(i(t))). We can define an underlying discrete time map, where the unit time is h:

U1 =F (), (39)
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where

n e Z+7 yn = (y?aay?\f) € §R-|]\—77 Yn = (Ynla 7YnN)7 erb = (ynfmp'g?,li,la"' 7?)2@-’&)7

=211, 1, Ml g, N—2ZN,;

e ML g ~ < i
B, = W vy ) and Fy(Ya) = filGi(Y))) -
Similarly asin Section 5 we use this discrete time map to study the stability of the system given by (38). The
approach and steps taken for establishing the stability of the system in (38) are similar to those in Section 5.
We first make the following assumption on ¢;(-), 7 € Z, and the resource price functions p(-),l € L.

Assumption 5 (i) The function g;(z;) is strictly decreasing with g.(z;) < 0 for all z; > 0, (ii) the price
functions p; () are strictly increasing in x for all [ € £, and (iii) g (x;) and p;(x) are Lipschitz continuous
on R, where R, = [e, 00) and e isan arbitrarily small positive constant.

This assumption ensures that the state dependent gain matrix «(-) is a positive definite matrix. Let us
first define the invariance and afixed point of the map F'(-).

Definition 3 Aset D ¢ RY is said to be invariant under the discrete time map F'(-) defined in (38) if
F(Y) € Dwhenever Y € D=,i.e,Y = (YL,...,YN)and Y? € D+l for all i € 7. Avector y* € RN
issaid to be a fixed point of F(-) if F((y*,...,y*)) = y*.

We now state the assumption under which the asymptotic stability of (38) is established.

Assumption 6 Multidimensional map ' : RY= — R has a fixed point y* € R, where g~ (y*) is the
solution to (5). Also, assume that there is a sequence of closed, convex product spaces I3, k > 0, such that
F(D;) C int(Dk_H) C Dy C Znt(Dk) and meODk = {y*}

Let Yp, = C([—dmaaz,0], Do) be a subset of initial functions and 7/(¢) a solution of (38) constructed
through ¢ € Yp,.

Theorem 9.1 (Asymptotic Stability) All sol utions_y;g(t) starting with initial functions ¢ € Yp, converge to
y*ast wooforalv>0m;; € Zyandz;; € Z,.

Proof: The proof is provided in Appendix G. n

Following the steps used in Section 7 one can define similar discretized models, and using these dis-
cretized models, derive the asymptotic and exponential stability of the corresponding systems presented in
Section 7. Their proofs are simple extensions of the proofs in appendices for these results. Moreover, one
can verify that if asystem is stable with a homogeneous feedback delay as described in subsection 5.2, then
the system with more general delays as described in this section is aso stable with the appropriate initial
condition. Therefore, this demonstrates that the delay-independent stability of the system studied in this pa-
per depends critically on the selection of users' utility functions and resource price functions, but not on the
detailed delays between network elements, e.g., end users and resources. Hence, the stability of the system
with a given set of users and network resources can be studied by considering a simple homogeneous delay
system discussed in subsection 5.2 with suitable initial conditions.

10 Conclusions

In this paper we have studied the problem of designing arobust congestion control mechanism in the pres-
ence of arbitrary delays between the end users and network resources. We have demonstrated that the
stability of the system given as a set of delay-differential equations can be studied by looking at the corre-
sponding discrete time system. We have provided a condition for the stability of the system, which isapplied
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to afamily of popular utility and resource price functions to establish the stability of the system. We have
aso investigated the discretized models of the system given as delay-differential equations. These models
model the packet level dynamics more accurately. We have shown that under some conditions, which de-
pend on the region in which the initial values lie, the system is stable. We have also shown the exponential
stability of the system with the family of utility and price functions.

Although the models described in Section 4 are general and capture the fixed delays between various
elements in the network, they do not capture the time-varying nature of the delays. If the queue sizes are
large, then the fluctuations in queueing delays and hence the feedback delays may be significant compared
to the fixed propagation and transmission delays. We are currently working on extending our model to
incorporate the time-varying feedback delays and to characterize similar stability conditions.
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A Proof of Theorem 1

We prove the theorem by contradiction. Suppose that the claim is false. Then, there exist some initial
function ¢ € Xp and ¢, t > 0, such that y(¢) ¢ D. Define

to=inf{t > 0| everyinterval [t, t), ¢ > ¢, 3t1, t <t; <t, suchthat(t;) ¢ D} .

Then, there is i € Z such that for al (t,¢), where t > to, there exists #y,ty < fo < t, such that
yi(to) & DZ := proj;(D). We assume that y;(t) leaves through the right end, i.e., 4 (tp) = sup D;. Then,
for all (to,t) there exists?,ty < ¢ < ¢, such that ;(f) > sup D; and yl( t) > 0. This, however, leads to a
contradiction as follows. From (14) we have vi;(t) = ki (5(1)) (fi(@ @t — m;))) — v:(£)) < 0 because
ki(@(t)) > 0and f;(g~ (F(t — m;))) € D; and, hence, is less than or equal to sup D; (< y;(t)), which
contradicts the earlier assumption that () > 0. The other case that y;(¢) leaves D; through the left end,
i.e, yi(to) = inf D;, can be shown to lead to asimilar contradiction. Therefore, the theorem follows.

B Proof of Theorem 2

In this proof we omit the subscript ¢ since there is no confusion. Our proof utilizes the following lemmas.

Lemma3 Fixn,n > 0. Let D be an open, convex product space that contains F(DY) and whose closure
is contained inint(Dy), i.e., cl(D D) C int(Dy,). Suppose that theinitial functions ¢ € C([—mmaz; 0], Dn).
Then, there exists a finite, ¢ > 0, such that, for all ¢ > £, y(t) € D.

In order to prove the lemma, we first prove the following coordinate-wise invariance
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Lemma 4 (Coordinate-wise Invariance) If ;(f) € D; = proj;(D) for somet > 0, then y;(t) € D,; for all
t >t

Proof: Suppose that thelemmaisnot true, and there existst > ¢ at which y;(¢) = inf D; or y;() = sup D;.
We assume that 7 is the smallest such time and () = sup D; > sup proj;(F(DY)). Then, we can find
fl < tsuchthat foral t € (Zl,f), yl(t) € Dz \p’l“Ojl(F(Dév)) Th|S|mpI|e£thaI yz(t) < Oforadlte (Zl,f)
from (14) because F;((5(t — m;),i € T)) < supproj;(F(DXN)) and, thus, y;(f) < sup D;, leading to a
contradiction. A similar argument can be used for the case () = inf D;. n

Now let us proceed with the proof of Lemma 3.
Proof: Suppose that the lemmais false. Then, from Lemma 4 there exists © € Z such that for al ¢ > 0,
yi(t) & proji(D) = D;. We show that this leads to a contradiction. Suppose that 4 (¢) > sup D; for all
t > 0. Then, one can see that ¢;(¢) < 0 from (14). Combined with the assumption that 1;(¢) > sup D; for
all t > 0, thisimplies that y;(¢) converges to some §; > sup D;. Sincesup D; > sup proj;(F(DY)) with
§ :=sup D; — sup proj;(F(DN)) > 0, there exists some positive constant e such that ¢(t) < —e-6 < 0
for al sufficiently large ¢ from (14). This, however, implies that v (¢) | —oo ast 1 oo, contradicting the
assumption that y;(t) > sup D; for dl ¢+ > 0. A similar contradiction can be shown when we assume
y;(t) < inf D; foral t > 0. This completes the proof of the lemma. n

Lemmab5 Let D bea closed, invariant product space and ~D an open, convex product space that contains
F(D") and whose closure is contained inint(D), i.e, cl(D) C int(D). Suppose that the initial functions
¢ € C([—mmaz,0], D) and y(t1) € D for somet; > 0. Then, y(t) € D for all ¢ € [t1, t1 + Mmaz]-

Proof: Thelemmafollows directly from Lemmad4. n

Now we are ready to proceed with the proof of Theorem 2. By repeatedly applying Lemmas 3 and 5
and Theorem 1 one can find a sequence of finitet,,n = 1,2,..., such that y(¢) € D, for al ¢t > ¢,. The
theorem now follows from the assumption that M, D, = {y*}.

C Proof of Theorem 5

First, the invariance property thaty, € Dy for all n > 0 follows directly from Theorem 4.

The asymptotic convergence of g, can be shown as follows. First, note from (26) that if 7, € Dy, n =
0,—1, -, —a- My @y, ; € Dyy1,; for somen’ > 1, then, y,; € Dyy1,; foral n > n'. Hence, it
suffices to show that, for all £ > 1, ify, € Dy forn = 0,—1,..., —a - mpyqs, then there exists a finite
M (k) such that, for all n > M(k),7,, € Dit1.

We prove this claim by contradiction. If the claim is not true, then there existssome k > 1 andi € 7
such thet y,, ;  Dy1,; = proji(Dyy1) for al n > 0. We assume that y,,; > sup Dy ;. The other case
Yn,i < inf Djyq,; can be handled similarly. From the assumption that F'(Dy) C int(Djy1), one can easily
see that there exists some positive constant e such that, for al n > 0, sup D11, — Fi(y,) > € because
F(y,) € F(Dy). Thus, if y,; > sup Dy, for dl n > 0, then from (26) this implies that there exists
¢ > 0 such that y, 1 — yn; < —€ < 0 and, hence, y,; — —oo asn — oo, contradicting the earlier
assumption that y,, ; > sup Dy for @l n > 0. Thus, there exists some finite M (k) such that g, € Dy
foraln > M(k).

D Proof of Theorem 7.1
We first show that there exist some K7 > 0 and ¢/; > 0 such that, for all & > 1,
2

1-57 ' < Kiexp(—1y - 2k) and @’ —1< Kiexp(—1 - 2k) (40)
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and

=@ < Kieap(—1 2k — 1)) and B —1 < Krexp(—in(2k — 1)) . (41)
Lemma6 Supposethat 0 < 1 < log(—o ') and Ky = exp(t1) - (exp(a@
(41) hold.

—1) —1). Then, (40) and

Proof: Wefirst prove (40). Define K’ = e:z:p(a“’_1 —1)—1= K -exp(—y1) < K;. Let usfirst prove
the second condition in (40) holds. Add one to both sides and then take the natural logarithm log(-) of both
sides:

2k _ log(@)exp(—2k log(—Ufl))

< (@ — 1)exp(—2k log(—o "))

< log(1 + (exp(a@ — 1) — 1)exp(—2klog(—o")))
< log(1 + K exp(—2ky1))

<log(l + Kiexp(—2kyn)) ,

log(@)o

where the first inequality follows from log(1 + =) < z, and the second inequality can be seen from Fig. 5
with K" = ezp(@ — 1) — 1 < K and the fact that log(—o ') > 0 because —o—! > 1.

log(1 + K”x)
(O =)t

Figure 5: Proof of Lemmaé.
Similarly, in order to show that the first condition in (40) holds, we show that
57" 21— Kyeop(~2kiy) . (42)
If we take the natural logarithm of the left-hand side,

o** log(B) = log(B)exp(—2k log(—o 1))
= —log(B )exp(—2klog(—o 1)),

and the right-hand side yields
log(1 — Kiexp(—2kyn)) = —log ((1 — K1€(L‘p(—2k’1/11))_1) .
Hence, it suffices to show that

log(5)exp(~2klog(~o 1)) < log ((1 ~ Kreap(~2k41)) ) - (43)
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We can use a series of inequalities to show (43) as follows.

log(B™")ezp(~2klog(~0™") < (B~ ~)eap(~2klog(-0™")
<log (1 + (exzp(B ~ —1) — )exp(—2k log(—ail)))
<log(1l + K exp(—2ki))
<log(1 + K1€iﬁp(—2k¢1))
<log ((1 - Klexp(—%m/q))_l)

where the second inequality follows from Fig. 5 with K = exp(B_l —1)—1and@replaced by 5, and
the third inequality is aconsequence of 3~ < (@’ ')~! =@ "' from the assumption on 5 in Lemma 1.

.. . —p2k=2 k—1 o2k—1 2k—2 . .
Conditions in (41) follow from the fact that 4 <a’ < B’ < @’ ", whichisaconse

quence of Lemma 2. Here we only prove the second condition in (41) The first condition can be proved
smilarly. First, notethat 37 < (@ )™ ' = a7 o' — a7* 2. We add one to the left-hand side
of the second condition in (41) and then take the natural Iogarithm.
log(B)o*~1 < log(@)o?* 2
= log(@)exp(—2(k — 1) log(o"))
< (@ - 1)exp(~2(k — 1) log(c™"))
<log(1+(e$p(a—1 -1 ewp( 2(k —1)log(o 1)))

<log (1+ K exp(~2(k — 1))
= log (1 + K exp(v)exp(—(2k — 1)¢1))
=log (1 + Kiexp(—(2k — 1)11)) .
Hence, the condition is satisfied. n
Now in order to complete the proof of the theorem, it suffices to show that there exists a finite posi-
tive integer M such that, for al £ > 0, if z, :== (zp1,...,2pn) € Dgyn = 0,1, , — - Mypqq,
then 7, € Dy, foral n > M. Thisimpliesthat K(6§) = K - exp(v1) and ¢(5) = mawim sat-

isfy (28), where K; and v are from Lemma 6. First, note from (26) and Lemma 2 that if @, € Dy
and z,; > sup D;H, then z,,1; > inf Dk-}—lz’ and similarly, if Z,, € Dy, and ZTp; < inf D/“, then

Tpt1,; < sup Dkﬂ ;- We prove the existence of such M in two steps:

(i) Suppose that Z, € Dy, n = 0,—1,..., — - Mpag. I zo,; & Dk+17i := proji(Digi1), where proji(-)
denotes the i-th component projection operator, the number of steps it takes for z, ; to get inside Dy, 1y ; is
upper bounded by some finite M (k) foral i € Z, i.e,

inf{n >1|Z, € Dpy1} < M(k) < o0
(ii) One can find a non-increasing sequence of M (k), k > 0, that satisfies (i).

We first prove (i). We assume that £ is even and zp; > sup Dkﬂ,i. Other cases can be handled
similarly. In order to prove (i), we show that if =, ; > sup Dy, then there exists some constant ¢ > 0

~ _ 2k+1 ~
such that z,, ; — Fi(&,) > 57 xf — Fi(Z,) > -z, where z,, = (Tn—a-my»- - - » Tn—a-my ) @nd

. by _l/ai
Fz(jn) = (xn—wmiyi)il/ai (Z (Zjell (Igr;_a.mi’]> ) .

ler;
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1
~-d

2k o 2k+1 1 o 2k+1 o 2k
Figure 6: Illustration.

The existence of such a constant ¢ can be shown as follows.

— i E Z ] xn—a-mi,' !

ler;
by —l/ai
_0.2k+1 w—1/a; E]GI :L‘n,a.mi,j
< (B ) /a Z( lCl ))
ler;
s e\
_0.2k+1 o —1/a; ]EI X
<@ #)VE Y (lcil])
ler;
B ey (3 (3”2’“>b"’” (Zjef, wj> ’
ler; Cl
_ . * bl _l/ai
ot/ xy—1/a; <_”2k> bmaa/ai Zj€fl Ly
=P ()71 (B l; =
S AN I
< (F )0 e 0i 2 (because B 7 /% < 1)
< (3_1)”%(_”_%)35;‘ (because -1 < 0 < —%ﬁfﬁ)
= Bg%(ﬂ"%‘)w}‘

_ —o2k+l g2k jg,
3

where the first three inequalities follow from the monotonicity of the mapF(-), the assumption that z,, ; >
— — 52k /. —
Hﬂﬂf, and B < 1. Notethat B° /% < 1 because B < 1. Therefore,

sup Dy =57

_0.2k+1 N —02k+1—02k/ai %

. ~ o2kl
z; — Fi(@n) >0 @ —f B (44)
and
‘ B aU.Qk' . Bazk+l
inf{n > 1|xz,; € Dpy1} < b3 (Bo.zk+1 Bgzkﬂgg%/ai)
. . 8 . J—
g2k —moktl
re—

hes-e B0 (1=g"" e
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@Uzk _ (aa)azk‘*‘l

< ‘
T hed-e- (@) (1 = (@) /ai)
ao.Zk . aO.2Ic+2
= (45)

S-e- aU2k+2 (1 _ ao—2k+l/ai)

h -
= M;(k) ,

where the first inequality is a consequence of (44), the second inequality follows from the assumption

B <@’ < 1, and € is some positive constant that satisfies inf, 5 £:i(g(T)) > e. The existence of such e
is guaranteed because Dy, is a compact set. If we define M (k) = max;c7 M;(k), then M (k) satisfies (i).

Claim (ii) can be established by showing that M;(k) is non-increasing in k,k > 0. Let £(k) = @,
which isdecreasing in &, and rewrite (45) as

I 4 (o et 100
Mk = S e e ety

where ¢ is a positive constant satisfying inf;_ 5 #:i(g(Z)) > €. Then, one can show that M;(k) is non-
decreasing in £(k), &£(k) > 1. This completes the proof of (ii).

E Proof of Corollary 1

Note that M;(k) oc 6= from the proof of Theorem 7.1, i.e., the number of steps n it takes for z;, ; to get
inside Dy ; isinversely proportional to the step size §. Hence d - M; (k) is constant irrespective of 5. Now,
the corollary isasimple consequence of the fact that (14) isalimit of (25) asd | 0.

F Proof of Theorem 7.3

The general basic idea of the proof is similar to that of Theorem 5. An invariant set and a fixed point of
the map F&(-) are defined similarly as in subsection 5.1 for the map F(-). First, one can establish the
invariance property given in Theorem 4, following the same steps in its proof. Second, following the same
argument in the proof of Theorem 5 one can show the following. For al £ € {0,1,...}, (i) from (33)
and (34) if g, € Dg,n = 0,—1,---,—a - Mgy & yp; € Dyyy,; for some n' > 1, then, y,,; €

Dy.11, for dl m > ', and (i) there exists a finite M (k) such that, for al n > M(k), 7,/ € Dgy1.

We first prove (i). Suppose that (ii) is false. Then, by (i) this implies that there exists some £ > 0 and
i € Zsuchthat y,; & Diy1, = proj(Dyy1) for al n > 0. Following the similar steps in the proof of
Theorem 5 one can draw a contradiction as follows. We assume that , ; > sup Dy, foraln =0,1,....

From the assumption that F'(Dy) C int(Dy.1) there is some positive constant ¢ such that, for al n > 0,
sup Dy11,; — Fi(7,) > ¢ because F(7,) € F(D}). Thisimplies that there is some positive congtant ¢

such that, for all n € T;, ynt1,i — yn,i < —¢ < 0. Therefore, from the assumption that there is an upper
bound on the time between updates, one can see that v, ; — —oo asn — oo, contradicting the earlier
assumption that v, ; > sup Dy for @l n > 0. The other case that v, ; < inf Dy, can be shown to lead
to asimilar contradiction. Now, since we can find afinite M (k) for all £ > 0, one can construct a sequence
n(k) = S (- Mpmaz + M (1)) suchthat, for al n > n(k), 7, € Dy1,and the convergence follows from
the assumption that N> Dy = {y*}.
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G Proof of Theorem 9.1

The basic idea of the proof issimilar to that of Theorem 2. We first show that the invariance property of the
discrete time map also implies the invariance property of (38). Then, we prove that Assumption 6 implies
the stability of (38) aswell. We use the following three lemmas.

Lemma 7 (Invariance) Suppose that D c R is a closed, convex invariant product space under F'(-),
i.e, D = [I¥, proj;(D), where proj,(-) denotes the i-th component projection operator. Then, for any
initial function ¢ € C([—dmnaqz, 0], D) := Xp theresulting 7(t) from (38) belongsto the set D for all ¢ > 0
andv > 0.

Proof: We prove the lemma by contradiction. Suppose that the lemma is false. Then, there exist some
initial function ¢ € Xp and ¢, ¢t > 0, such that y(¢) ¢ D. Define

to = inf{t > 0| for every interval [t, ¢ ), wheret > ¢, Iy, t < ¢, < ¢, suchthat7(t;) ¢ D} .

Then, there is i € Z such that for al (t,¢), where t > to, there exists #y,ty < fo < t, such that
yi(t) € D; := proj;(D). We assume that y;(¢) leaves the interval D; through the right end, i.e., 3; (ty) =
sup D;. Then, for al (ty,t') there exists iy, 4y < o < t, such that y;(f)) > sup D; and g;(iy) >
0. This, however, leads to a contradiction as follows. From (36) we have v (fo) = kig;(9; " (vi(to)))
(witlo) = i (9 @0 —ma)),g " (G (o)) L € 74) ) < 0 because iy (§(ko)) = —rigi(9;”' (vilho)) > 0
and f;(g7 " (f0)), g~ "9 (t0)),1 € r;) € D; and, hence, is less than or equal to sup D; (< yi(fo)). This
contradicts the earlier assumption that 5 (o) > 0. The other case that v;(t) leaves D; through the left end,
i.e, yi(tp) = inf D;, can be shown to lead to asimilar contradiction. Therefore, the lemmafollows. n

Lemma8 Fix k,k > 0. Let~D be an open product space that contains F(DZ) and whose closure is
contained in int(Dy), i.e, cl(D) C int(Dy). Suppose that the initial functions ¢ € C([—dyaz, 0], Di).
Then, there exists a finitet, ¢ > 0, such that, for all t > ¢, y(¢) € D.

In order to prove the lemma, we first prove the following coordinate-wise invariance.

Lemma9 (Coordinate-wise Invariance) If 4 (f) € D; = proj;(D) for somei > 0, then y;(¢) € D; for all
t >t

Proof: Suppose that the lemmaisnot true, and there existst > # at whichy;(f) = inf D; or y;(f) = sup D;.
We assume that ¢ is the smallest such time, i.e.,

t=inf{t > | y(t) € ID;},

where 9D; is the boundary of the set DZ, and y;(f) = sup D; > supproj;(F(DZ)). Then, we can find
t, < tsuch that for al t € (£1,1), yi(t) € D; \progl(F(DE)). Thisimpliesthat y;(t) < 0 foral t € (¢1,1)
from (36) because F;(Y (t)) < supproj;(F(DZ)) and, thus, y;(f) < sup D;, leading to a contradiction. A
similar argument can be used for the case y;(f) = inf D;. n

Now let us proceed with the proof of Lemma 8.
Proof: Suppose that the lemmais false. Then, from Lemma 9 there exists 1 € Z such that for al ¢ > 0,
yi(t) ¢ D;. We show that this leads to a contradiction. Suppose that 3;(¢) > sup D; for al ¢ > 0.
Then, one can see that ;(¢) < 0 from (36). Combined with the assumption that () > sup D; for all
¢t > 0, thisimplies that y;(¢) converges to some §; > sup D;. Sincesup D; > sup proj;(F(D=)) with
§ := sup D; — sup proj;(F(DZ)) > 0, there exists some positive congtant ¢ such that g;(t) < — -6 < 0
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for al sufficiently large ¢ from (36). This, however, implies that 4 (¢) | —oc ast 1 oc, contradicting the
assumption tpat yi(t) > sup D; for al ¢ > 0. A similar contradiction can be shown when we assume
yi(t) <inf D; for al ¢ > 0. This completes the proof of the lemma. [

Lemma 10 Let D bea closed, invariant product space and D an open product space that contai nsF(DF)

and whose closure is contained in int(D), i.e, c/(D) C int(D). Suppose that the initial functions ¢ €
C([—dmaz,0], D) and y(t1) € D for somet; > 0. Then, y(t) € D for all ¢ € [t1, t1 + dmagz]-

Proof: Thelemmafollows directly from Lemma 9. n

The proof of the theorem can now be completed as follows. By repeatedly applying Lemmas 7, 8, and
10, one can find a sequence of finite ¢, k = 1,2, ..., such that y(¢) € Dy, for al ¢ > t;. The theorem now
follows from Assumption 6 that M, Dy, = {y*}.
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