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We consider a connection-level model of Internet congestion control, in-
troduced by Massoulié and Roberts [Telecommunication Systems 15 (2000)
185-201], that represents the randomly varying number of flows present in
a network. Here, bandwidth is shared fairly among elastic document trans-
fers according to a weighted a-fair bandwidth sharing policy introduced by
Mo and Walrand [IEEE/ACM Transactions on Networking 8 (2000) 556-567]
[ € (0, 00)]. Assuming Poisson arrivals and exponentially distributed docu-
ment sizes, we focus on the heavy traffic regime in which the average load
placed on each resource is approximately equal to its capacity. A fluid model
(or functional law of large numbers approximation) for this stochastic model
was derived and analyzed in a prior work [Ann. Appl. Probab. 14 (2004)
1055-1083] by two of the authors. Here, we use the long-time behavior of
the solutions of the fluid model established in that paper to derive a property
called multiplicative state space collapse, which, loosely speaking, shows
that in diffusion scale, the flow count process for the stochastic model can be
approximately recovered as a continuous lifting of the workload process.

Under weighted proportional fair sharing of bandwidth (¢ = 1) and a mild
local traffic condition, we show how multiplicative state space collapse can
be combined with uniqueness in law and an invariance principle for the diffu-
sion [Theory Probab. Appl. 40 (1995) 1-40], [Ann. Appl. Probab. 17 (2007)
741-779] to establish a diffusion approximation for the workload process and
hence to yield an approximation for the flow count process. In this case, the
workload diffusion behaves like Brownian motion in the interior of a polyhe-
dral cone and is confined to the cone by reflection at the boundary, where the
direction of reflection is constant on any given boundary face. When all of
the weights are equal (proportional fair sharing), this diffusion has a product
form invariant measure. If the latter is integrable, it yields the unique station-
ary distribution for the diffusion which has a strikingly simple interpretation
in terms of independent dual random variables, one for each of the resources
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of the network. We are able to extend this product form result to the case
where document sizes are distributed as finite mixtures of exponentials and
to models that include multi-path routing. We indicate some difficulties re-
lated to extending the diffusion approximation result to values of o # 1.

We illustrate our approximation results for a few simple networks. In par-
ticular, for a two-resource linear network, the diffusion lives in a wedge that
is a strict subset of the positive quadrant. This geometrically illustrates the
entrainment of resources, whereby congestion at one resource may prevent
another resource from working at full capacity. For a four-resource network
with multi-path routing, the product form result under proportional fair shar-
ing is expressed in terms of independent dual random variables, one for each
of a set of generalized cut constraints.

1. Introduction. We consider a connection-level model of Internet conges-
tion control introduced and studied by Massoulié and Roberts [33]. This stochas-
tic model represents the randomly varying number of flows present in a network
where bandwidth is dynamically shared between flows that correspond to continu-
ous transfers of individual elastic documents. This model, which we shall refer to
as a flow-level model, assumes a “separation of time scales” such that the time scale
of the flow dynamics (i.e., of document arrivals and departures) is much longer
than the time scale of the packet level dynamics on which rate control schemes
such as the Transmission Control Protocol (TCP) converge to equilibrium. We
consider the flow-level model operating under a family of bandwidth sharing poli-
cies introduced by Mo and Walrand [35], called weighted o-fair policies. Here, «
is a parameter lying in (0, 00). The case o = 1 is called weighted proportional fair
sharing and the case @« — oo corresponds to what is called weighted max—min fair.

Assuming Poisson arrivals and exponentially distributed document sizes, de Ve-
ciana, Lee and Konstantopoulos [11] and Bonald and Massoulié [3] studied stabil-
ity of the flow-level model operating under weighted «-fair bandwidth sharing
policies (including limiting values of «). Lyapunov functions constructed in [11]
for weighted max—min fair and proportionally fair policies, and in [3] for weighted
a-fair policies [« € (0, 00)], imply positive recurrence of the Markov chain as-
sociated with the model when the average load on each resource is less than its
capacity. Lin, Shroff and Srikant [30, 31, 39] have recently given sufficient con-
ditions for stability of a Markov model under a back-pressure algorithm when the
assumption of time scale separation is relaxed. For more general document size
distributions, there are a few results for specific values of « or for specific distribu-
tions or topologies that provide sufficient conditions for stability of the flow-level
model operating under bandwidth sharing policies [6, 8, 28, 32]. A summary of
these results is provided in the introduction to [14]. In general, it remains an open
question whether, with renewal arrivals and arbitrarily (rather than exponentially)
distributed document sizes, the flow-level model is stable under an «-fair band-
width sharing policy [« € (0, 0c0)] when the nominal load placed on each resource
is less than its capacity (see [14, 15] for some first steps in this direction). Here,
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we restrict our attention to the case of Poisson arrivals and exponential document
sizes, for which stability is well understood.

We are interested in using diffusion approximations to explore the performance
of the flow-level model operating under a weighted «-fair bandwidth sharing pol-
icy when the average load placed on each resource is approximately equal to its
capacity, that is, the system is heavily loaded. We are particularly interested in
manifestations of the phenomenon of entrainment, whereby congestion at some
resources may prevent other resources from working at their full capacity.

There are several motivations for our work. One source of motivation lies in
fixed-point approximations of network performance for TCP networks (see [7, 13,
36]). These approximations require, as input, information on the joint distribution
of the numbers of flows present on different routes, where dependencies between
these numbers may be induced by the bandwidth sharing mechanism. Similarly, an
understanding of such joint distributions seems important if the performance mod-
els for a single bottleneck described by Ben Fredj et al. [1] are to be generalized to
a network.

Another motivation is that the flow-level model typically involves the simulta-
neous use of several resources. Due to the exponential document sizes, this model
can be equated (in distribution) with a stochastic processing network (SPN) as
introduced by Harrison [16]. Open multiclass queueing networks operating un-
der head-of-the-line (HL) service disciplines are a special case of SPNs without
simultaneous resource possession. For certain queueing networks of this type, it
has been shown [5, 42] that suitable asymptotic behavior of critical fluid mod-
els implies a property called multiplicative state space collapse, which, in turn,
validates the use of Brownian model approximations for these networks in heavy
traffic. For more general SPNs, investigation of the behavior of critical fluid mod-
els, of a related notion of multiplicative state space collapse and of the implications
for diffusion approximations are in the early stages of development. The analysis
in this paper can be viewed as a contribution to such an investigation for mod-
els involving simultaneous resource possession. For another contribution, see the
paper of Ye and Yao [44], who consider a stochastic processing network with si-
multaneous resource possession; in contrast to the fully heavily loaded, multiple
bottleneck situation considered here, Ye and Yao consider the situation of a single
heavily loaded bottleneck. A further recent contribution is the important paper of
Shah and Wischik [38], who have proven multiplicative state space collapse for
a class of “switched” networks with multiple bottlenecks operating under a fam-
ily of scheduling policies related to the maximum weight algorithm introduced by
Tassiulas and Ephremides [40].

Finally, although we restrict to exponential document sizes in this paper, we
would like to relax that assumption in future work. Although this involves a sig-
nificantly more elaborate stochastic model (see [14]) to keep track of residual doc-
ument sizes (because of the processor sharing nature of the bandwidth sharing
policy), knowing the results for exponential document sizes is likely to be useful
for such work.
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1.1. Overview. In this paper, we consider the flow-level model with Poisson
arrivals and exponentially distributed document sizes operating under a weighted
a-fair bandwidth sharing policy for a € (0, 00). We focus on the heavy traffic
regime in which the average load placed on each resource is approximately equal
to its capacity. We recall the definition of a critical fluid model from the prior work
[26] of two of the authors; this model is a formal functional law of large numbers
approximation to the flow-level model. The asymptotic behavior of this critical
fluid model was studied in [26]. Here, we show how this behavior can be used to
prove a property called multiplicative state space collapse. Loosely speaking, this
says that in diffusion scale, the flow count process can be approximately recovered
by a continuous lifting of the lower-dimensional workload process. Given the as-
ymptotic behavior of the critical fluid model, our proof of multiplicative state space
collapse follows a general line of argument pioneered by Bramson in [5], where
open multiclass queueing networks operating under certain head-of-the-line (HL)
service disciplines are treated. There are some differences in setup and proof de-
tails between our treatment and Bramson’s [5]. These are described in detail at the
beginning of Section 6. However, we wish to emphasize that our main line of argu-
ment follows that of Bramson [5]. It is interesting to note that, in contrast to prior
results on state space collapse for open multiclass queueing networks, our lifting
map can be nonlinear (for o # 1).

The multiplicative state space collapse result leads to a natural conjecture for
a diffusion approximation to the workload process. For the case of weighted pro-
portional fair sharing of bandwidth (o« = 1), we combine multiplicative state space
collapse with uniqueness in law for the diffusion [10] and an invariance principle
[20] for semimartingale reflecting Brownian motions living in domains with piece-
wise smooth boundaries to obtain a diffusion approximation for the flow count
process under a mild local traffic condition. This diffusion lives in a polyhedral
cone. It behaves like Brownian motion in the interior of the cone and is confined
to the cone by reflection (or regulation) at the boundary where the direction of
reflection is constant on any given boundary face. We illustrate this diffusion ap-
proximation result for a simple two-resource linear network. Then, the diffusion
lives in a wedge that is a strict subset of the positive quadrant. This geometri-
cally illustrates the entrainment of resources, whereby congestion at one resource
may prevent another resource from working at full capacity. We also observe how
the wedge can vary with the weights. Ongoing work is directed toward establish-
ing diffusion approximations for the workload process when « # 1. We mention
some of the difficulties associated with this. These center around the fact that when
o # 1 and the workload dimension is three or higher, although the state space for
the proposed diffusion approximation for the workload process is a cone, it is
not a polyhedral cone. Indeed, the cone has curved boundary faces that intersect
nonsmoothly and can even meet in cusp-like singularities. The current lack of a
general existence and uniqueness theory (and an associated invariance principle)
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for reflecting Brownian motions in such domains is a major obstacle to proving the
conjecture for o # 1.

In the case of proportional fair sharing, that is, when & = 1 and all of the weights
for the bandwidth sharing policy are equal, we show that the approximating dif-
fusion has a product form invariant measure. When the latter is integrable over
the state space, our results suggest a strikingly simple approximation for the joint
stationary distribution of the number of flows present on different routes under
proportional fair sharing and the mild local traffic condition. In this, each of the
resources of the network has associated with it a dual random variable. These dual
variables are independent and exponentially distributed, and the formal approxi-
mation to the number of flows on a route is proportional to the sum of the dual
variables along the route.

We also indicate an extension of the product form result to the situation where
document sizes are finite mixtures of exponential distributions. Under this exten-
sion, the formal approximation for the joint stationary distribution for the number
of flows present on different routes is insensitive: that is, the approximation does
not depend on the distributions of document sizes, other than through the means of
these distributions, provided that the distributions are finite mixtures of exponen-
tials. This result complements the known result [3, 4, 33] that, for proportional fair
sharing and a small class of topologies and parameters, the stationary distribution
for the number of flows present on different routes is exactly insensitive: that is,
the stationary distribution does not depend on the distributions of document sizes,
other than through the means of these distributions.

Finally, we indicate a relation to more general models with routing. There is
considerable interest in multi-path routing in the Internet and rate control schemes
generalizing TCP have been proposed [19, 25]. It is known that the stability region
for the flow-level model may be strictly increased if multi-path routing is allowed
[19, 27]. We show that our results on diffusion approximations under proportional
fair sharing extend to the multi-path case. The local traffic condition becomes more
difficult to verify in this setting, but if it is satisfied, then our results suggest a
simple approximation for the stationary distribution of the numbers of source—
destination flows in terms of independently distributed dual variables, one for each
generalized cut constraint.

A summary of some of the results of this paper (without proofs) was given in
the conference proceedings papers [22] and [23].

1.2. Notation and terminology. For each positive integer d > 1, R? will de-
note d-dimensional Euclidean space and the positive orthant in this space will be
denoted by R = {x € R4 :x; >0fori=1,...,d}. When d = 1, we sometimes
write R instead of ]Rl, and R instead of ]Rﬁ_. The Euclidean norm of x € R? will
be denoted by |x|. Vectors in RY will be assumed to be column vectors unless
specifically indicated otherwise. The transpose of a vector or matrix will be de-
noted by the use of a superscript /. Inequalities between vectors in R will be
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interpreted componentwise. That is, for x, y € R x < y is equivalent to x; < y;
fori=1,...,d. Foreach x € R? and each set S C R, the distance between x and
S is denoted by

d(x,S)=inf{|x — y|:y € S}.

For x,y € R, x vV y = max{x, y}. For each x € R, |x] denotes the largest integer
less than or equal to x. Given a vector x € RY, the d x d diagonal matrix with the
entries of x on its diagonal will be denoted by diag(x). For positive integers d; and
d>, the norm of a d; x d matrix A will be given by

di d» 172
IAll= (ZZA%,-) :

i=1j=1

The set of nonnegative integers will be denoted by Z_ and the set of points in Rfﬂ
with all integer coordinates will be denoted by for. A sum over an empty set of
indices will be taken to have a value of zero. The cardinality of a finite set S will be
denoted by |S|. For 0 <s <t < 0o, any integer d > 1 and any bounded function
x:[s, 1] = RY, let Xl 5,01 = SUPyeps. e X ()] and when s =0, let |x(-)||; =
() lo.01-

All stochastic processes in this paper will be assumed to have sample paths that
are right-continuous with finite left limits (r.c.l.1.). We denote by ID([0, c0), R9) the
space of r.c.1l. functions from [0, o) into R and we endow this space with the
usual Skorokhod Ji-topology. We denote by C([0, o), R¥) the space of continu-
ous functions from [0, co) into R?. The Borel o -algebra on either D([0, co), RY)
or C([0, 00), RY) will be denoted by B¢. Consider X, X!, X2, ..., each of which
is a d-dimensional process (possibly defined on different probability spaces). The
sequence {X"}° | is said to be tight if the probability measures induced by the X"
on the measurable space (ID([0, co), R%), BY) form a tight sequence, that is, they
form a weakly relatively compact sequence in the space of probability measures
on (D([0, c0), RY), B4). The notation “X”" = X will mean that as n — oo, the
sequence of probability measures induced on (ID([0, co0), R%), BY) by {X"} con-
verges weakly to the probability measure induced on the same space by X. We
shall describe this in words by saying that X" converges weakly (or in distribu-
tion) to X as n — oo. The sequence of processes {X"}°° , is called C-tight if it is
tight and if each weak limit point, obtained as a weak limit along a subsequence,
almost surely has sample paths in C([0, 00), R%).

2. Flow-level model.
2.1. Network structure. We consider a network with finitely many resources

labeled by j € J # @. A route i is a nonempty subset of J (interpreted as the set
of resources used by route i). We are given a finite, nonempty set I of allowed
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routes. Let J = |JJ|, the total number of resources, and I = |I|, the total number of
routes. Let A be the J x I incidence matrix which contains only zeros and ones,
defined such that A j; = 1 if resource j is used by route i and A j; = 0 otherwise.
We assume that A has rank J so that it has full row rank. We further assume that
resource (bandwidth) capacities (C; : j € J) are given and that these are all strictly
positive and finite.

2.2. Stochastic primitives. An active flow on route i corresponds to the con-
tinuous transmission of a document through the resources used by route i. Trans-
mission is assumed to occur simultaneously through all resources on route i. It is
assumed that a new document arrives to route i at each jump time of a Poisson
process that has rate parameter v; > 0 and that each such document has an ex-
ponentially distributed size with mean 1/u;, where u; € (0, c0). These document
sizes are assumed to be independent of one another and to be independent of all
arrival times of documents. The number of documents on route i at time zero is
assumed to be independent of the remaining sizes of those documents and these
sizes are assumed to be independent and exponentially distributed with mean 1/u;.
Initial numbers and sizes of documents, arrival times of new documents and their
sizes for different routes i € I are assumed to be mutually independent.

2.3. Bandwidth sharing policy. Bandwidth capacity is allocated dynamically
to the routes according to the following bandwidth sharing policy which was first
introduced by Mo and Walrand [35]. The bandwidth for a route is shared equally
among all of the documents currently being transmitted over that route. Given
a fixed parameter o € (0, 00) and strictly positive weights («;:i € I), if N;(¢)
denotes the (random) number of flows on route i at time ¢ for each i € I and
N(t) = (N;(¢):i € I), then the bandwidth allocated to route i at time ¢ is given by
A;(N(t)) and this bandwidth is shared equally among all of the flows on route i,
where the function A(-) = (A;(-):i € 1) is defined as follows (we define it on all
of REF as we shall later apply it to rescaled versions of N).

Let A :]R£r — ]REr be defined such that for each n € ]REF, Aij(n) =0 fori e
Io(n) = {l € 1:n; =0}, and when I, (n) = {l € I:n; > 0} is nonempty, At (n) =
(Ai(n):i € I (n)) is the unique value of A* = (A;:i € I (n)) that solves the
optimization problem

maximize G,(A™)

(1) subjectto Y AjiA; <Cj, je€l,

iely(n)

over A; >0, i €ly(n),
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where for n € RL \{0}and AT =(A;:i €l (n)) e Rlﬁ(n)l’
1

> kin ll’ . ifa#l,
) Gu(AT) =} ik -

> kinilogh;,  if a=1

iely(n)

and the value of the right member above is taken to be —oo if @ € [1, 00) and
A; =0forsomei €I (n). The resulting bandwidth allocation is called a weighted
a-fair allocation.

The properties of the function A are summarized in the following proposition.
This proposition is proved in the Appendix of Kelly and Williams [26].

PROPOSITION 2.1. Foreachn € RL,

(i) Aj(n) >0 foreachi €l;(n);
(i) A(rn) = A(n) for each r > 0;
(iii) A; () is continuous at n for those i such that n; > 0;
(iv) there exists at least one p € Ri, depending on n, such that

Ki 1/
(3) Ai(n) =n; <—‘> foralli el (n),
YjerpjAji
where
4) pj(cj_ZAjiAi(n)>=0 forall j €.
iel

The (p;:j € J) are Lagrange multipliers (or dual variables) for the optimiza-
tion problem, where there is one multiplier for each of the capacity constraints.

2.4. Stochastic process description. The flow count process N = (N;:i € 1)
is a Markov process with state space ZL. We use the following (equivalent in
distribution) representation for N and the cumulative unused capacity process U =
U;:jel):

(5) Ni(t) = Ni(0) + E;(t) — Si(T;(1)), i€l
(6) Ujt)=Cjt =Y A;iTi(t),  jel,
iel

where E; is a Poisson process with rate v;, S; is a Poisson process with rate pu;,
T; (¢) is the cumulative amount of bandwidth allocated to route i up to time ¢ and

t
) Ti(t) = fo Ai(N(s)) ds.
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We assume that for each i € I, E; and S; are represented by

(8) Ei(t) =sup{n >0:> &) ft}
=1

and

©) Si(t)=sup{n20:2§i(l)§t},
=1

respectively, where {&;(/)};2, is a sequence of i.i.d. exponential random variables
with mean 1/v; and {£; (1)};2, is a sequence of i.i.d. exponential random variables
with mean 1/u;. It is assumed that {&;(D)}72,, {&(D}72,, Ni(0), for i € I, are
mutually independent. We define an (average) workload process by

(10) W) =AM 'N@)  forallt >0,

where M = diag(u) is the I x I diagonal matrix with the entries of w on its diag-
onal.

3. Sequence of systems and scaling. Consider an increasing sequence of
positive scale parameters {r;};°, which converges to infinity. To ease the nota-
tion, we shall simply write r in place of r;, where it is understood that r in-
creases to infinity through a sequence. We consider a sequence of flow-level mod-
els indexed by r, where the network structure with parameters A and C, and
bandwidth sharing policy with parameters « and {«;,i € [} do not vary with r.
Each member of the sequence is a stochastic system, as described in the pre-
vious section. We append a superscript of r to any process, sequence of ran-
dom variables or parameter associated with the rth system that depends on r.
Thus, we have processes N, W', U", T", E", S", sequences of random variables
& =1{& (D}2, and ¢ = {¢/ (D}72, fori €, parameters v" and p", and matrices
M". Let p; =v; /u; for each i € I. We shall henceforth assume that the following
heavy traffic condition holds.

ASSUMPTION 3.1 (Heavy traffic). There exist v, u € RY and 6 € RY such that
vi >0and u; >0foralli €l

(11) Vi—>v and u —pu asr — 0o,

(12) r(Ap" —C)— 0 asr — oo.

Let M = diag(u) and p; = % for all i € I. We note that (11)—(12) imply that
p"—pasr—ooand Ap =C.

REMARK 3.1. Assumption 3.1 thus implies that all resources are heavily
loaded. We do not consider the case where some resources are underloaded; how-
ever, we conjecture that the diffusion approximation in this case would be as if
these underloaded resources were deleted from the model.
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We define fluid scaled processes Nr, Wr, Ur, Tr, Er, S" as follows. For each r
and ¢ > 0, let

(13) N (t)=N"(@rt)/r, W () =W (rt)/r,
(14) U (t)=U"(rt)/r, T ()=T"(rt)/r,
(15) E ) =E(t)/r, S ()= S8"(rt)/r.

We define diffusion scaled processes N",W",U", E", 8" as follows. For each r
and ¢t > 0, let

(16) N (1) = Nr(rrz”,

(17) W) = erfz’) = AMTY IR 0),
(18) 0" (1) = Ur(:z”,

(19) EN(1) = M

(20) §7(t) = M

As E7, S}, i €1, are independent Poisson processes with parameters satisfying the

convergence conditions (11), it follows that we have the following well-known
functional central limit result [2]:

1) (E",§"y=(E,S) asr— oo,

where E and S are independent I-dimensional Brownian motions starting from the
origin with zero drift and covariance matrices diag(v) and diag(u), respectively.

Finally, we assume that, independent of (21), W’ (0) converges in distribution
as r — oo to a J-dimensional random variable.

4. Fluid model. In this section, we recall some definitions and results estab-
lished in the prior work [26]. These will be needed for our statement and proof of
multiplicative state space collapse.

4.1. Fluid model solution. A fluid model solution can be thought of as a for-
mal limit of the sequence {Nr} as r — oo. In fact, if one assumes that N (0)
converges in distribution as 7 — 0o to a random variable taking values in R! , then
any weak limit point (T, E, S, N, U) yields a fluid model solution N a.s.

The following notions are used in the definition of a fluid model solution given
below. A function f = (f1,..., f1):[0, c0) — REF is said to be absolutely contin-
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uous if each of its components f;:[0,00) - R4, i =1,...,1, is absolutely con-
tinuous. A regular point for an absolutely continuous function f:[0, oc) — REF
is a value of # € (0, o0) at which each component of f is differentiable. [Since
f is absolutely continuous, almost every time ¢ € (0, co) is a regular point for f.
Furthermore, f can be recovered by integration from its a.e. defined derivative.]

DEFINITION 4.1. A fluid model solution is an absolutely continuous function
n:[0, 00) — RL such that at each regular point ¢ > 0 for n(-), we have, for each
iel,

d  fvi—uiri(n(), if n;(t) >0,
(22) o= {0, if ni(t) =0
and for each j € J,
(23) Yo AjiAim)+ Y Ajipi <Cj,

iely (n(r)) i€ly(n(?))
where [ (n(t)) ={i €l:n;() > 0} and [p(n(z)) = {i € L:n;(t) = 0}.

REMARK 4.1. Note that we are not assuming uniqueness of fluid model solu-
tions given the initial state.

4.2. Invariant manifold.

DEFINITION 4.2. A state ng € Rfr is called invariant (for the fluid model) if
there is a fluid model solution n(-) such that n(¢t) = ng for all ¢t > 0. Let M, denote
the set of all invariant states. We call M, the invariant manifold.

REMARK 4.2. Although o € (0, 00) is fixed throughout, we indicate the de-
pendence of M, on « explicitly here as it will be useful later on when we ex-
plain how the state space for the proposed workload diffusion approximation varies
with «.

Various characterizations of the invariant states were given in [26]. We summa-
rize these in Theorem 4.1 below. For this, we need the following definitions.
Foreach n € REL, define w(n) = (w;(n): j € ), to be given by

ni .

(24) wim)y=Y Aj—, jel.
iel Hi

We call w(n) the workload associated with n.

For each w € ]Ri, define A(w) to be the unique value of n € Rfr that solves the
following optimization problem:
minimize F(n)
(25) subjectto S Ajt>w;,  jel,
iel i

over n; >0, iel,
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where
a+1
(26) F(n) = —Zv,xluf‘ 1(—') , n EREF.
l

(This function F was introduced in [3] as a Lyapunov function for the fluid model.
In fact, it is a Lyapunov function for the original flow count process N and can
be used to show positive recurrence of N when the average load on each resource
is less than its capacity.) The function A has the two properties stated in the next
proposition.

PROPOSITION 4.1. The function A :R‘l — ]RI|r is continuous. Furthermore,
for each w € R'i and ¢ > 0,
27 A(cw) = cA(w).

PROOF. The first property is proved in Lemma 6.3 of [26]. For the second

property, note that for w € R”]r and ¢ > 0, cA(w) satisfies the constraints in (25)
with cw in place of w and so

(28) A F(AW)) = F(eA(w)) > F(A(cw)).
On the other hand, by writing w/c in place of w in (28), we find that
HF(Aw/) = F(AW))
and then, by replacing ¢ by 1/c and rearranging, we obtain
(29) F(A(cw)) = T F(Aw)).
On combining (28) and (29), we conclude that
F(A(cw)) = F(cA(w))

and by uniqueness of the solution to (25), we obtain the second property. [

THEOREM 4.1.  The following are equivalent for n € R’ :

(1) n is an invariant state (for the fluid model), that is, n € My;
(i) Aij(n)=pj forallie ]LJr(n) ={lel:n; >0}
(iii) there exists some q € R such that

ZJeJqJ

1/a
(30) ni = p; < ”) foralli €T,

@iv) n=A(wn)).

Ki

PROOF. This follows immediately from Lemma 5.1 and Theorems 5.1, 5.3 of
[26]. O
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REMARK 4.3. Note that if the conditions of Theorem 4.1 are satisfied, then
p = q satisfies conditions (3) and (4), and thus (g, : j € J) are dual variables for the
optimization problem (1); note that we use the fact that Ap = C for this. We have
chosen to use g to denote the dual variables associated with the invariant states,
to distinguish them from the dual variables p associated with arbitrary states n.
This distinction will be useful in our proof of convergence to a diffusion process
(see Lemma 7.5), where we need to distinguish the dual variables associated with
actual system states from the dual variables associated with nearby points on the
invariant manifold. It is important to make this distinction because when a system
state is near an invariant state and some component of the system state is near zero,
it need not follow that the dual variables associated with the two states are close.

PROPOSITION 4.2. For each w € R‘]r, A(w) € Mg, that is, A(w) is an in-
variant state.

PROOF. Let w € Ri. Since A(w) is the unique optimal solution to (25), it
follows from Lemma 6.4 of Kelly and Williams [26] that there exists g € R‘l such
that A(w); = pi (X jeg quj,-/Ki)l/"‘ for all i € I. Then, by Theorem 4.1, we have
that A(w) is an invariant state. [

4.3. Asymptotic properties of fluid model solutions. The next three proposi-
tions note some properties of fluid model solutions that follow from the analysis
in [26] and that are used in our proof of multiplicative state space collapse (see
Theorem 5.1 below).

PROPOSITION 4.3. For each R € (0, 00), there is a constant D(R) € [R, 00)
such that for any fluid model solution n(-) satisfying |n(0)| < R, we have |n(t)| <
D(R) forallt > 0.

PROOF. The proof of this proposition is implicit in the proof of Theorem 5.2
in[26]. O

The next proposition states that fluid model solutions converge uniformly to
the invariant manifold M, where the uniformity applies across all fluid model
solutions that start inside a compact subset of RL.

PROPOSITION 4.4. Fix R € (0,00) and ¢ > 0. There is a constant Tg ¢ €
[1, 00) such that for each fluid model solution n(-) satisfying |n(0)| < R, we have
31 din(t), My) <& forallt > Tg ;.

PROOF. The content of this proposition is the same as that of Theorem 5.2 in
[26]. O
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PROPOSITION 4.5. For each R € (0,00) and & > 0, there exists 6 > 0 such
that for any fluid model solution n(-) satisfying |n(0)| < R and d(n(0), My) <6,
we have d(n(t), My) < ¢ forall t > 0.

PROOF. This proposition follows from the proof of Theorem 5.2 in [26]. For
completeness, we provide a few details. Fix R > 0 and ¢ > 0. By Proposition 4.3,
there exists a compact set B(R) in RL such that n(¢) € B(R) for all ¢ > 0 for any
fluid model solution n satisfying [n(0)| < R.Let D ={u € B(R) :d(u, My) > ¢}.
As shown in [26], there is a continuous function H : RL — R, that is zero on
M, and strictly positive off M, such that H (n(-)) is nonincreasing for each fluid
model solution n. Let 61 = inf{ H (#) : u € D}. Then, §; > 0 and, by the properties
of H, there exists § > 0 such that whenever n is a fluid model solution satisfy-
ing |n(0)| < R and d(n(0), My) <38, we have H(n(0)) < §;. Since H(n(-)) is a
nonincreasing function, it then follows that H (n(¢)) < 81 for all ¢ > 0. The latter
implies that n(t) ¢ D for all t > 0 and so d(n(t), My) < e forallr >0. O

The following corollary shows that fluid model solutions starting on the invari-
ant manifold stay at their starting points for all time. We note this for the reader’s
interest. We do not use this corollary in our proofs.

COROLLARY 4.1. Suppose that n(-) is a fluid model solution such that n(0) €
M. Then, n(t) =n(0) € My, forall t > 0.

PROOF. By Proposition 4.5, since d(n(0), My) =0, we have d(n(t), My) =
0 for all # > 0 and hence n(t) € M, for all ¢ > 0. It follows from Theorem 4.1 that
for each t > 0, A;(n(t)) = p; = v;i/u; for all i such that n;(#) > 0. Then, by the
fluid model dynamics (22), for each regular point # > 0 of n(-), we have

d
(32) E”i(f) =v; —ipi=0

if n;(t) > 0 and the last equality also holds if n; (f) = 0. It follows, since the ab-
solutely continuous function n(-) can be recovered from its almost everywhere
defined derivative, that n(t) =n(0) forall t > 0. [

5. Main results. In this section, we describe the main results of this paper.
We begin with our result on multiplicative state space collapse. This is established
using the asymptotic behavior of fluid model solutions described in Section 4.3.
Loosely speaking, multiplicative state space collapse shows that an approximation
for N” can be derived from one for W’ via the continuous lifting map A [see
(25)—(26) for the definition of this map]. This lifting map can be nonlinear (for
o # 1). The multiplicative state space collapse result leads to a natural conjecture
for a diffusion approximation to W’. In the case o = 1, assuming a mild local
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traffic condition and suitable initial conditions, we prove that the conjectured dif-
fusion approximation is valid. (In Section 5.6, we indicate some of the challenges
associated with establishing this conjecture for o 7 1.) When o = 1 and all of the
weights for the bandwidth sharing policy are equal (proportional fair sharing), we
use results of Harrison and Williams [17] and Williams [41] to show that the dif-
fusion has a product form invariant measure. When this measure has finite total
mass, this result suggests an approximation for the stationary distribution of the
flow count process which we are able to extend to the case where the document
size distributions are finite mixtures of exponential distributions and to some mod-
els with multi-path routing. So as not to disrupt the flow of results and associated
discussion, we defer the rather lengthy proofs of multiplicative state space collapse
and of the diffusion approximation to Sections 6 and 7, respectively.

5.1. Multiplicative state space collapse.

DEFINITION 5.1 (Multiplicative state space collapse). Multiplicative state
space collapse holds (for the sequence of flow-level models described in Sec-
tion 3), if, for each T > 0,

IN"() = AW () lIT
- -0
INT()llr v 1

(33)
in probability as r — oo.

REMARK 5.1. We note here that in our form of multiplicative state space col-
lapse, the normalization (in the denominator) is in terms of the flow count process,
whereas in Bramson’s version for multiclass queueing networks [5], it is in terms
of a workload process. Furthermore, the lifting maps in [5] are all linear, whereas
here, A can be nonlinear (for o # 1).

REMARK 5.2. If (33) holds without the factor in the denominator, then state
space collapse is said to hold. Multiplicative state space collapse is more con-
venient for the purpose of verification and if {N"} (or {W"}) satisfies a compact
containment condition, then state space collapse follows from mutiplicative state
space collapse. As was the case for open multiclass HL. queueing networks [42],
in establishing our diffusion approximation result for « = 1 under a mild local
traffic condition, we will show for this case that multiplicative state space collapse
implies state space collapse.

The following theorem is one of the main results of this paper. It is proved in
Section 6.

THEOREM 5.1. Assume that
(34) IN"(0) — A(W"(0))| — 0

in probability as r — 0o. Multiplicative state space collapse then holds.
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5.2. Conjectured diffusion approximation. We are interested in obtaining a
diffusion approximation for the scaled workload process W’ The multiplicative
state space collapse result can then be used to obtain a diffusion approximation for
the scaled flow count process N

For each r, define the double fluid scaled bandwidth allocation process

Tr(rzt)
2 b

(35) T (t) = 1 >0.

r

Using (5)—(7) and (10) for the rth system, the definitions of rescaled processes and
(ii) of Proposition 2.1, after some simple manipulations, we obtain, for all > 0,

(36) W () =W (0) + X" (1) + U @),
where
37) X7ty =AM N E (1) — 8T (1)) + r(Ap” — Ot

38) (ST =S/TIw)). el
U7 (t) = r(Ct — AT" (1))

2

(39) =, /Or (C — AA(N"(5)))ds

t A
:r/(; (C—AA(N'"(s))ds

If we postulate that multiplicative state space collapse implies state space col-
lapse, then, by formally (nonrigorously) passing to the limit in the expression (36)
for W’ we can obtain a natural conjecture for a diffusion approximation to W
Immediately below, we give an informal description of how one might arrive at
this conjecture. Following that, we give a precise mathematical description of the
diffusion process and of the conjecture.

For the following informal description, which is used to motivate the form
of the conjectured diffusion approximation, we postulate that the sequence of
processes {(Wr, T, 0", E r 87} converges in distribution to a 5-tuple of continu-
OUuS processes (W, T* U, E,S). We also postulate that state space collapse (SSC)
holds (not just multiphcatlve state space collapse). From the convergence of {W’ 1,
SSC and continuity of the lifting map A, it follows that N" converges in distribu-
tion to a continuous process N = A( W) that lives on the invariant manifold M,,.
The fact that W = A(M")~'N” will yield in the limit that W = AM~'N. By the
characterization of invariant states given in Theorem 4.1, it will then follow that
for each ¢ > 0 and realization w, there exists ¢ (¢, w) € R‘l such that

(Z]GJQJ(I w)A]l

Ki

1/
(40) Ni(t, ) = ) foralli 1.
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Consequently, W = AM ™! N will live in the space
41 Wy =AM "My,
where

(q'A)i

Ki

1/a
(42) Maz{neRL:nizpi< ) foralli e, someqeRi}.
We call W, the workload cone. This is the state space for the conjectured diffusion
approximation w.

By the assumption made at the end of Section 3, we know that W’ (0) converges
in distribution, independently of the primitive arrival and service processes. We
denote the limit distribution of W”(0) by n. Under the postulated convergence of
W', n will be concentrated on W, .

We now turn our attention to the term X" in the expression (36) for W’ . Given
the functional central limit theorem result (21) for the diffusion scaled arrival and
service processes (E”, S"), and the heavy traffic Assumption 3.1, if we postulate

that the double fluid scaled allocation processes 7_"’ achieve the nominal levels
given by T*(¢) = pt in the heavy traffic limit, then X given by (37) will converge
in distribution to the Brownian motion AM™ 1(E () — S(T*("))) + 6(-), where
(S(T*( )i = S (T*(-)) for i eI, 6(t) =06t for all t > 0 and 6 is defined in the
heavy traffic Assumption 3.1. This Brownian motion starts from the origin, and
has drift 6 and covariance matrix AM ! diag(v + v)M ~!A’, where we have used
the facts that M = diag(u) and p;p; = v; for all i € I to compute the second term
in the diagonal part of the covariance matrix expression.

On examining the representation (36) for W”, we see that it remains to conjec-
ture properties for the postulated limit U of the scaled unused capacity process
U " as r — o00. The limit U will inherit the nondecreasing property from the
U”. The main issue is to determine where each of the components of U can
increase. For the prelimit process, U’, to determine where its components in-
crease, we see from (39) that it suffices to identify where each of the components
of C — AA(N" (- )) is strictly positive. From Proposition 2.1, if j € J such that
Ci—2icrAjiA (Nr (t, w)) > 0, then there is a Lagrange multiplier p" (¢, ) € Ri
such that p; (t, w) =0 and

> key P, 0) Ay

Ki

R R 1/
(43) N/(t,w)=A;(N'(t, a)))( ) foralli €.

[For this, we note that both sides of (43) are zero if ](’i’ (t,w)=0.]1If A(N’ (t, w))
is close to the nominal allocation p, then, by (43), N’ (t, w) is near
(q'A);

ki

) 1/a
Méz{neRﬂ_:nizp,( > foralli eI,
(44)

some g € ]R‘!L satisfying g; = 0},
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the subset of M, obtained by setting ¢; equal to zero in (42), and then W=
A(M’)_IIQV will be close to

(45) Wi ={AM 'n:ne MJ},

which we refer to as the Jth face of the workload cone W,. Thus, one might

conjecture that in the limit, Uj j can increase only when W is on the face Wa
Combining all of the above considerations leads to the informal conjecture that
W converges in distribution to a J-dimensional diffusion process W of the form
W(O) + X + U. The state space for W is the workload cone W, and the initial
distribution of W is given by 7. In the interior of W,, the increments of W are
given by the increments of a Brownian motion X with drift 6 and covariance matrix

(46) I =2AM " diagv)M ™A',

that starts from the origin. The process W is confined to the cone W, by instanta-
neous “pushing” at the boundary of W, . The direction of push allowed when W is

on the boundary face Wj is y/, the unit vector parallel to the positive jth coordi-
nate axis in R, and the cumulative amount of push in that direction is given by the

jth component of the continuous nondecreasing process U . (At the intersections of
boundary faces, the combined effect of pushing on the individual boundary faces is
a push in the direction of a convex combination of the pushing directions available
from the intersecting boundary faces.) The direction of push on a given boundary
face is usually called a direction of reflection, whereas it might be better thought
of as a direction of regulation for the process. (The term “reflection” comes from
the fact that in one dimension, when the drift is zero, the construction of such a
regulated process from a Brownian motion can be achieved by a mirror reflection;
although this type of construction does not generally apply in higher dimensions,
the term “reflection” is still used.)

We now introduce a precise definition for the conjectured diffusion approxima-
tion to the workload process W’ (The delicate issue of existence and uniqueness
for this process is discussed below.) This definition will be used in giving a precise
statement of our conjecture. Here, 6 is a vector in RY, I is given by (46), y/ is the
unit vector parallel to the positive jth coordinate axis and 7 is a Borel probability
measure on W,.

DEFINITION 5.2. A semimartingale reflecting Brownian motion that lives in
the cone W,, has direction of reflection yj on the boundary face W for each
j € J, has drift 6 and covariance matrix I', and has initial distribution n on W, is
an adapted, J-dimensional process W defined on some filtered probability space
(2, F, {F:}, P) such that

(i) P-as., W(t)—W(O)+X(t)+U(t) for all t > 0,
(i1) P-as., W has continuous paths, W(t) e W, for all + > 0 and W(O) has
distribution 7,
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(iii) under P,

(a) X is a J-dimensional Brownian motion starting from the origin with drift
6 and cov~ariance matrix [';
(b) {X(t) —0t, F;,t = 0} is a martingale,

(iv) foreach j € J, U ;j s an adapted, one-dimensional process such that P-a.s.,

@ U;©0)=0
(b) U is continuous and nondecreasing;
© Ui = Jo 1y ey U (s) forall £ > 0.

REMARK 5.3. We call a process w satisfying the above properties an SRBM
associated with the data (W,,0,T, {yj : j € J},n). Here, “adapted” means
adapted to the filtration {F;}. We note that this filtration need not be the one gen-
erated by X —it can be larger. However, it can always be taken to be the filtration
generated by W,X,U. The martingale condition on X is included here as we are
using a “weak” definition of the process. This martingale property is needed in
establishing uniqueness in law for an SRBM. The term “semimartingale” refers to
the fact that W is the sum of a continuous martingale and a continuous process that
is locally of bounded variation. Condition (iv)(c) corresponds to the condition that

U; j can only increase when W is on the boundary face Wj.
We now give a precise statement of our conjecture.

CONJECTURE 5.1. Suppose that the limit distribution of W’ (0) is n, a prob-
ability distribution on W, endowed with the Borel o -algebra, and suppose that

IN"(0) — A(W"(0))| — 0 in probability as r — oo.

Then, W' converges in distribution as r — 00 to a process W that is an SRBM
associated with the data W, 0,T,{y’ :j €}, n).

We shall prove that Conjecture 5.1 holds when o = 1, provided that a mild
local traffic condition holds. We state this result in the next subsection. In the
remainder of the current subsection, we indicate some of the challenges associated
with constructing a rigorous proof of the conjecture.

When o =1 (corresponding to weighted proportional fair sharing), we can ex-
press the cone WV, in the simple form

(47) Wi ={ABA'q:q eRL},

Thus, W is a polyhedral cone. Since A has full row rank and B is a dlagonal
matrix with strictly positive diagonal entries, ABA’ is a linear bijection between



1738 KANG, KELLY, LEE AND WILLIAMS

R‘L and Wj. It follows from this that WV is a simple polyhedral cone. Necessary
and sufficient conditions for the existence and uniqueness in law of SRBMs living
in simple polyhedral domains have been given by Dai and Williams [10]. Under
these conditions, the SRBM is a diffusion, that is, a continuous strong Markov
process. It will turn out that the conditions of [10] are satisfied by our data when
o =1.For o # 1 and J = 2, the workload cone is a wedge which is still a simple
polyhedral cone. However, in general, for « # 1 and J > 2, the workload cone W,
is not a polyhedral cone (it has curved boundaries). In this case, we have some
partial (unpublished) results on existence and uniqueness for SRBMs. The main
impediment to obtaining a general result is that boundary faces can meet in cusp-
like singularities, making it challenging to even determine whether the process can
escape from the cusp and whether it can do so in a unique manner (see Section 5.6
for an example).

Even if one has existence and uniqueness of the SRBM, for any proof of the
conjecture, there are a number of other challenges to overcome. First, one needs to
establish C-tightness of the sequence of triples {(W", X", U")}. This is largely an
issue of the C-tightness of {U"}. One also needs to show that multiplicative state
space collapse implies state space collapse. One of the most challenging aspects
is to show that for any possible limit (W, X, U) of the sequence {(W’, X', l}’)},
for each j € J, the process U_,- can only increase when W is on the boundary face

W Indeed, in our informal use of (43) to arrive at our conjecture, we neglected
the fact that A; (1\7 "(t, w)) need not be near p; when some component of N” (t, w)
is near zero [recall that A;(n) need not be continuous when 7n; is zero]. Also, the
notions of “nearness” and “closeness” used loosely in our informal description are
not necessarily uniform. However, if I\A/i’ (t, w) is at or near zero when p; (t,w)=0

for an i such that Aj; > 0, then we can show that wr (t, ®) is near the boundary

face W;. To take advantage of this observation, in the case when we prove the
conjecture (o = 1), we will assume that a mild local traffic condition holds.

In summary, the main reasons that we are able to treat the case o« = 1 are that the
existence and uniqueness theory for the limit diffusion process is in place [10] and
there is an associated invariance principle [20] which, loosely speaking, is a per-
turbation result telling us that processes such as W, that satisfy perturbed versions
of the defining conditions for an SRBM, are close in distribution to an SRBM. In
particular, for @ = 1, the invariance principle of [20] takes care of establishing the
C-tightness of {(W", X", U")} and, in the presence of the uniqueness in law of
the SRBM [10], it implies convergence in distribution of W’ to an SRBM. In the
case o # 1 and J =2, W, is a wedge (a polyhedral cone) and our proof for o = 1
can be extended to this case. In as yet unpublished work, we have been able to
establish uniqueness in law of the SRBM and to establish an invariance principle
for some cases where @ # 1 and J > 2. However, some cases, especially when
boundary faces meet in cusp-like singularities, are as yet unresolved. We summa-
rize the situation for @ # 1 in Section 5.6. However, because of the partial nature of
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our results so far, we leave the description of these further developments to future
work.

5.3. Diffusion approximation for weighted proportional fair sharing (o« = 1).
The following condition is used in the next theorem. This condition can be inter-
preted as a local traffic assumption, under which each resource has at least one
route that only uses that resource.

ASSUMPTION 5.1 (Local traffic). Foreach j € J, there exists at least one i € 1
such that Aj; > 0 and Ay; =0 forall k # j.

The following theorem is proved in Section 7.

THEOREM 5.2. Assume that o« = 1 and that the local traffic Assumption 5.1
holds. Suppose that the limit distribution of W’ (0) as r — oo is n (a prob-
ability measure on W) and that |I\A/ "(0) — A(W’ (0))| = 0 in probability as
r — 00. Then, (W’ N' ) converges in distribution as r — 00 fo a continuous
process (W N), where W is an SRBM with data OV, 6, T, {y/:jel},n) and
N = A(W).

In the case o = 1, the lifting map A is in fact a linear map on Wy, given by
(48) A(w) = diag(p) diag(x) "'A"(ABA") " 'w, w e W.

Indeed, for « = 1 and w € Wy, if ¢ = (ABA’)"'w and n is given by the
right-hand side of (48), then w(n) = AM “ly = w, by the definition of B =
M1 diag(v) diag(/c)_lM_l, and n = diag(,o)diag(/c)_lA/q so that (30) holds.
Then, by Theorem 4.1, we conclude that

n=Awn)=Aw)

and, hence, (48) holds. By the remark following Theorem 4.1, the (¢;: j € J) de-
fined above are dual variables for the optimization problem (1). It follows that we
can associate a process of dual random variables Q with the SRBM W of Theo-
rem 5.2, as follows. Given W as in Theorem 5.2, define

(49) 0= (ABA)'w

This process Q inherits an SRBM structure from W. In fact, Q is a semimartingale
reflecting Brownian motion living in RS, having the form

(50) O0(t)=0(0) + (ABA)Y 'X(t) + (ABA)'U(), >0,

where the Brownian motion (ABA )~ X has drift (ABA’)~16 and covariance ma-
trix (ABA")"'T'(ABA’)~1, and U can increase only when Q, is zero, j € J. The

direction of reflection on the boundary face of RJ * is defined by the jth column
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FIG. 1. A linear network with two resources and three routes.

of the matrix (ABA’)~!. The initial distribution of Q is obtained by applying the
linear transformation (ABA’)~! to the distribution 7. (For the formal definition of
such an SRBM, where reflection directions are not in general parallel to coordinate
directions, see [43].)

As an illustration of Theorem 5.2, consider a two-resource linear network op-
erating under a weighted proportional fair sharing policy (« = 1). This network is
depicted in Figure 1. It has two resources and three routes. Each resource has a
route that passes only through that resource and there is also a route that passes
through both resources.

The workload cone in this case is a wedge in ]R%r that has the following repre-

sentation:
V] V3 V3
<2— + 2—)‘]1 t— ¢
! wy V2 V3 V3
> -t =2+ ——qi
MHrk2  U3K3 M3K3

) 2
1q € Ry

Let

2 2
gy — (1 N vzuim) and = (1 n V1M3K3>'

V3p3K vtk
It can be easily computed that the two boundary faces of the wedge VW, have the
following expressions:
Wi ={weR 1w >0, wy = Brwy)
and
le ={we Ri cwy >0, w; = Brws).

The wedge is depicted in Figure 2. For a linear network, the local traffic condition
holds automatically. Thus, the conclusion of Theorem 5.2 applies, provided W’ (0)
converges in distribution to a random variable with distribution  concentrated on
W and |]\7 "(0) — A(W’ (0))| — 0 in probability as r — oo. For example, this
holds if each of the systems indexed by r starts empty and 7 is the point mass at
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w2

w2 :ﬁlwl

wi = Bow

0 wi

FI1G. 2. The workload cone Wy for a linear network with two resources and three routes is an
infinite wedge in the positive quadrant of R2. A finite portion of the wedge is shown above (between
the two shaded regions). Under the lifting map A, points (w1, wy) on the boundary wy = Biw;
of the wedge are mapped to points (ny,no,n3), where n1 = 0 (and the corresponding q € R%_ has
q1 = 0); similarly, points (w1, wp) on the boundary w| = Bywy are mapped to points (ny,ny, n3),
where np = 0 (and the corresponding q € ]R%r has gp = 0).

the origin in ]R%r. The limiting SRBM W lives in the wedge W and is confined
there by reflection (or pushing) at the boundary. Reflection occurs in the horizon-
tal direction (corresponding to resource 1 underutilizing capacity) on the bounding
face where wy = Bjw;. The interpretation of this is that although there is no work
for resource 1 on route 1, there is work for this resource on route 3. However,
congestion at resource 2, through the nature of the bandwidth sharing policy, is
preventing resource 1 from working at its full capacity. Similarly, vertical reflec-
tion (corresponding to resource 2 underutilizing capacity) on the bounding face
w1 = Prwy is interpreted to mean that congestion at resource 1 is preventing re-
source 2 from working at its full capacity. Thus, the shape of the workload space
indicates the entrainment of resources, whereby congestion at some resources may
prevent other resources from working at their full capacity. We note that when
k3 — 00, the upper boundary of W, tends to the vertical axis and the lower bound-
ary tends to the horizontal axis, hence the wedge expands to the whole quadrant,
approaching the situation with full utilization of the resources.

5.4. Product form stationary distribution for proportional fair sharing. In this
subsection, we prove a result which shows that when o« = 1 and «; = 1 for all
i €I (proportional fair sharing), an SRBM W with the properties described in
Theorem 5.2 has a product form invariant measure. (This is a result for SRBMs
and so does not require the local traffic condition a priori.)
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THEOREM 5.3. Suppose that « =1 and x; = 1 for all i € 1. Let w be the
measure on Y that is absolutely continuous with respect to Lebesgue measure
with density given by

(52) p(w) =exp(v - w), w e W,
where
(53) v=2I"'6.

The product form measure 1 is an invariant measure for the SRBM having state
space Wy, directions of reflection {y/: j € I}, drift 6 and covariance matrix T .
This measure is integrable over W if and only if 0; < 0 for all j € J and then,
after normalization, it defines the unique stationary distribution for the SRBM.

PROOF. Sufficient conditions for a reflecting Brownian motion in a simple
polyhedral domain to have a product form invariant measure were determined
by Williams in [41], building on solutions of a related analytic problem obtained
by Harrison and Williams in [17]. In these works, the covariance matrix for the
process is the identity matrix. In order to apply these results, we need to perform
a linear transformation to transform an SRBM with covariance matrix I" into one
whose covariance matrix is the identity matrix. We perform this transformation
below; the computations are straightforward, though a little tedious, as we need to
normalize the resulting directions of reflection to have inward normal components
of unit length, to facilitate use of the results in [41]. Similar manipulations were
carried out in the proof of Theorem 23 in [18], where the reflection directions had
a special form.

Before introducing the transformation, we obtain an alternative representation
for the simple convex polyhedron Wj. By (47),

Wi ={ABA'q:q eRL} ={weRV:(ABA) 'w e R)).

Here, since x; = 1 for all i, we have that B = M1 diag(v)M —1 and, by (46),
ABA’ = {T. Thus,

(54) Wi ={weR: T lweR)),

where we have used the fact that g R‘l if and only if 2¢g € ]Ri.

We now define the linear transformation to be applied to the SRBM. Let Y
denote the diagonal matrix that has the same diagonal entries as I'"!. Let L be
the rotation matrix whose rows are the orthonormal eigenvectors of the covari-
ance matrix I" and D be the corresponding diagonal matrix of eigenvalues such
that ' = L'DL, where L’ = L~!. Let W be an SRBM with state space W, drift
6, covariance matrix I' and directions of reflection given by {y/:j € J}, with a
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decomposition as in (i) of Definition 5.2. Let V = D~ Y2L and define Z=VW.
Then, Z is an SRBM in the simple convex polyhedron

Zi={Vw:iweWi}={zeR: VvV zew)
=(zeR: T v 1zeR))
={zeRV:4/.z>0forall j €]},

where, for each j € J, it/ is given by the jth row of the matrix

(55) ®=T—1/2F—lv—1 =T—1/2F—1L/Dl/2

and 71/ is the unit inward normal to the jth face of Z;. (The matrix Y12 is used

to normalize the 71/ to be of unit length.) The process 7 inherits the following
decomposition from W:

(56) Z(t1)=Z(0)+ VX(#) + RY (1), t>0, as.,

where R=VH ' =D 2L H~!, H = T1/? is the diagonal matrix with the same
diagonal entries as ®V and Y = HU is a continuous, nondecreasing process that
starts from zero and can increase only when 7 is on the jth face of Z;. The
columns of the matrix R are the directions of reflection for Z on the faces of
Z1, normalized so that the inward normal component of each direction of reflec-
tion has unit length. (The matrix H ! is used to achieve the normalization.) The
matrix R has the form

67 R=0+ &,

where © is the matrix specified in (55) (whose rows are the inward unit normals
to the faces of Z1) and E is the matrix whose rows consist of the components of
the (normalized) directions of reflection that are tangent to each of the faces of Z;.
In particular, the diagonal entries of ©® & are all zero. In this context, the sufficient
condition given in [41] for existence of a product form invariant measure for Z is
the so-called “skew symmetry condition,”

(58) B+ EOQ =0.
The vector form of (58) is
(59) Al 5 45 .4l =0  foralli,jel,

where, for each i € J, /i’ is the inward unit normal to the ith face of Z; and §' is
the tangential component of the (normalized) direction of reflection on that face.
A geometric interpretation of the skew symmetry condition is provided in [17]. We
refer the reader to that paper, especially Section 9, for a full discussion. Briefly,
for a simple convex polyhedron as we have here, the skew symmetry condition
can be shown to be equivalent to a local condition. This local condition can be
stated in words as requiring that near the intersection of any two distinct faces



1744 KANG, KELLY, LEE AND WILLIAMS

of Z1, the component of the reflection vector on one face that is directed toward
the intersection of the faces is balanced on the other face by the component of
the direction of reflection for that second face which is of the same magnitude
as the component on the first face, but it is directed away from the intersection of
the faces. Indeed, under the skew symmetry condition, with probability one, the
SRBM Z will not hit the intersection of any two faces when started away from
that set, as is proved in [41].
The left-hand side of condition (58) is equal to

OR—-0)+ (R —0)0' =-200"+OR+ RO
— _oy-\2p-1p/pl2pl2pp—1y-1/2
+T_1/2F_1L/D1/2D_1/2LH_1
+ gL' p-\2pl2pp-1y-1/2
— —ZT_I/ZF_IT_I/Z
+y-l2p-ty-ly g-lp-ly-1/2
=0,

where we have used the facts that ' = L'DL, L'L =1 and H = T!/2.

Thus, the skew symmetry condition (58) holds and it follows from Theorem 1.2
of [41] that the SRBM Z has a product form invariant measure with a density
relative to Lebesgue measure that is proportional to exp( - 2), z € 21, where 8 =
2(1 —©'8)~"1vo =2V6. Note, for this, that

®—IE — D_I/ZLFTI/Z(H_IL,D_I/Z _ T—I/ZF—IL/DI/Z)
= D V2L 2120 pm V2 12 12y
=0,

where we have used the facts that ! = L'’D~!L and L'L = I. Furthermore, by
Corollary 1.1 of [41], if the exponential density is integrable over 2, then, after
normalization, it yields the unique stationary distribution for Z.

By inverting the linear transformation V, we can transform this result back to
one for W. Noting that for z = Vw,

(60) B-z=B-Vw=20'V'Vw=20Tw,

we conclude that (52) is an invariant density for the original SRBM W and if this
is integrable over W, then, after normalization, it yields the unique stationary
distribution for W. Using the representation (54) for Wi, we see that this density
will be integrable over W if and only if exp(6 - ¢), g € Ri is integrable over RY,
which occurs if and only if 6; < 0 foreach j € J. [
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REMARK 5.4. The product form invariant measure of Theorem 5.3 is remark-
able, yet the proof of the result gives little insight into why the reflection directions
and covariance matrix in the particular case « = 1,x; =1 fori =1, ..., 1 should
allow the result to hold. We simply note here that the authors first suspected that
a product form result might be found after observing that it is possible to describe
a network of queues with a product form stationary distribution whose conjec-
tured Brownian model approximation has the same directions of reflection and
covariance matrix as the Brownian model approximation under study in this paper,
provided that « = 1 and x; =1 for i = 1,...,1, that is, the case of proportional
fair sharing. Earlier connections between product form queueing networks and
proportional fairness have been explored by [4, 34] and the relationship between
these several connections seems a rich area for further study.

The product form of the density (52) does not imply that, when 6; < 0 for all
J € J, the components of the SRBM W are independent under the stationary distri-
bution for the SRBM since, in general, the cone V] is not an orthant. Independence
can, however, be deduced for the components of the SRBM Q of dual variables.

COROLLARY 5.1. Suppose that the assumptions of Theorem 5.2 hold, that
ki =1foralli el andthat0; <0 forall j € J. Let (W, N) be the process identi-
fied in Theorem 5.2. The SRBM Q=2ar'w of dual variables then has a unique
stationary distribution and this distribution has a density relative to Lebesgue mea-
sure that is proportional to exp(0 - q), q € R‘L Under this stationary distribution,
the components of Q are independent and Q j is exponentially distributed with
parameter —0; for each j € J.

PROOF.  This result is immediate from Theorem 5.3 upon applying the linear
transformation (ABA’)~! =2I'~! to transform W into 0. O

Under the assumptions of Corollary 5.1, from Theorem 5.2, (48) and the defin-
ition of Q, we have that

(61) N =diag(p)A’'Q

and it follows that the stationary distribution of N can be expressed as a linear
combination of independent exponential random variables. Thus, resource j has
associated with it a dual random variable Q%, for j € J (here, the superscript of
s signals that the random variable is associated with the stationary distribution).
These dual variables are independent and exponentially distributed with parame-
ters —0; for j € J and under its stationary distribution, the ith component of N
is proportional to the sum of the dual variables associated with the resources used
by route i. This suggests the following simple approximation for the stationary
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distribution of the unscaled network, that is, the flow-level model of Section 2.
The stationary approximation is

(62) N} = pi Yy Q%A
jel

where Qj-, Jj € J, are independent and Q; is exponentially distributed with para-
meter C; — > ;<1 Ajipi- We want to emphasize that (62) above is merely a formal
approximation involving various implicit assumptions such as existence of a sta-
tionary distribution for N and formal unraveling of the heavy traffic scaling and
limit procedure. In particular, this involves an interchange of limits and the approx-
imation in (62) involves errors that may be substantial (e.g., of order r). However,
the following observation of Massoulié and Roberts [33], which yields an exact
stationary distribution for an unscaled linear network, suggests that there is cause
for optimism regarding the approximation (62).

EXAMPLE 5.1. Consider a linear network with J resources, where the set of
resources is J = {1, 2, ..., J}. Let the set of routes be labeled 1=1{0, 1,2, ..., J},
where we use the symbol i = 0 for the route {1, 2, ..., J} through every resource
and, fori =1,2,...,J, we use the symbol i for the route {i} through the single
resource i. The local traffic Assumption 5.1 thus holds and we assume o = 1 and
ki =1foralli € I. Supposethat C; =1, j=1,2,...,J,andthat po+p; <1, j =
1,2,...,J. The stationary distribution for (No, N1, ..., Ny) is then given by [33]

J
T U =po=pp) [ Smi | &

(63) H(no,nl,...,n_])— —1 i=0 Hp ’
no
where no, ..., ny each run through the nonnegative integers. Summing this formula

over ng and using the negative binomial expansion gives the marginal distribution
for (N1, Na, ..., Ny) as

J 1 — — 0 i i
(64) n(m,nz,.--,”J):H( (llj)po)/’t)<1f’p0> .

i=1
Thus, under the stationary distribution, Ny, Na, ..., Ny are independent and N; is
geometrically distributed with mean p; /(1 — po — p;). This accords remarkably
well with the approximation (62), under which N; would be approximated by an
exponentially distributed random variable with the same mean.

For this particular example, as observed by [33], the Markov chain N is re-
versible and, consequently, the stationary distribution v for N is insensitive to the
document size distributions, depending only on their means. (For a description of
general system structures to which such insensitivity results apply, see [37] and
references therein.)
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As a complement to the insensitivity result mentioned in the above example,
we note that the stationary distribution result of Corollary 5.1 can be extended
to the situation where the document sizes are finite mixtures of exponentials. In-
deed, such a flow-level model may be realized by collapsing an extended (exponen-
tial) model. The extended model is obtained by splitting each route in the original
model into finitely many “copies” so that each copy uses the same set of resources
and has the same weights as the original route, but where each copy has its own
Poisson arrival process and distinct exponential document size distribution. The
relative arrival rates for the copies determine the proportions for the mixture of
exponential distributions associated with the original route. More precisely, con-
sider an extended (exponential) flow-level model in which, for eachi =1,...,1,
routes i(1),i(2),...,i(K;) identify finitely many identical routes (subsets of the
resources in J) whose associated weights are also identical. In the following, para-
meters and processes associated with this extended model will have a superscript
of T appended. In particular, N* will denote the flow count process.

Under the assumptions of Theorem 5.2 (heavy traffic, « = 1, local traffic con-
dition and initial state space collapse) for the extended flow-level model, there is
an SRBM approximation W for the workload and an attendant approximation
Nt = A(WT) for the flow count process. Furthermore, there is an SRBM process
Q" of dual random variables. Under the additional assumptions of Corollary 5.1

(all of the weights are one and 9; < 0 for each j € J), the stationary distribu-
tion of O is such that the components are independent and Qj is exponentially
distributed with parameter —9; for each j € J. Thus, under the assumptions of
Corollary 5.1, the stationary distribution of
(65) N' = diag(p") (A" OF
can be expressed as a linear combination of exponential random variables.

For the extended model, the Poisson arrival rate for route i (k) is v;r(k) and the

exponential service time parameter for this route is /Lj( &y~ Then, the I-dimensional
collapsed process N defined by

K;
(66) Ni=>Nfy. i=1...1L
k=1
has the same distribution as the flow count process in a flow-level model with I
routes, where the Poisson arrival rate for route i =1, ...,1is
K;
.
1) 0=3 v
k=1
and the document size distribution for route i = 1,...,I is a mixture of K; ex-

ponentials with parameters M:f(k) and proportions v;r(k)/ vi fork=1,..., K;. The
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mean of this document size distribution is 1/u;, where u; is defined by

1 K]

o 1
@ Loyt
Ki =i Vi R

fori=1,...,LLetp; =v;/u;fori=1,...,L

Now, consider the exponential analog of the collapsed flow-level model where
the finite mixture of exponential distributions for route i is replaced by a single ex-
ponential distribution with parameter w; fori =1, ..., I. The nominal load placed
on resource j in the extended model is (At pT) j and this is the same as the nomi-
nal load (Ap); placed on j in the exponential analog. It follows that a sequence of
extended flow-level models satisfying the assumptions of Corollary 5.1, where the
limiting value in (12) of the heavy traffic Assumption 3.1 is denoted by 67, will
have a parallel sequence of exponential analogs whose limiting value 6 in (12)
will be precisely the same as 6. Consequently, the stationary distribution of QF
is the same as that for the process Q of dual random variables associated with the
sequence of exponential analogs.

Then, combining (65) and (66), we obtain the following as an approximation
for the collapsed flow count process:

K;
Ni=Y"pli ZA}i(k)Q_} = p; ZAj,-Q} fori=1,...,1,
k=1 jel jel

that is, N = diag(p)A’ QT. Since the stationary distributions for QT and Q are the
same, it follows that the stationary distribution for N is the same, whether one
considers the collapsed flow-level model (where document sizes are distributed as
finite mixtures of exponentials) or the associated exponential analog (where doc-
ument sizes are distributed as exponentials). Similarly, the formal approximation
(62) for the unscaled network is the same for both. Note, however, that the sto-
chastic processes W, N and QT, and, in particular, their covariance matrices are,
in general, different from those associated with the exponential analog.

It is natural to conjecture an extension of the above insensitivity results to gen-
eral document size distributions. However, even an extension to phase-type dis-
tributions would require generalization of the diffusion approximation results to
flow-level models with feedback and treatment of more general distributions would
appear to require a significantly more elaborate stochastic model (see [14]) to keep
track of residual document sizes.

5.5. Multi-path routing. In this subsection, we describe a generalization of
the earlier model that allows multi-path routing. In our initial description of the
model, we shall use a different notation for the sets of routes and resources. This
will allow our eventual results to be expressed in a notation consistent with that
used elsewhere in the paper.
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Suppose that we now interpret i € [ as a source—destination pair and let K be
the set of routes. Let I = |I| and let K = |K]|. We suppose that K is partitioned
into I nonempty subsets, each associated with a single source—destination pair.
Let Hi; = 1 if route k € K is associated with source—destination pair i € I and let
H;; = 0 otherwise. Thus, H is an I x K matrix containing only zeros and ones,
and ) ;g Hix =1 for each k € K.

There remain finitely many resources, but now labeled by / € L, with capacities
(C;:1 € L) that are all strictly positive and finite. A route k is a nonempty subset
of L (interpreted as the set of resources used by route k). We assume that I and
K are both nonempty and finite. Let L. = |L|, the total number of resources. Let
A be the L x K matrix containing only zeros and ones, defined such that Ay = 1
if resource [ is used by route k and A;; = 0 otherwise. Our assumption that each
route k identifies a nonempty subset of I implies that no column of A is identically
Zero.

It is assumed that a new document arrives to source—destination pair i at each
jump time of a Poisson process that has rate parameter v; > 0 and that each
such document has an exponentially distributed size with mean 1/u;, where
wi € (0, 00). These document sizes are assumed to be independent of one another
and to be independent of all arrival times of documents. Let p; = v;/u;, i € 1.

Given a fixed parameter « € (0, 0c0) and strictly positive weights («; :i € ),
if N;(t) denotes the (random) number of documents being transferred between
source—destination pair i at time ¢ for each i e [ and N(¢) = (N;(¢):i € I), then
the bandwidth allocated to source—destination pair i at time ¢ is given by A; (N (¢))
and this bandwidth is shared equally among the N;(¢) transfers in progress be-
tween source—destination pair i. The function A = (A;:i € ) :IRIIr — RL is de-
fined such that for each n € RL, Ai(n)y=0fori €ellg(n) ={m e1l:n, =0}, and
when I (n) = {m € 1:n, > 0} is nonempty, AT (n) = (A;(n):i € I (n)) is the
unique value of AT = (A; :i € Iy (n)) that solves the optimization problem

maximize G,(A™)
subject to Zfilkyk < C_'l, lel,

k

(69)

> Hiyk = A, i €L(n),
k

over yi >0, k ek, A; >0, i €ly(n),

where G, (A ™) is again given by the definition (2).

Without loss of generality, we may assume that in the solution of (69), y =0
for those k such that H;; = 0 for all i € I; (n). With this convention, allocations
vk, k € K, associated with the unique optimal value A™(n) can be interpreted as
bandwidth allocations for the routes which sum to give the bandwidth allocations
to the source—destination pairs.
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The above optimization problem reduces to the earlier problem (1) in the case
where I = K and H is the identity matrix, that is, the case of a single route for each
source—destination pair. More generally, the following proposition allows us to re-
duce to the optimization problem (1), even in the multi-path case. This observation
was previously made in [24], Section 3.3.

Let

Y={yeRf:Ay<C}.
PROPOSITION 5.1.  There exists a representation

(700 HY= {(A,-, ieD:A; >0, iel, Y AjA;<Cj, j EJ},

iel
where J, A and C can be chosen so that C has positive elements, A has nonnega-
tive elements and no column of A is identically zero.

PROOF. The set Y is the intersection of the half-spaces {y € RK: (A y) < Cil,
[ € L, and the nonnegative orthant, RE. Since no column of A is identically zero,
the set ) is bounded and is thus the convex hull of a finite number of extreme
points. Hence, HY is the convex hull of a finite number of extreme points or,
equivalently, the bounded intersection of a finite set of half-spaces.

Next, we explore further the geometry of H). First, HY C RL since the ele-
ments of H are nonnegative. Also, 0 € H) since 0 € ). Indeed, for § positive and
small enough, (A; =6;,i e ) e HY for all 0 < §; < §, i €[, since for ¢ positive
and small enough, (yx = ¢x,k € K) € Y for all 0 < g; < ¢, k € K, and no row
of H is identically zero. Thus, H) is bounded by the hyperplanes bounding the
nonnegative orthant, plus finitely many other hyperplanes, none of which contains
the origin. Thus, there exists a representation of the form (70) for some choice of
J, A and C. Since 0 € H), the elements of C are nonnegative. Choose a minimal
representation, where the set J is of minimal cardinality. Then, the intersection of
the hyperplane

(71) {(Ai, ieH):ZAjiAi:Cj}
iel

with H) must have a nonempty interior relative to the hyperplane, for each j € J.

Next, we show that if A € HY and 0 < A’ < A, then A’ e HY. Let y € )
be such that A = Hy and, for each k € K, let i(k) be the unique index i such
that Hjx = 1. Let y, = (A;(k)/Ai(k))yk for k € K. Then, y' € Y and Hy' = A/, so
AN eH)Y.

We have seen that the intersection of the hyperplane (71) with H) has a non-
empty interior relative to the hyperplane. Choose a point A in this relative interior.
Then, A; > Ofori € I. Fixi € [ and choose A’ sothat 0 < A} < A;, with A}, = Ay
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fori’ €T\ {i}. Then, 0 < A’ < A, so A’ € H)). Hence, the hyperplane (71) must
have A ji = 0.

Finally, note that C; > O for j € J since the hyperplane (71) does not contain
the origin, and no column of A is identically zero since H) is bounded. [

The represention (70) of H) allows us to elide the variables y from the op-
timization definition of A" (n) and to deduce that the unique solution (A;:i €
Iy (n)) to the optimization problem (69) is also the unique solution to the opti-
mization problem (1). With this generalization to multi-path routing, the matrix A
may no longer only contain zeros and ones. However, the proofs of Theorem 5.2
and Corollary 5.1 still go through in this enhanced generality, provided that the
local traffic condition is satisfied.

As an illustration, consider the network depicted in Figure 3, operating under
the proportional fair sharing policy (o« = 1,«; = 1 for all i), where the labeled
resource capacities satisfy C3 < C1, C,. It has three source—destination pairs, four
resources and five routes. The matrices A and C can then be chosen as

(1 10 _(Ci+C
a=(1 0 7) e=(7E%)
These matrices may be viewed as expressing the generalized cut constraints

(72) p1+p2<Ci+Ca,
(73) so1+p3<Cs

V2
V3

N
C[ J C’ﬁ
Vi
Hi
; ‘ Cz C’;
\/ ;
0 H3

FI1G. 3. A network with three source—destination pairs, four resources and five routes. Each of the
first two source—destination pairs has two routes available to it.
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apparent from Figure 3. In the first of these constraints, the capacities of the
first and second resources are pooled. Resource pooling subject to generalized
cut constraints is a common phenomenon in stochastic processing networks with
routing [29]. Theorem 3.1 of [29] provides an alternative form of the representa-
tion (70) and provides references to algorithms to calculate matrices A and C.

In the above example, we have been able to construct the matrix A so that a
subset of its columns forms the identity matrix and thus the local traffic Assump-
tion 5.1 holds. However, in general, it is more difficult to verify the local traffic
condition for networks with multi-path routing than for networks without routing
choices.

Suppose that the local traffic Assumption 5.1 holds for the matrix A. Define
heavy traffic as in Assumption 3.1 and assume that 6; < 0 for j € J. Corollary 5.1
then applies directly. We can illustrate the formal approximation (62) for the ex-
ample shown in Figure 3: under the approximation, Qf and Q3, the random dual
variables associated with constraints (72) and (73), respectively, are independent
and exponentially distributed, Q] with parameter Ci+Cr—p1—prand Q5 with
parameter C3 — %pl — p3.

5.6. Discussion of the conjecture for o # 1. Consider the two-resource linear
network depicted in Figure 1, operating under a weighted «-fair bandwidth sharing
policy for o # 1. Then, the workload cone W, is still a wedge in Ri that has the
following representation:

Vi 1 V3
5 l/aql/a+m(41+%)l/a
_ wy | _ | MKy H3K3 . R2
A Wa=11 =" e w e | 19 ERE
5 1/aq2 + 5 1/a(611+QZ)
2Ky H3K3

The two boundary faces of this wedge have the following expressions:

-2 1/a
Wolé: [w]]:wlzo,w2:(1+uzzv2<ﬁ) >w1
w3 M3 “v3 \K2

-2 1/a
%
W02l= {[wl} :wzzO,w1=<1—|—'u]2 1<—K3> )wz}.
w3 3 “v3 \K1

In this case, since the two-dimensional wedge W, is still a polyhedral cone, the
proof of Theorem 5.2 can be easily modified to apply for « # 1, with W,, used
in place of W, there. When the weights «;,i = 1,2, 3, are all equal, the wedge
W, does not depend on «. However, when the «;’s are not all equal, the wedge
Wy does depend on «. However, as o goes to infinity, the quotients involving the

and

weights «; in the expressions for W4, Jj = 1,2, tend to one and there is a limiting
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wedge which is the same as that obtained when the «; are all equal. On the other
hand, as « tends to zero, the limit of the upper boundary depends on whether
k3 > ko (tends to the vertical axis) or k3 < k2 (tends to the 45 degree ray from
the origin). Similarly, for the lower boundary, if k3 > x1, it tends to the horizontal
axis and if «3 < k1, it tends to the 45 degree ray from the origin. Hence, as «
tends to zero, if k3 > max{x, k2}, the wedge expands to the whole quadrant and if
k3 < minf{k1, K2}, the wedge contracts to the 45 degree ray from the origin. Note
that even when the wedge expands to the whole quadrant, the components of the
diffusion workload do not become independent as the covariance matrix I, which
does not depend on « or «, is not diagonal.

In general, for o % 1 with higher-dimensional workloads, that is, J > 2, the
shape of the workload cone W,, depends on «, as well as on A, v, u and «. This
relationship appears to be quite complicated. We are investigating Conjecture 5.1
in this case. At this time, we only have some partial results. The main difficulty in
establishing the validity of the conjecture concerns proving C-tightness of (W}
and establishing uniqueness in law for any weak limit point. To illustrate some
of the difficulties involved, we consider a linear network with three resources and
four routes. Although this is a particular example, it exemplifies the challenges
presented by the geometric data in establishing existence, uniqueness and an in-
variance principle for the SRBM. For this example, each of the three resources
has a route that only goes through that resource and there is one additional route
that goes through all three resources. Here, the workload cone is contained in the
three-dimensional positive orthant. When v; = u; = k; =1, for all i € I, we depict
the associated workload cone and one of its cross-sections, for « =2, « = 1 and
a = 0.5, in Figures 4-9.

For the case depicted in Figures 4-5, o« = 1 and Theorem 5.2 applies to justify
the diffusion approximation. The proof of this theorem uses the uniqueness of the
diffusion process [10] and the invariance principle developed in [20]. For the case
depicted in Figures 67, « = 2 and the workload cone has boundary faces that
curve outward. Away from the origin, the boundary and directions of reflection
for the proposed diffusion approximation locally satisfy conditions required by the
invariance principle given in [20]. However, the workload cone has a “singular
point” at the origin where the conditions in [20] fail to be satisfied. However, since
this is an isolated point, the invariance principle in [20] and the proof of uniqueness
starting in [10] can be adapted to establish the SRBM diffusion approximation in
this case. For higher-dimensional analogs of this case, we anticipate that a valid
diffusion approximation can be established. However, as the dimension increases,
it becomes more difficult to compute the inward normals to all boundary faces
and, as yet, we do not have a systematic way to verify geometric sufficient condi-
tions for uniqueness in law and a valid invariance principle. For the case depicted
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FI1G. 4. A portion of the workload cone W is shown for a linear network with three resources and
Sfour routes witha =1 and v; = p; =«; =1 foralli €.

in Figures 8-9, where o = 0.5, the situation is more complex. Here, the workload
cone has boundary faces that curve inward and any two faces meet in a cusp, that
is, the inward normals to any two boundary faces point toward one another at the

F1G. 5.

A cross-section of the workload cone W depicted in Figure 4 taken at w3 = 1.
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FIG. 6. A portion of the workload cone W, is shown for a linear network with three resources and
four routes witho =2 and v; = u; =«; =1 foralli el.

intersection of the faces. At present, we do not have an existence and uniqueness
result, nor an invariance principle, to treat this case because of the singular geom-
etry at the intersections of faces. In particular, it has not been established that the

FIG. 7. A cross-section of the workload cone W, depicted in Figure 6 taken at w3 = 1.
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F1G. 8. A portion of the workload cone W, 5 is shown for a linear network with three resources
and four routes with o =0.5 and vi = uj =«; =1 foralli € I.

diffusion process can escape from the tip of a cusp or that there is uniqueness in
law for a diffusion process starting there.

In a recent work, Shah and Wischik [38] have proven multiplicative state space
collapse for a class of “switched” networks operating under a family of schedul-
ing policies related to the maximum weight algorithm introduced by Tassiulas and

F1G. 9. A cross-section of the workload cone W)y 5 depicted in Figure 8 taken at w3 = 1.
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Ephremides [40]. Based on this, Shah and Wischik have conjectured natural dif-
fusion approximations for the workload processes in these models. These diffu-
sions are SRBMs living in cones with piecewise smooth boundaries. While these
cones have some characteristics in common with those found for the bandwidth
sharing model considered here, there are also some new features. Depending on
a parameter associated with the family of scheduling policies, the cones of [38]
include nonsimple convex polyhedrons as well as cones with curved boundaries
where boundary faces can meet smoothly. The validity of these conjectured diffu-
sion approximations for input-queued packet switches operating under a maximum
weight algorithm is being explored in [21].

6. Proof of multiplicative state space collapse. In this section, we prove the
multiplicative state space collapse result, Theorem 5.1. Our proof follows a gen-
eral line of argument pioneered by Bramson in [5], where open multiclass queue-
ing networks operating under certain head-of-the-line (HL) service disciplines are
treated. However, there are some differences from [5]. Here, we have the more
general structure of a stochastic processing network with simultaneous resource
possession and our service discipline is not work-conserving. On the other hand,
we have exponential interarrival and document size distributions (rather than gen-
eral distributions), which lead to some simplifications in our proofs. A particularly
interesting aspect here is that, in contrast to prior results on state space collapse for
open multiclass queueing networks, our lifting map can be nonlinear (for o # 1).
In addition, unlike Assumption 3.1 in [5], we do not require an exponential rate
of convergence of fluid model solutions toward points on the invariant manifold;
we only use uniform convergence of fluid model solutions toward the invariant
manifold (starting in a compact set). Despite these differences, our main line of
argument follows that of Bramson [5].

We first provide some preliminary results in Section 6.1. Our proof of multi-
plicative state space collapse is then given in Section 6.2.

We note (for the extension to multi-path routing described in Section 5.5) that
the proofs in this and the next section use the fact that the entries in the matrix A
are nonnegative, rather than the stronger condition that they are zeros or ones.

6.1. Crucial estimates for fluid scaled processes. Recall the definition of fluid
scaled processes from Section 3. For each r > 0 and m € Z, let

(75) at =N (m)|v1

and define shifted and scaled processes Fr’m, s

lows. Fori €l, jeJand s >0,

T",m r,m —=r,m 7.
)

O N, W™ as fol-

Flr (m +mn,t) — Flr (m)
n, '

(76) E;" () =
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Si(T; (m) +7,1) — S, (T (m))

(77) AOE =
(78) Ty = L ﬁ;” —Tim),

_ [ ) — U
(79) 7" (1) = LIt U0

nm
(30) Ny = N T
nm

5. m W ( + n’lt)

(81) W;m——lii——zhmh " 0).

iel

The additional scaling by 72, used here is to ensure that the starting values of N
all lie in a single compact set, namely the unit ball in ]Rﬂ_. This facilitates use of
the properties of fluid model solutions described in Section 4. It is easy to check
using (5)—(6), (13)—(15) and the scaling property of A that foreachi €1, j €J
and r > 0,

(82) "y =N O+ E () - ST (1),
(83) Uj’ (t):cjz—ZAﬁTf””(z),
iel
— t —
(84) OE / A;(N""(5))ds.
0

The following theorem summarizes essential properties of the above processes
needed for our proof of multiplicative state space collapse. The proof of this uses
arguments very similar to those in Sections 4, 5 and 6 of Bramson [5].

THEOREM 6.1. Let
85 K= VIvD(1 +maxC;).
(85) (1 Jpal v v (1 +max ;)
Fix T > 0. For each L > 1, there exists a sequence of measurable sets {G} :r > 0}

and a family of positive constants {re 1 1€ € (0, 1)} such that for each ¢ € (0, 1)
andr >rep,

i) P(Gy)=1—¢;
(ii) for each w € Gy andm =0,1,...,[rT],

86) |IN"(t,0)—N"(s,0)|<K|t —s|+¢&  foralls,t€[0,L]
and there is a fluid model solution n(-) satisfying

(87) IN"" (-, 0) =i ()l <e.
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Note that we have not indicated explicit dependence on T in the above as T will
always be fixed in the application of this result. Also, to simplify notation, we have
omitted explicit indication of the dependence of 72(-) on r, m, w, L and ¢.

Before proving this theorem, we establish the following preliminary lemma. For
this lemma and the proof of Theorem 6.1, let C = max jesCj.

LEMMA 6.1. Fix T > 0. For each L > 1, there exists a sequence of measur-
able sets {G :r > 0} and a family of positive constants {re 1 : & € (0, 1)} such that
foreach e € (0,1) and r > re 1, we have

(88) PGH=1—c¢

and on Gy, form =0,1, ..., [rT],

(89) IE™™" () —=v" ()l < e/4,
(90) IS T () — " (T (DL < e/4,

where v (1) = v't, (S""(T" 0 = §;" T 0) and (W (T 0)i =
W T (1), forallt > 0 and i 1.

PROOF. Fix L > 1. Note that since the bandwidth allocations given by A(-)
are bounded by C, for each r > 0 and i €1, T/ (-) is Lipschitz continuous with
Lipschitz constant C. Since this property is unchanged by the (fluid) scaling in
(78), we have that T?’m(-) is also Lipschitz continuous with the same Lipschitz
constant. It follows from this that | 7" ()| <ICL.On combining this with As-
sumption 3.1, the fact that the interarrival times and document sizes are exponential
and the memoryless property of the associated Poisson processes, by an argument
similar to that used in verifying (5.19) of Proposition 5.1 in Bramson [5], we have
that as r — o0,

O (15" T () = T Dl v IE™" ) = (1) =0.

It follows that there exists a sequence {a¢}72 , satisfying ap =0, ag € (£ Vag—_1, 00)
for each integer £ > 1, such that for each r > ay,

rT]
—rm — — — 1
P[ N {HS"“(T”'"(-)) — @ TV IE™ ()= Ol < W}]
m=0
1
=l-5
For r > 0, define

o0

1
5(ry=) 5t Maear) ()

£=0
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and
7 <hm 5r,m r,m —-=r,m 8(1’)
Jr = ﬂ{llS’ T ) = T v IE” (-)—v’(-)HLsT}.
m=0

Then, since §(r) — 0 as r — oo, for each ¢ € (0, 1), there exists 1, > 0 such that
8(r) <eforallr >r, ;. Combining the above, we conclude that for all r > r, f,,

92) PG )=>1-8(r)>1—c¢. O

PROOF OF THEOREM 6.1. Fix T > 0 and L > 1. Also, fix a sequence of
measurable sets {G} : 7 > 0} and a family of positive constants {r¢ ; : & € (0, 1)},
as in Lemma 6.1. Without loss of generality, by Assumption 3.1, we may further
assume (by choosing r; 1, slightly larger if necessary) that for all r > r, 1,

W 1<1+v| and |u'| =<1+ ]ul.

By Lemma 6.1, the uniform Lipschitz continuity of Tr’m(-) and (82), for each
e €(0,1) and r > r; 1, we have that on Gj, for each s, € [0,L] and m =
o,1,...,[rT],

-=7r,m —-r,m & r
(93) [E™ @0 = E™" () < 5 + 7l — sl
O4) (ST (1) = ST (5))] < % +|u"IClt — 5],

(95) IN""(t) =N"" ()| < e+ (V| VI )1+ C)lt —s].

Then, part (i) of Theorem 6.1 follows directly from Lemma 6.1. Inequality (86)
follows from Lemma 6.1, (95) and the choice of r, ;, and K. As for the last part,
(87), of Theorem 6.1, for a proof by contradiction, suppose that there exists an
g0 € (0, 1) such that for each integer £ > r¢ 1, there exists a value r¢ of r such that
r¢ > £, and such that there exists my € {0, 1, ..., [r¢,T]} and wy € g,’f so that for
any fluid model solution 7 we have

re,my

(96) N we) = ()l = eo.

For the contradiction, we will show that there exists a subsequence of {NW’W(-,

a)()}?il that converges uniformly on [0, L] to a fluid model solution. For this,
note that {N"“"“(0, w)}3°, is bounded by one, and {T"“" (-, w,)}32, is uni-
formly bounded and equicontinuous on [0, L], by the uniform Lipschitz conti-
nuity of 7" . Thus, using the Ascoli—Arzela theorem, we have that along a sub-
sequence, {Nr“’m[ (0, wg)}72., converges to a finite value and {Tr(’ml (. w2,
converges uniformly on [0, L]. Fix such a convergent subsequence and de-
note the respective limits by 7(0) and t(-). Then, using the convergence of

{E™" L we), ST ™ (-, wo)we)) 132, implied by (89) and (90), we have
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that along the same subsequence, {Nre’ml (-, wg)}p2 converges uniformly on [0, L]
to n(-), defined by

97) ni(t) =n;(0) +vit — w; 7 (t), tel0,L],iel

Furthermore, by following the pathwise argument in Appendix B of Kelly and
Williams [26], one can show that at each ¢ € (0, L] where the derivative of 7(-)
exists (this means the left-hand derivative at t = L), we have that (22) and (23)
hold with 7 in place of n there. It follows that 72(-) has the same properties as a
fluid model solution on [0, L]. We can easily extend 7 to be a fluid model solution
on [0, 0o) by defining it on (L, 00) to equal f(- — L), where f:[0, 00) — Rﬂ_ isa
fluid model solution satisfying f(0) = (L). (The existence of such a fluid model
solution follows from Theorem B.1 in [26].) This yields the desired contradiction
of (96). O

6.2. Proof of multiplicative state space collapse. We will use Theorem 6.1 to
show that for 7 > 0 fixed, for each L > 1, there exists L > L such that for each
e € (0, 1), for all r sufficiently large, with probability at least 1 — ¢, the left member
of (33) is dominated by

—,0 —r,0 rTI-1 —, —,
98) IIN""() = AW " (Do + sup IN™" () = AW Dz
m=
where the quantities (N"" m=0,1,...,|rT| — 1} can be approximated by fluid

model solutions over [0, L]. The results of Section 4 on the behavior of fluid model
solutions, especially Proposition 4.4, can then be combined with a suitable choice
of L and the assumptions of Theorem 5.1 on the initial conditions to prove multi-
plicative state space collapse. We now give the detailed proof.

PROOF OF THEOREM 5.1.  Fix T > 0. For each r > 0, let H’; denote the left
member of (33). Since, for each » > 0 and ¢ > 0, we have
(99) N'@)=N@1), W@)=W @t)=AM")"'N (1),
it follows that
r _IN'O =AW Dl

(100) Hy —

IN"Ollrr v 1
For L > 1 fixed, intervals of the form [m,m + Zﬁfn], m=0,1,...,|rT], cover
[0, rT] since n,,, > 1 for each m € Z,.. Hence, for each r > 0 and t € [0, rT], the
following is well defined as a random variable taking values in {0, 1, ..., [rT]}:
(101) m"(t) =inf{m:m <t <m+ Ln},}.

For any r > 0 and 7 € [0, rT'] such that ¢t > Zﬁ(), we have m' (t) > 1 and then

(102) t—(m"(t) = 1) > Lay, ;)
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since, otherwise, m’ () could be replaced by a value of m strictly less then m'"(t).
Thus, for each r > 0 and ¢ € [0, rT'] such that > Lnj, we have

(103) m"(t) = 1+ Ly y_ <t <m" (1) + Lity,r 1,

where m” (t) € {1,2, ..., [rT]}. From (100) and (103), we have that H’. is domi-
nated by

IN"C) = AW Doz ey IN' O = AW O 14Ty, T

— + sup —
n6 m=1 n:n—l
-0 —,0
(104)  =|N"()—AW" (Do,
T —rm—1 —r,m—1
+ sup IN""7 () — AW Nz quzmry s, 1
m=

where we have used the scaling property of A(-) in obtaining the equality (see
Proposition 4.1).

Recall the definition of the constant K > 1 from (85). Given L > 1, let L =
4K L. Below, we refer to the sequence of measurable sets {G} :r > 0} introduced
in Theorem 6.1. Focusing on the right endpoints of the time intervals appearing
in the last term of (104), we next show that, for all r sufficiently large, on G}, for
m=1,...,[rT], we have

>y
M <L

7’ -

(105)

m—1

For this, note that, by (80), we have, form =1,2, ...,

(106) N(m):N(m_l‘i—l):Nr,m—l( 1 )

—r —r —r
N1 1 N1

On the other hand, by (75), form =1, 2, ...,

— N'(m—1
(107 Vo= <1
N1
It follows from (106), (107) and Theorem 6.1 that for each ¢ € (0, 1), for each
r>rerandm=1,...,[rT], on G}, we have
w, N (m)] S|
My Ty T,
—rm— 1
(108) < ’N”’” 1(_r )' v
N1

< (W 01+ K () +2) v

m—1
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<(1+K-1+1vl
<3K
and hence (105) holds. On combining (104) with (105), we have that for each
e €(0,1), for all r > r¢ 1, the following inequality holds on G; :
—r,0 —r,0
Hy <IN = AW ")l
LS — o,
+ sup [N = AW Oz -

m=0

(109)

We will now estimate the two terms on the right-hand side of (109). In brief,
the idea is to use Theorem 6.1 to show that for all r sufficiently large, for each
weG;,m=0,1,...,[rT], there is a fluid model solution 7 that is uniformly

close to Nr’m(-, w) over the time interval [0, L]. For the first term in (109), we
then use the assumptions on the initial conditions and Proposition 4.5 to show
that for all r sufficiently large, with high probability, 7 is uniformly close to the
invariant manifold M, on [0, co) and use this to control the first term in (109).
For the last term in (109), we use Proposition 4.4 to choose L (independent of r,
or m) so that 7 is uniformly close to the invariant manifold M, on [L, o0) and so,
for all r sufficiently large, w € G; andm =0, 1, ..., [rT|—1,foreacht € [L, L],
there exists a point 7] (depending on r, @, m, t) in M, that is uniformly close to

N""(t, w). Then,
IN""(t, 0) = AW (1, )]
<IN (t,0) = if| + |7if — A(AM 7))
+IAAM ) = AAM) TN (1, )],

where each of the last three terms can be made small (uniformly for w € gg, m=
0,1,...,[rT] —1,t € [L, L], for all r sufficiently large), by the choice of 7}, the
fact that n = A(w(n)) for a point n on the invariant manifold M., the continuity
of A and the convergence of (M")~! to M~! as r — co. We now give the full
details of the argument. In the first paragraph below, we develop estimates that
will be used for both the first and the second term on the right-hand side of (109).
(Accordingly, we consider values of m that include |rT |, as this value may be
Z€ero.)

Fix n € (0, 1). [In this proof only, we locally reuse the symbol 7 for a positive
constant in (0, 1). This is distinct from the use of 1 elsewhere as a probability
measure.] By Proposition 4.3, there is a constant D(9/8) > 9/8 such that any fluid
model solution n(-) satisfying |n(0)| < 9/8 satisfies |n(¢t)| < D(9/8) for all t > 0.
By the uniform continuity of A(-) on compact sets in Ri (see Proposition 4.1) and
the fact that (M")~! - M~! as r — oo (see Assumption 3.1), there are constants
rp > 0and y € (0, n/4) such that for all » > ry),

(110) IA(AM™'n) — A(AM")™'n)| < g



1764 KANG, KELLY, LEE AND WILLIAMS

whenever n,n’ € RL, In| v |n'| <14 D(9/8) and |n — n’| < 2y. By Proposi-
tion 4.5, there exists ¢ € (0, y/2) such that if n(-) is a fluid model solution satisfy-
ing [n(0)] <9/8 and d(n(0), M) < 2¢, then

(111) din(t), My) <y for all ¢ > 0.

Let L = Ty g ¢, where Tg ; is defined in Proposition 4.4. Set L = 4K L as above.
Then, by Theorem 6.1, for each r > r, 1, m =0,1,...,|rT| and w € G}, there
exists a fluid model solution 7(-) such that
(112) IN""(,0) =)L <e.

We fix such r, m and w for the remainder of this paragraph. Since [N (0, w)| < 1
and ¢ < 1/8, we have [7(0)| < 9/8. It then follows from Proposition 4.4 and the
choice of L that

(113) d(n(t), My) <e¢ forallt > L.
Foreach t € [L, L], let i} € M, such that
(114) () — ;| <e.
On combining this with (112), we obtain, for each ¢ € [L,L],
(115) IN"" (1, ) — 7i¥| <2¢ < y.
By Proposition 4.3 and the fact that [7(0)| < 9/8, we have |n(7)| < D(9/8) for all
t > 0. So, by (114) and (112), foreach ¢t € [L, L],
i¥| <&+ D(9/8) <1+ D(9/8)
and
IN""(t,w)| <&+ D(9/8) < 1+ D(9/8).
On combining the above and using the fact that W' = A(M" )__lﬁr’m, we
have, foreachr > 7.y vr,,m=0,1,...,[rT] -1, we G andt € [L, L],
IN"" (1, 0) = AW (1, )|

<[N""(t, ) — | + |iF — A(CAM ™))
(116) L Cerm
+AAMT @) — A(AMT) TN (1, )]

n o n
<240+ 2 < X
For the second inequality, we have used (115), part (iv) of Theorem 4.1 and (110).
This takes care of estimating the last term in (109).
To estimate the first term on the right-hand side of (109), we need to use the

initial behavior of N' . By the assumption in the theorem,

(117) IN"00) — A0 = [N (0) — AW (0)] = 0
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in probability as r — oo. By Proposition 4.2, we have A(Wr’O(O)) € My and so
it follows that

(118) d(ﬁr’O(O), My)—0 in probability as r — oo.

Let r, > 0 such that
(119) PAN"’0), My) >¢) <e  forallr > r,.

Foreachr > r, Vre 1 and w € G} satisfying d(ﬁr’O(O, w), My) < ¢&,by (112), we
have

(120) (0 <1+e<g and d(@0), My) <e+e=2e.

For such r, w, it follows from (111) that for each 7 € [0, 00), there exists 71} € M
such that |72(¢) — nf| < y. Hence, by (112), for t € [0, L] C [0, L], we have
3y

(121) Nt w) —n¥| <e+y < >

Then, in a manner similar to that used in showing (116), we have, for all ¢t € [0, L],
r>reVre Viryand o € G satisfying d(ﬁr’O(O, w), My) <e,

(122) N, 0) — AW, 0)| < (e + 1) +0+ g < g

By combining Theorem 6.1, (109), (116), (119) and (122), we have that, for all
F>re Ve Vi,

P(Hy =) < P((Hy = 0} NG N {d(N"°(0), My) <))
(123) + P((G))) + P(A(N""(0), My) > &)

§0+8+8=28<g.

Since n € (0,1) was arbitrary, it follows that H% — 0 in probability as
r—oo. [

7. Proof of diffusion approximation when o = 1. Throughout this section,
we assume that @ = 1 and that the local traffic condition, Assumption 5.1, holds.
To prove the diffusion approximation result, Theorem 5.2, we shall use the in-
variance principle in [20]. A key assumption for that theory to yield convergence
(rather than just C-tightness) is that there is existence and uniqueness in law for the
limit diffusion process W, which follows in the case « = 1 from work of Dai and
Williams [10]. We first verify that the basic assumptions of [20] and [10] are sat-
isfied by the state space W [see (47)] and directions of reflection {y/:j el}.For
this, we need the following definition. Also, recall the definition of the matrix B
following (47).
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DEFINITION 7.1. A d x d matrix D is completely-S if and only if, for each
principal submatrix D of D, there exists a vector ¥ > 0 such that Dx > 0. (Here,
a principal submatrix of D is a matrix obtained by deleting all rows and columns
of D with indices in some strict subset of {1,2,...,d}.)

LEMMA 7.1. The J x J symmetric matrix ABA' is positive definite and in-
vertible. The inverse matrix (ABA")™! is positive definite and completely-S.

PROOF. Since A has full row rank and B is strictly positive definite, the sym-
metric matrix ABA’ is also strictly positive definite. Indeed, for a nonzero vector
x eRY, X’ ABA’x = (A’x) B(A'x). Since A has full row rank, A’x is also nonzero
and then, since B is strictly positive definite, we have that (A’x)’' B(A’x) > 0. Since
ABA' is strictly positive definite, it is invertible and the inverse matrix (ABA’) ™!
is also strictly positive definite. It then follows that (ABA’)~! is a P-matrix, that
is, all principal minors are positive, and hence (ABA’)~! is completely-S (see
[9], especially Theorems 3.3.7, 3.9.11 and Corollary 3.9.13 for the relationship
between P-matrices and completely-S matrices). [

The results we need to apply from [20] to prove Theorem 5.2 require that As-
sumptions (A1)-(A5) and 5.1 of [20] hold. We shall not fully describe these gen-
eral conditions. However, we shall now indicate the meaning of these assumptions
for the context treated here. Assumptions (A1)—-(A3) are restrictions on the state
space and Assumptions (A4)—(AS) pertain to the directions of reflection, all for the
limit diffusion. As noted in [20], Assumptions (A1)—(A3) are satisfied by a convex
polyhedron with nonempty interior that is described as the intersection of a mini-
mal set of half-spaces. As we shall see in the next lemma, the state space W, has
this convex polyhedral form. Assumption (A4) requires that the reflection vector
field on each boundary face be uniformly Lipschitz continuous and of unit length.
Since our reflection vectors are constant unit vectors on each boundary face, this
condition is trivially satisfied in our context. Assumption (AS) imposes geometric
conditions on the directions of reflection. These conditions are generalizations for
domains with piecewise smooth boundaries of conditions identified earlier by Dai
and Williams [10] for existence and uniqueness of SRBMs living in convex poly-
hedral domains with a constant direction of reflection on each boundary face. The
conditions of [10] are labeled as Assumption 1.1 in [10] and as Assumption 5.1 in
[20]. (We shall use the latter label here.) For simple convex polyhedral cones (as
we have here with W), this assumption can be expressed as a completely-S condi-
tion on a suitable matrix formed using the directions of reflection and the normals
to the boundary faces. We will show that this condition is satisfied in our context,
and, as a consequence, Assumption (A5) of [20] will follow immediately. We now
formally verify that the aforementioned assumptions all hold in our context.

LEMMA 7.2.  Assumptions (A1)~(AS) and Assumption 5.1 of [20] are all sat-
isfied by Wy and {y’ : j € J}.
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PROOF. For j € J, let n/ be the vector given by the jth row of (ABA))™L.
Since (ABA)~ ! is symmetric, n/ is also the jth column of (ABA)™L. By (47)
and (45), we have

(124) Wi={weR:n/ - w>0forall j €J}
and
(125) W/ ={ABA'q:qeR), ¢, =0} ={weW:n/ - w=0)}, jel.

Since the n/, j € J, are linearly independent, it follows that W is a simple con-
vex polyhedral cone with minimal representation given by the intersection of the
half-spaces {w € RV:n/ - w > 0}, j € J. It is easy to see that YV has nonempty
interior. As noted in [20], it follows that Assumptions (A1)—(A3) of [20] are sat-
isfied. Since the {y/, j € J} are constant vectors, they are trivially uniformly Lip-
schitz continuous and so Assumption (A4) of [20] holds. As noted in Section 5.2
of [20], Assumption (AS5) will hold if Assumption 5.1 of [20] holds. For this, since
W is a simple convex polyhedron, it is equivalent to verify that the matrix N R is
completely-S, where N is the J x J matrix whose rows are given by the normals
n',jel, and R is the matrix whose columns are given by the vectors y/, j € J.
(In fact, N is normalized so that the rows have unit length in [20], but one may
equivalently use the unnormalized matrix N.) Now, N = (ABA’ yland R=1,
the J x J identity matrix, so NR = (ABA’)~!, which we know is completely-S by
Lemma7.1. O

Throughout this section, we will need various constants in inequalities. Some
of these constants are denoted by C j»for j =0,1,2,.... The hat has been added
to the notation here simply to distinguish these constants from the bandwidth ca-
pacities C;. The next two lemmas provide basic ingredients for the proof of The-
orem 5.2.

LEMMA 7.3. There exist constants él >0, 6’2 > 1 and r > 0 such that for
each T > 0,
(1260 CiUW Ollr < IN"Ollr <GIW Ollr forallr > 7.

PROOF. By Assumption 3.1, there exists 7 > 0 such that IAM"H™Y <
2||[AM~ Y| and |u"| < 2|u| for all r > 7. For each t > 0, by (17), we have that
(127) W ()] < [IAM) ™ INT ()]

Now, |[AM~!| > 0 and so by letting C; = (2|AM~|))~", we see that the left-
hand inequality in (126) holds for any T > 0, for all » > . On the other hand, for
each i €1, there is at least one j; € J such that Aj,; > 0 and then using (17) again,
we obtain that, for each ¢t > 0,

Aji(u) TN (1) < W),



1768 KANG, KELLY, LEE AND WILLIAMS

By letting G, = max(1, 2|;L|Imax,-e]1(Aji,~)_1), we have that the right-hand in-
equality in (126) holds forany 7 > Oand r > r. [

LEMMA 7.4. The sequence of processes {Wr ) + )A(r(-), r > 0} is C-tight.

PROOF. Recall that for each t > 0,
(128) Rty =AM NET (1) — ST (1)) + r(Ap” — O)t.

Since each route must use at least one resource, for each n € REF and i €I, the
bandwidth allocation A;(n) must be bounded by C = max jey Cj. It follows that

for each r > 0, 7" () is uniformly Lipschitz continuous with Lipschitz constant C

and hence {T7 (-)} is C-tight. On combining this with the functional central limit
assumption (21), the convergence of {r(Ap" — C)t,r > 0} and {M",r > 0} and
the convergence assumption on wr (0) made at the end of Section 3, the desired
result follows. [J

With the above preliminaries in place, we are now ready to address the main
part of the proof of Theorem 5.2. In the following, we shall reuse some notation
for local proof purposes. In particular, £ and ¢ are used for different purposes here
than earlier in the paper.

Recall, from (36), that for each r > 0 and ¢t > 0,

(129) W (t)=W"(0)+ X" (1) + U (1)

and that, by (17),

(130) W (t) = AM" )TN () = W () +E (1),

where

(131) W' (@) =AM 'A(W' (1)),

(132)  E'() =AM Y (N"(t) = AW (1)) + A(M")™ = M~YN"(1).
By Proposition 4.2 and the definition of W from M, we have that
(133) W'(t)e Wy  forallz >0 and for all > 0.
Returning to (129), for § > 0 fixed and eachr > 0,7 >0, j € J,

t
A A ord
(134) U]r-(t):/O l{d(W,(s)’W{)Sa}dU;(s)+§j (1),
where

t
s A .
(135) g (t)_/o l{d(Wr(s),W{)>5}dUJr'(s)'
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A main step in establishing the diffusion approximation result, Theorem 5.2, is
to show that for each j € J, with probability tending to one as r — oo, the process
U” increases only when W’ (or W") is near the boundary portion W/ . The local
traffic condition (Assumption 5.1) is used in verifying this in the following lemma,
which also shows that state space collapse holds and that for fixed T > 0, with high
probability, we can obtain a uniform bound on || W ()7 and on [T () ||7.

LEMMA 7.5. Suppose, in addition to the assumption that « = 1 and Assump-
tion 5.1, we have that

(136) IN"(0) — A(W"(0))] — 0

in probability as r — o0o. Then, for each T > 0, § > 0, there exist constants
K(T,8) >0andr(T,$) > 0 such that for eachr > r(T,$),

. P(IN"C) = AW (DT <8, 18 Olir <8,
1E° Ollr =0, IW ()llr < K(T,8), 10" Ol < K(T,8) = 1-3.

A main aspect of the proof of Lemma 7.5 is to show that for fixed T > 0, with
high probability, we can obtain a suitable uniform bound on ||I\7 ") [or equiv-
alently, on || wr () I7] for all r sufficiently large. We shall use an oscillation in-
equality for the proof of this. A local version of this inequality was established in
Theorem 4.1 of Kang and Williams [20]. For o # 1, one would need to use that
local version. However, for the case o = 1 treated here, one can choose p in The-
orem 4.1 of [20] to be arbitrarily large and consequently obtain a global version of
the oscillation inequality. Here, for the case of & = 1 only, rather than using Theo-
rem 4.1 of [20], we shall give an alternative proof of a global oscillation inequality
by first invoking a linear transformation to transform V) to the orthant and then
applying an oscillation inequality developed earlier by Williams [43] for that state
space. This inequality has a slightly simpler form than that which would follow
from [20].

For the statement of the oscillation inequality, we need the following notation.
Forany 0 <s <t < oo, let D([s, ¢], RJ) denote the set of functions x : [s, ] — RJ
that are right-continuous on [s, ¢) and have finite left limits on (s, ], and for x €
D([s, 7], RY), let

(138) Osc(x, [s,t]) =sup{lx(v) —x()|:s <u <v <t}
PROPOSITION 7.1 (Oscillation inequality). There exists a constant 6‘0 >0
such that for any 6 > 0 and any 0 <s <t <00, w, x,y € D([s, ], RJ) satisfying

(i) w) =x@) + X ey yj @y’ forallu €ls, 1],
(i) w(u) € Wy forall u € [s, t],
(iii) for each j € J,
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(@ yj(s)=0;
(b) y; is nondecreasing;
© ¥ @) =3+ S50 gy wiy<s) Y5 () for all u € [s, 1],

the following hold:
(139) Osc(w, [s, t]) < Co(Osc(x, [s, 1]) + 8),

(140) Osc(y, [s, t]) < Co(Osc(x, [s, 1]) +8).

PROOF. For w,x,y satisfying (i)—(iii) above, let W = (ABA) 'w, ¥ =
(ABA")"'x, 5=y and R = (ABA’)~". Since ABA' is a bijection from RY_ onto
W1, the matrix with columns given by the vectors {y/, j € J} is the J x J identity
matrix and for z € W, the distance d(z, WI’ y=n/ - z/|n/| for each j € J [where
n/ is the vector given by the jth row of (ABA’)~'], it follows that , %, j satisfy

(1) w(u) =x(u)+ Ry(u) for all u € [s, t],
(i) w(u) € R forall u € [s,1],
(iii) for each j € J,
(@ yj(s)=0;
(b) y; is nondecreasing;
(©) $;)=3;(5) + [i5.u) L wy<sjaiy 43 (v) for all u € s, 1].
Since R is completely-S, by Lemma 7.1, and w, X, y satisfy (i)—(iii) above, it is
immediate from Theorem 5.1 of [43] that there is a constant ¢; > 0 depending only
on R such that

(141) Osc(, [s, 1]) < c1 (Osc(i, [s, 7]) 4 8 max |nf'|),
jel

(142) Osc(§, [s, t]) < c1 (0sc(x, [s, 1) + 6 max |n/ |).
jel

Applying the reverse linear transformation AB A" and making Co sufficiently large
to absorb the factor max ¢y |n/|, it follows that (139)—(140) hold where the con-

stant C can be chosen to depend only on ABA’ (and its inverse). []

PROOF OF LEMMA 7.5. Fix T > 0 and § > 0. By the convergence assumed
for the initial random variables {W"(0), r > 0}, the C-tightness of {W"(0) +
X"(-),r > 0} established in Lemma 7.4, the multiplicative state space collapse
established in Theorem 5.1 and the fact that (M")~' — M~! as r — oo, we have
that for each e > 0, there are constants Ky > 1 (not depending on ¢) and rg(¢) > 0
such that for all r > ry(¢e),

(143) P(IW"(0)] < Ko, |X" ()7 < Ko) = 1 —

(144) P(IN"() = AW )T <e(IN"Ollr v 1)) =1 -

NS | >
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and
(145) (M —M7 ) <e.

The constants K¢ and ro(e) will depend on T and § as well, but since these parame-
ters are fixed throughout this proof, we do not explicitly indicate that dependence
here.

In the following, ¢ > 0 will be fixed. A specific, suitably small value of ¢ will
be chosen later (as a function of §, T') to ensure that various inequalities hold [see
(158)]. For r > 0, let

0" = {|W"(0)| < Ko, | X" ()llr < Ko,
INT() = AW (DT <e(IN" T v 1))
From (143)—(144), we have that for all r > rg(e),

(146) P(O™f)>1—3.
Now, for r > rg(e), on 0™¢, by (130)—(132) and (145), we have
(147) 1E"Ollr < C3ell(N" ()l v 1),

where C3 = |[AM ™| + ||A| v 1 and
(148) E'()y=W'(t)—W"(t) forallz>0.

Since, by Proposition 4.2, A(W’(z, w)) is an invariant state, it follows from the
characterization of invariant states in Theorem 4.1 that for r > rg(e), t € [0, T]
and w € O™, there exists ¢" (¢, w) € R{L such that

(149) AW’ (t, w)) = diag(p) diag(k) "' A'q" (1, w)
and so by the definitions of W’ and the matrix B, we have
(150) W' (t,w) = ABA'q" (t, w).
We now turn to the behavior of U". By (39), for each r > rg(¢), t € [0, T] and
jel,
(151) Uit = r/Ot(cj — (AA(N"(s)));) ds.

We are interested in where U J’ increases. Fix r > ro(e), j € J and w € O™°.
Since the integrand in (151) is nonnegative, we concentrate on determining
where the integrand is strictly positive. At an instant s € [0, T'] such that C; —
(AA(1\7 "(s,w))); > 0, by Proposition 2.1(iv), there is p’ (s, w) € Ri such that
p; (s, w) =0 and

foralli el.

(152)  N!(s, ») :Ai(Nr(s’w))(ZkeJ pk<f,w)Aki)

Ki
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By the local traffic Assumption 5.1, there exists an index i; € I such that Aj;; >0
and Akij =0 for all k£ # j. Using the fact that p; (s, w) =01n (152), it follows that

]\A/l’j (s, w) =0. Then, since w € O"¢, we have

(153) (A(Vf’r(s,w)))ij <e(IN" (¢, )llr V1)
and so, by (149) and the local traffic condition,

(154) q;(s, ) < e(IN"C o)lir v Doy i

1

Thus, letting n/ denote the vector given by the jth row of (ABA’)~! (see the proof
of Lemma 7.2), using (150), we have that

AW (s, ), W) =n' - W’ (s, w)/|n |
=nl - ABA'q" (s, w)/|n’|
=g (s, w)/In’|
<e(IN"C.o)lir v 1)p; ki /In .

Ij
Let 64 =max;cj ,oi; lxij /|n’|. It follows from the reasoning above that for each

r>ro(e), j €J,on O™%, we have, for all ¢ € [0, T], that

(155) ,dUj (o),

R t
r i - . N N
U; (1) —/O VYawr . wh=eus R Ol

that is, U’ () can increase only when d(W" (), W) < Cae(I1N7()|I7 v 1). Fur-
thermore,

W (1) =W’ (1) — E"(1)
=W"O)+ X" () - 1)+ 0" (1),

where W’ (1) € W. It then follows from the oscillation inequality in Proposi-
tion 7.1 that for r > ro(e), on O"%,

Osc(W", [0, T1) < Co(Osc(W" (0) + X" () —£"(-),[0, T])
+ Cas(IN" ()l v 1))
< Co(2Ko+ 2C3 + Ca)e(IIN" (T v 1))

< Co(2Ko + (2C3 + C)eCo(IW" ()i Vv 1)),

(156)

where we have used the definition of O™ and (147) for the second inequality
and we have used Lemma 7.3 plus the fact that C; > 1 for the third inequality.
Similarly, we obtain an oscillation bound for U" for r > ro(g) on O"*:

(157)  Osc(U", [0, T]) < Co(2Ko + 2C3 4+ C)eCor(|W ()l Vv 1)).



STATE SPACE COLLAPSE AND DIFFUSION APPROXIMATION 1773

On combining (156) with (148), (147) and Lemma 7.3, we have that for r > ry(¢),
on 0%,

IW" ()T V1< |W(0)VI1+O0sc(W(-),[0,T])
< |W"(0)| v 14 O0sc(W" (), [0, T]) + Osc(E"(-), [0, T])
< Ko+ (Co+ 1)(2Ko + 2C3 + C)eCa(IW" ()l v 1)).

Now, choose

1 )
(158) s:min( = = —, = — = )
2(Co+ 1)(2C3 4+ C1)Cr 2KgCr(34+2Cp)(C3z + Cy)

Then, from the above, we conclude that for r > ro(g), on O™,

(159) IW" ()T v 1 <2Ko(3+2Co)
and, using the fact that C3 > 1, we have
e(IN"O)lIr V1) <eCr(IW (7 v 1)
)
6‘3 + 64
<$4.

(160) =

Further, by (157), (159) and the definition of &, we have
(161) Osc(U", [0, T]) <2Co(Ko + 5).

Note that since U’ is nondecreasing and starts from zero, the above also provides
a bound for [|U"(-)||7. Now, by (160), for r > ro(¢), on O"¢, we have

INT() = AW )T <e(IN"O)llr v 1)
<3,
using (147), we have

1E"Ollr < C3e(IN" () Ir v 1)

<4,
using (155), we have, for each j € J and ¢t € [0, T,
A t ~
(162) U’ @) :fo L .9 Wi <y 407 )
and so by (134)—(135),
(163) 1E"° ()7 =0.
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Now, set K(T,8) = max(2Ko(3 + 2Co), 2Co(Ko + 8)) and r(T, 8) = ro(e),
where ¢ > 0 is given by (158). Then, for all r > r(T, §), by the above and (146),
we have

P(IN"() = AW (DT <8, 1E"O)llr <8,
(164) IE" (T =0, IW"()lIT < K(T,8), |U")llr < K(T, $))
>P(O"%)>1-35. O

PROOF OF THEOREM 5.2.  Assume that the hypotheses of Theorem 5.2 hold.
We will show that the conditions of Theorem 5.4 of [20] hold, from which it will
follow immediately that W’ converges in distribution as r — oo to an SRBM with
data W1, 6, T, {y/ : j €I}, n). The joint convergence of N with W" will then
follow by the state space collapse established in Lemma 7.5.

The conditions of Theorem 5.4 fall into four groups. We treat each of these
groups separately below.

First, the diffusion state space ¥/ must be a convex polyhedron having non-
empty interior described as the intersection of a minimal set of half-spaces and
the directions of reflection {y/ : j € J} must satisfy Assumption 5.1 of [20]. These
properties were verified in the proof of Lemma 7.2.

Second, one must verify that Assumption 4.1 of [20] holds. This condition
amounts to verifying that wr, X, 0" satisfy conditions similar to (i), (ii), (iv)
on W, X, U in the definition of an SRBM, except that the prelimit processes are
allowed to have r.c.l.l. rather than continuous paths and small perturbations in the
conditions (i), (ii) and (iv) are allowed. Furthermore, the sequence {W’ O)+ X" )}
is required to be C-tight. The latter follows from Lemma 7.4 and the former fol-
lows from the properties in (129)—(135), once we show that é " — 0 and Z" S50
in probability as r — oo for a suitable sequence {§"} satisfying §" — 0 as r — oo.
We verify the latter properties in the next paragraph.

Recall the constants K (7, §) and r(T, §) from Lemma 7.5. Choose strictly in-
creasing sequences of positive constants { Ky, k > 1} and {r¢, kK > 1} such that for
each k, K; > K (k, %) and r, > r(k, %), and rp — o0 as k — 00. Define §” such
that 8" =1 when r <r| and §" = % when r € (rg, rg+1] for k > 1. Then, §" — 0
as r — oo and, by Lemma 7.5, for each k > 1, for ry < r <rg41,

.\ 1
P<||Nr(-) A(Wr())||k<— I1E" Olle =+
(165)

o168 _ o v _l
1E5 Ol =0, IW Ollk < Kie, IU" Ollx < Kie ) = 1 k'

It follows from this that é’ — 0 and E’ r — 0 in probability as r — oo. The
conditions of Assumption 4.1Ain [20] are then sati~sﬁed with W ~in plgce of G,A r
in place of n, j in place of i, W" in place of W", W" in place of W", W"(0) + X"



STATE SPACE COLLAPSE AND DIFFUSION APPROXIMATION 1775

in place of X", U’ in place of Y, ?f(t) =

o' =E" and g = ;"0

Third, one must show that {W’ )+ X" (-)} converges in distribution as r — 00
to a Brownian motion with drift 6, covariance matrix I" given by (46) and initial
distribution 7. [This amounts to verifying condition (vi)’ of Theorem 4.3 in [20]
(with 8 in place of © and 5 in place of v there). This condition is needed so that
weak limit points of (W7, X", U")} will satisfy property (iii)(a) and the last part
of (ii) in the Definition 5.2 of an SRBM.] To verify this condition, we first show
that {T"(-)} converges in distribution to the deterministic process {po(¢),t > 0},

! } . A in_
fo1{d(W’(s),W-1’)§3}de(S),)/ =yl

where p(¢) = pt. Indeed, by the fact that T7 (") is uniformly Lipschitz continuous

with a Lipschitz constant which does not depend on r, we have that {T”(-), r > 0}
is C-tight. Let T*(-) be a weak limit point of this sequence, obtained as a limit in
distribution along a suitable subsequence. We will prove below that, almost surely,

(166) T*(t) = pt forall r > 0,

from which the desired convergence in distribution of {7:"’ ()} to T*() follows.

For the proof of (166), by passing to a subsequence, we may assume that {T"(-)}
converges in distribution to 7*(-) as r — 00. Now, by (16) and (5), on dividing by
r, we have, for each i €1,

NI (1) N’(O)

(167) -4 +Er(t) —S’(Tr(t))
r r

where

- E’ 2t - 7 2l
(168) E"(t) = ('; ) Fw= (r2 ).

r r
From (165), we can conclude, using the continuity of A(-), that
N"()
=0 asr — o0
r

and, from (21), it follows that
E().5 ()= @E).u()  asr— oo,

where v(¢) = vt and () = pt for all > 0. Thus, on letting r — oo in (167), we
obtain that, almost surely, for each i €1,

0=vit — ;T (1) forall t > 0.

The desired result (166) follows immediately.
It now follows from (21) and the assumption on the convergence in distribution

of W" (0) made at the end of Section 3 that (W’ 0), E’( ), S’( ), T" () converges
in distribution to (W(O) E ), S (), p(-)) as r — oo, where W(O) is independent
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of the Brownian motion (E(-), S(-)) and W (0) has distribution n on WW;. On com-
bining this with a random time change theorem and Assumption 3.1, we conclude,
using (128), that {WV 0) + )A(’(-), r > 0} converges in distribution to a Brownian
motion with drift 6, covariance matrix I" given by (46) and initial distribution 7,
as desired.

Fourth, and finally, we must verify condition (vii) of Theorem 4.3 of [20]
(with 6 in place of p there). This condition requires that for any weak limit
point (W, X, U) of (W’ X, U’) {X(t) — 0t,t = 0} is a martingale relative to
the filtration generated by (W, X, U). [This condition is needed so that property
(iii)(b) in Definition 5.2 of an SRBM will be satisfied by weak limit points of
{(W", X", U")}.] Let 8" = r(Ap” — C). Then, by Proposition 4.1 of [20], to show
that this final condition holds, it suffices to verify the following properties for the
prelimit processes:

(a) foreachr, {)A( "(t) — or t,t > 0} is a martingale with respect to the filtration
generated by (W’, )A(’, 0’);

(b) ér—>9asr—>oo;

(c) {)A( "(t), r > 0} is uniformly integrable for each fixed ¢ > 0.

We now verify these three properties.
It is well known (see Theorem 4.1, Chapter 6 of [12]) that for the continuous-
time Markov chain N, foreachr >0 andi €1,

t
XL (6) = NI (1) — NI(0) — fo (0 — Wl A (N"(s)))ds, 10,

defines a martingale with respect to the filtration generated by N', that is, with
respect to {F;,t > 0}, where 7/ = o {N"(s):0 < s <t}. Setting

2
. x' (<) A
Xr(t): ) f;r: :2[7

we have that for each r > 0, {x" (¢), ]:"[ ,t >0} is a multidimensional martingale.

Now, using the expressions (17) and (36) for wr , and the expression (39) for Ur ,
we see that

AM) 57 (6) = W (1) — W (0) — Ap"rt + Crt — U' (1)
=X"(t) +r(C — Ap")t.

Since W” and U are adapted to the filtration {.7:"[ ,t >0}, so is Xr , and it then
follows that

X'(1)—0"t=AM")3"@), >0,

is a martingale with respect to the filtration generated by (Wr, X", 0"). By (12),
0" — 0 as r — oo. Finally, since the mean of a Poisson random variable is the

same as its variance and the rate of increase of 77 is uniformly bounded, it is
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straightforward to verify, using Assumption 3.1, that {)A( "(t),r > 0} is uniformly
integrable for each ¢ > 0. Thus, we have verified conditions (a)—(c) above and so
condition (vii) of Theorem 4.3 in [20] holds.

We have now verified all of the hypotheses of Theorem 5.4 of [20] and so it
follows that W" converges in distribution as r — oo to an SRBM W associated
with the data (W, 0, T, {y/:j € I}, n). From (165), we have that N — A(W’)
converges in distribution to the zero process as r — co. Since A(-) is continuous,
it follows that we have the joint convergence of (W”, N") in distribution as r — 00
to (W, A(W)). O

8. Conclusion. A bandwidth sharing policy corresponds to a generalization
of the notion of a processor sharing discipline from a single resource to a net-
work with several shared resources. In particular, weighted «-fair policies pro-
vide a tractable theoretical abstraction of the bandwidth sharing effected by decen-
tralized packet-based end-to-end congestion control algorithms such as TCP. It is
known [3, 11] that, for flow-level models with exponentially distributed file sizes,
weighted «-fair policies are stable when the average load on each resource is less
than its capacity.

Weighted «-fair policies can nevertheless suffer from entrainment of resources,
whereby congestion at some resources may prevent others from working at full
capacity: this is manifested under diffusion scaling, where a Brownian model for
the workload process lives in a cone which may be a strict subset of the positive
orthant.

Under weighted proportional fair sharing (« = 1) and a mild local traffic con-
dition, this paper has shown how multiplicative state space collapse can be com-
bined with an invariance principle to establish a diffusion approximation for the
flow-level model. For proportional fair sharing (equal weights), this diffusion has
a product form invariant measure which, when integrable, can be normalized to
yield the unique stationary distribution for the diffusion. This result extends to the
case where file sizes are distributed as finite mixtures of exponentials. Thus, in the
diffusion limit, more networks can have product form stationary distributions than
are known in the prelimit (see Bonald and Prouti¢re [4]). We also indicated some
open problems for o # 1 and an extension to models with routing.

Bandwidth sharing policies outside the class of weighted a-fair policies may
avoid entrainment, although such policies may not be easy to effect via decentral-
ized packet-based end-to-end congestion control algorithms.
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