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We consider a stochastic model of Internet congestion control, intro-
duced by Massoulié and Roberts [Telecommunication Systems 15 (2000)
185-201], that represents the randomly varying number of flows in a network
where bandwidth is shared among document transfers. In contrast to an ear-
lier work by Kelly and Williams [Ann. Appl. Probab. 14 (2004) 1055-1083],
the present paper allows interarrival times and document sizes to be gener-
ally distributed, rather than exponentially distributed. Furthermore, we allow
a fairly general class of bandwidth sharing policies that includes the weighted
a-fair policies of Mo and Walrand [/[EEE/ACM Transactions on Networking
8 (2000) 556-567], as well as certain other utility based scheduling policies.
To describe the evolution of the system, measure valued processes are used
to keep track of the residual document sizes of all flows through the network.
We propose a fluid model (or formal functional law of large numbers approx-
imation) associated with the stochastic flow level model. Under mild con-
ditions, we show that the appropriately rescaled measure valued processes
corresponding to a sequence of such models (with fixed network structure)
are tight, and that any weak limit point of the sequence is almost surely a
fluid model solution. For the special case of weighted «-fair policies, we also
characterize the invariant states of the fluid model.

1. Introduction. Massoulié and Roberts [18] have introduced and studied
a model of Internet congestion control that represents the randomly varying num-
ber of flows in a network where bandwidth is shared dynamically among flows.
The flows correspond to continuous transfers of individual elastic documents. This
connection level model assumes a “separation of time scales” such that the time
scale of the flow dynamics (of document arrivals and departures) is much longer
than the time scale of the packet level dynamics on which rate control schemes
such as TCP converge to equilibrium.

Subsequent to the work of Massoulié and Roberts [18], assuming exponen-
tially distributed document sizes, de Veciana, Lee and Konstantopoulos [5] and
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Bonald and Massoulié [1] studied the stability of the flow level model operating
under various bandwidth sharing policies. A bandwidth sharing policy generalizes
the notion of a processor sharing discipline from a single resource to a network
with several shared resources. Lyapunov functions constructed in [5] for weighted
max-min fair and proportionally fair policies, and in [1] for weighted «-fair poli-
cies (a € (0, 00)) [19], imply positive recurrence of the Markov chain associated
with the model when the average load on each resource is less than its capacity.
Several authors [9, 13, 15, 16, 21-23] have considered variants of the Massoulié
and Roberts model [18] and more general bandwidth sharing policies. In partic-
ular, Lin, Shroff and Srikant [15, 16, 21] have given sufficient conditions for sta-
bility where the assumption of time scale separation is relaxed. Ye [22], Ye, Ou
and Yuan [23] and Hansen, Reynolds and Zachary [9] have given conditions for
stability and instability with more general bandwidth sharing policies. Key and
Massoulié [13] have considered a model with file transfers and streaming flows,
certain utility based policies and relaxed capacity constraints. However, all of these
works maintain a critical exponential distributional assumption on document sizes
or holding times to enable the use of a relatively simple Markovian model. A major
aim of our work is to relax this exponential assumption.

Here, we consider the model of Massoulié¢ and Roberts, with generally distrib-
uted document sizes and interarrival times, operating under a fairly general band-
width sharing policy. Important examples of this policy include the weighted «-fair
policies introduced by Mo and Walrand [19], and more generally certain utility
based policies (see, e.g., [3, 13, 22, 23]) in the context of flow level models. We are
interested in the stability and heavy traffic behavior of this flow level model. (De-
spite the claim in [1], the proof of sufficient conditions for stability under weighted
«-fair policies given there does not apply when document sizes are other than ex-
ponentially distributed. The reason for this is that the method of Dai [4] quoted
there implicitly assumes (through the form of the model equations) that the service
discipline is a head-of-the-line discipline. Consequently, the method does not ap-
ply in general to processor sharing type disciplines, such as the bandwidth sharing
policies considered here. In the case of exponentially distributed document sizes,
one can equate the distribution of the queue length process for a bandwidth sharing
model with the queue length process of a stochastic processing network (cf. [10])
operating under a head-of-the-line policy. Even then, to conclude the stability re-
sult using an analogue of Dai’s result, one has to generalize the results of [4] to
stochastic processing networks from multiclass queueing networks. However, in
the case of exponential interarrival times and document sizes, the Lyapunov func-
tion given in [1] can be used directly on the original Markov chain stochastic model
to establish stability under the nominal condition that the average load placed on
each resource is less than its capacity.)

There are a few results on sufficient conditions for stability of the flow level
model with general document size distributions. With Poisson arrivals and doc-
ument sizes having a phase-type distribution, for a weighted «-fair policy with
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o« = 1, Lakshmikantha, Beck and Srikant [14] have established stability of some
two resource linear networks and a 2 x 2 grid network when the average load on
each resource is less than its capacity. For generally distributed interarrival and
document sizes, Bramson [2] has shown sufficiency of such a condition for sta-
bility under a max-min fair policy (corresponding to an «-fair policy as o — 00).
Under proportional fair sharing, Massoulié [17] has recently established stability
of a fluid model for the flow level model with exponential interarrival and docu-
ment sizes, and additional routing. From this, he infers stability of the stochastic
flow level model when documents have phase-type distributions. In general, how-
ever, it remains an open question whether, with renewal arrivals and arbitrarily
(rather than exponentially) distributed document sizes, the flow level model is sta-
ble under a weighted «-fair (or more general) bandwidth sharing policy when the
nominal load placed on each resource is less than its capacity. In contemporaneous
work, Chiang, Shah and Tang [3] have developed a fluid approximation for the flow
level model when the arrival rate and capacity are allowed to grow proportionally
but the bandwidth per flow stays uniformly bounded. Using their fluid model, they
derive some conclusions concerning rate stability for general (bounded) document
size distributions when « € (0, 00) is sufficiently small.

This paper is a first step in our study of the flow level model with general in-
terarrival and document size distributions, and a general bandwidth sharing policy.
Here, we define measure valued processes that keep track of the residual sizes of
all documents in the system at any given time. We propose a fluid model (or formal
functional law of large numbers approximation) associated with the stochastic flow
level model. Under mild conditions, we show that the measure valued processes
corresponding to a fluid scaled sequence of such models (with fixed network struc-
ture) are tight and that any weak limit point of the sequence is almost surely a fluid
model solution. For weighted «-fair policies, we also characterize the invariant
states for the fluid model. In future work, we plan to study the asymptotic behavior
of fluid model solutions and to use that to study the stability and heavy traffic be-
havior of the associated flow level models. A summary of the results of this paper
as they pertain to weighted «-fair policies appears in [8], along with two examples
showing stability of the fluid model under a natural condition for linear networks
and simple tree networks.

The paper is organized as follows. In Section 2, we define the network structure,
the bandwidth sharing policy, the stochastic flow level model and we introduce the
measure valued processes used to describe the evolution of the system. The no-
tion of a fluid model solution is defined in Section 3. In Section 4, we introduce a
sequence of flow level models and state our main result concerning the tightness
of this sequence and that weak limit points are fluid model solutions (see The-
orem 4.1). The proof of the main result is given in Section 5. In Section 6, we
characterize the invariant states of the fluid model for weighted «-fair policies.



246 H. C. GROMOLL AND R.J. WILLIAMS

1.1. Notation. Let N =1{1,2,...}, let R = (—00, 00), and let R4 denote
d-dimensional Euclidean space. For x, y € R, x Vv y is the maximum of x and y,
x Ay is the minimum of x and y, x is the positive part and | x | is the integer part
of x. For x, y e R?, let ||x| = maxi“':1 |x;|, and interpret vector inequalities com-
ponentwise: x < y means x; < y; foralli =1,...,d. The positive d-dimensional
orthant is denoted Ri = {x e R?:x > 0}. To ease notation throughout the paper,
all vectors are considered to be column vectors when used in mathematical expres-
sions, but will be written out as row vectors within paragraphs. Also, define ¢/0 to
be zero for any real constant ¢, and define a sum over an empty set of indices or of
the form Zi: ;j with j > [ to be zero.

For two functions f and g with the same domain, f = g means f(x) = g(x)
for all x in the domain. For a bounded function f:Ry — R, let || fllcoc =
sup,er, |f(x)]. Let Cp(R) be the set of continuous bounded functions f: R4 —

R, let C'(R.) be the set of once continuously differentiable functions f: Ry — R,
and let C}7 (R4) be the set of functions f in Cl(R+) that together with the first
derivative f’, are bounded on R;. If w € C}, (R) is a function of time, its deriv-
ative will be denoted by w. For a Polish (complete separable metric) space 4, let
D([0, 00), 8) be the space of right continuous functions from [0, co) into 4 that
have left limits in 4. Endow this space with the Skorohod Ji-topology. For a fi-
nite nonnegative Borel measure £ on R and a &-integrable function f:R; — R,
define

(f,é‘>=/R+fdé-

If £ =(&,....&;) is a vector of such measures, then (f,&) is the vector
(f, &1)s ..., (f, &q)). All functions f:R; — R are extended to be identically zero
on (—oo, 0) so that f(- — x) is well defined on R forall x > 0. Let x : Ry — R
denote the identity function x (x) = x for x € R;..

Let M be the set of finite nonnegative Borel measures on R, endowed with the
weak topology: £X 2, £inMifand only if (f, €Ky — (£, &) forall f € Cp(Ry).
This topology is induced by the following generalization of the Prohorov metric:
for &, ¢ € M define

d[&,¢]=inf{e > 0:&(B) < ¢(B°) + ¢ and

(1.1)
£(B) <&(B®) + ¢ for all nonempty closed B C R4},

where B® = {x € R :infycp |x — y| < &}. It will be convenient to extend the
notion of uniform integrability for random variables (and their associated distri-
butions) to elements of M. Call a sequence {£¥} C M uniformly integrable, if
(x, &%) < oo for all k and

. k\
Jim Sl]iP(Xl[x,oo),g )=0.
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It is easy to show that if {€¥} ¢ M is uniformly integrable and &F BN &, then

(x,€) <ooand (x,&K) — (x,&).
ForIeN, let

M'={(&,...,&):& eMforalli <1}

and for &, ¢ € M! define

(1.2) dq[§, 7] :r?gfid[éi» &il.

Equipped with the metric dy[-, -], the space M! is Polish. Convergence of a se-
quence {& k } to € in MU is also denoted £X N &.The zero measure in M is denoted
by 0.

The notation X ~ Y means X and Y are equal in distribution, and X" = X
means the sequence { X"} converges in distribution to X. All continuous time sto-
chastic processes used in this work are assumed to have sample paths that are right
continuous with left limits.

2. Flow level model. This section defines the network structure, the band-
width sharing policy and the stochastic flow level model.

2.1. Network structure. Consider a network with finitely many resources la-
belled by j =1,...,J, and a finite set of routes labeled by i =1, ...,1. A route i
is a nonempty subset of {1, ..., J}, interpreted as the set of resources used by the
route. Let A be the J x I incidence matrix satisfying A;; = 1 if resource j is
used by route i, and A j; = 0 otherwise. Since each route is a nonempty subset of
{1,...,J}, no column of A is identically zero.

A flow on route i is the continuous transfer of a document through the resources
used by the route. Assume that while being transferred, a flow takes simultaneous
possession of all resources on its route. The processing rate allocated to a flow is
the rate at which the associated document is being transferred. There may be mul-
tiple flows on a route, and the bandwidth A; allocated to route i is the sum of the
processing rates allocated to flows on route i. The bandwidth allocated through re-
source j is the sum of the bandwidths allocated to routes using resource j. Assume
that each resource j < J has finite capacity C; > 0, interpreted as the maximum
bandwidth that can be allocated through it. Let C = (Cy, ..., Cj) be the vector
of capacities in R‘_L Then any vector A = (Ay, ..., Ar) of bandwidth allocations
must satisfy

AA <C.
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2.2. Bandwidth sharing policy. We consider the network operating under
a policy that dynamically allocates bandwidth to routes as a function of the num-
ber of flows on all routes. The resulting allocation to each route is shared equally
among individual flows on that route.

Let Z;(z) denote the number of flows on route i < I at time 7, and let
Z(t) = (Z1(t), ..., Z1(t)) be the corresponding vector in ]REL. The bandwidth
allocated to route i at time ¢ is a function of the vector Z(¢) and is denoted
by A;(Z(t)). The corresponding vector of bandwidth allocations at time ¢ is
A(Z(t)) = (A1(Z(1)), ..., A1(Z(2))). Although the coordinates of Z(-) are non-
negative and integer valued, we assume that the function A is defined on the entire
orthant RL to accommodate fluid analogues of Z(-) later.

DEFINITION 2.1. A bandwidth sharing policy for the network (A, C) is a
function A :REr — RL such that for each z € RL:

(i) Ai(z) > 0 for each i such that z; > 0,
(i1)) A;(z) =0 for each i such that z; =0,
(iii) AA(z) <C,
(iv) A(rz) = A(z) for each r > 0, and such that for each i <1,
(v) A;(+) is continuous on {z € RL :z; > 0},

Properties (i) and (ii) imply that routes with active flows may not idle, and that
no bandwidth is allocated to routes with no flows. Property (iii) is the basic feasi-
bility constraint, and property (iv) requires that bandwidth allocations are invari-
ant under scaling. Note that by property (iii), since each route uses at least one
resource, we have

2.1 sup [[AI = CIl-
zeRY
We assume further that the bandwidth A;(Z(¢)) allocated to route i at time ¢ is
shared equally by all flows on the route. That is, if there are Z;(¢#) > 0 flows on
route i at time ¢, then each flow is allocated a processing rate of A;(Z(¢))/Z;i(t) at
time 7.
The following property of A(-) will be used later in this paper.

LEMMA 2.2. Let A(-) be a bandwidth sharing policy for the network (A, C).
For each e, M € (0, 00), there exists ¢ > 0 such that for each i <1,
Ai@)=c  on{zeRl:zi>e |zl < M)
PROOF. For each i <1, the function A;(-) is continuous and strictly positive
on {z € REF :Z; > 0} by Definition 2.1. So A(-) is bounded away from zero on the

compact subset {z € Rfr zi =gzl < M) O

An important class of bandwidth sharing policies satisfying Definition 2.1 is
described below.
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EXAMPLE. The following family of policies was introduced by Mo and Wal-
rand [19]. Fix a parameter o € (0, 0c0) and a vector of strictly positive weights
k= (x1,...,ky). Forz € REF, let fo(z) ={i<Il:zi=0}and J+ () ={i <I:z; >
0}. Let O(z) = {» e RL :; = 0 foralli € 49(z)}. Define a function G,: R —
[—00, 00) by

A
o 1
> kT @e 0,00\ ({1},
(2.2) G,(\) ={ i€l
Z KkizilogA;, a=1,
ied+(2)

where the value of G,()) is taken to be —oo if @ € [1, 00) and A; = 0 for some
i € 44(z), and G,(A) =0 if 4, (z) = @. For each z € Rl , define A(z) as the
unique vector A € RL that solves the optimization problem:

2.3) maximize G;(A),
2.4) subject to AA < C,
(2.5) over O(z).

The resulting allocation is called a weighted o-fair allocation, and the func-
tion A :]R£L — RL is called a weighted o-fair bandwidth sharing policy. Note that
by (2.4) and (2.5), A satisfies properties (ii) and (iii) of Definition 2.1. Proper-
ties (i), (iv), and (v) hold for A by the proofs of Lemmas A.1-A.3 of [12]. (Al-
though it is assumed at the beginning of [12] that A has full row rank, scrutiny
of the proofs of Lemmas A.1-A.3 in [12] reveals that this assumption is not used
in verifying these properties.) When «; = 1 for all i <1, the case « = 1 and the
limiting cases &« — 0 and o« — 0o correspond, respectively, to a bandwidth alloca-
tion that is proportionally fair, achieves maximum throughput, or is max-min fair
[1, 19].

Some authors (see, e.g., Ye [22], Ye, Ou and Yuan [23], Key and Massoulié [13]
and Chiang, Shah and Tang [3]) have proposed more general objective functions
than G(-) for determining bandwidth allocations in the context of flow level mod-
els. Indeed, the optimization problem (2.3)—(2.5) can be replaced by an equivalent
one for the per flow bandwidth allocations x; = A; /z; for i € 4 (z), where G, (L)
given by (2.2) is replaced by

Z Kkizi U(x;)
i€1+(Z)
and the utility function U is given by

xl—a
UX) =1 T4’ a € (0,00)\ {1},

log(x), a=1.
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When a more general strictly concave utility function U is used, properties
(i1) and (iii) are immediate from the form of the optimization problem, proper-
ties (1) and (v) will hold under suitable regularity conditions on U, and (as pointed
out by Chiang, Shah and Tang [3]), the critical scaling property (iv) will be sat-
isfied if U has the scaling property that U(rx) = g(r)U(x) for all r > 0, x > 0,
and some function g : (0, co) — (0, 00). As Chiang, Shah and Tang [3] also indi-
cate, by seeking a scaling limit involving large capacities, one can relax this last
assumption. However, this involves allowing the network capacity C to grow with
the scaling limit and is a different limiting regime than the one considered here; the
present analysis is oriented toward a system with fixed network parameters A, C.

2.3. Stochastic model. Henceforth, we fix a network structure (A, C) and
a bandwidth sharing policy A. Our stochastic model of document flows con-
sists of the following: a collection of stochastic primitives Eq,..., Ey and
vk} s - - - {vik}ge | describing the arrivals of document flows (including their
sizes) to the network, a random initial condition Z(0) € M! specifying the state of
the system at time zero and a collection of performance processes describing the
time evolution of the system state. The performance processes are defined in terms
of the primitives and initial condition through a set of descriptive equations. The
random objects involved are defined on a common probability space (2,.%#,P),
with expectation operator E.

The stochastic primitives consist of an exogenous arrival process E; and a se-
quence of document sizes {v;;};2, for each route i < I. The arrival process E; is
a counting process, that is, a nondecreasing, nonnegative integer valued process
starting from zero. For ¢ > 0, E;(¢) represents the number of flows that have ar-
rived to route i during the time interval (0, ¢]. The kth such arrival is called flow k
on route i and arrives at time U;; = inf{r > 0: E;(¢) > k} (note that simultaneous
arrivals are allowed). Flows already on route i at time zero are called initial flows.

For each i <1 and k > 1, the random variable v;; represents the initial size of
the document associated with flow k on route i. This is the cumulative amount of
processing that must be allocated to the flow to complete its transfer through the
network. Assume that for each i < I, the random variables {v;}72 | are strictly pos-
itive and form a sequence of independent and identically distributed random vari-
ables with common distribution %; on R,.. Assume that the mean (x, ¥;) € (0, 00)
and let p; = (x,9;)~!. We make no further assumptions about the relationship
between u; and E;. The fluid approximation result stated in Section 4.3 below is
valid for both underloaded and overloaded systems.

It will be convenient to combine the collection of stochastic primitives into a
single, measure valued load process. For each x € R, let §, € M denote the Dirac
point measure at x.
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DEFINITION 2.3. For i <I, define the load process for route i by

E;(1)
(2.6) Li() =) Suy. t>0.
k=1

For t > s > 0, define the increment .£; (s, t) = L£; (t) — L; (s).

The process £ = (L1, ...,L1) is a random element of the Skorohod space
D([0, 0o), MY). Note that £L(s, 1) € M! for all > s > 0.

The initial condition specifies Z(0) = (Z1(0), ..., Z1(0)), the number of initial
flows on each route at time zero, as well as the initial sizes of the documents
associated to these flows. Assume that the components of Z(0) are nonnegative,
integer valued random variables. The initial document sizes of the initial flows on
route i < I are the first Z;(0) elements of a sequence {v;;};2, of strictly positive
random variables. A convenient way to express the initial condition is to define an
initial random vector of measures Z(0) € M! with components

Z;(0)
Zi(0)= > 8, i=<L
=1

Henceforth, Z(0) will be used as the initial condition for the network.

The performance processes consist of a measure valued process Z, taking val-
ues in D([0, co), M), and a collection of auxiliary processes (Z, T, U, W). The
process Z = (Zy, ..., Zy) takes values in D([O, oo),RSr). Fori <TIand >0,
Z;(t) is the number of (active) flows on route i at time ¢. Recall that at time ¢,
the bandwidth allocated to route i is A;(Z(t)), and this bandwidth is shared
equally by all Z;(¢) flows on route i; each such flow receives a processing rate
of Aj(Z(t))/Z;i(t), which equals zero by convention if Z;(¢) = 0. Thus, a flow
that is active on route i during a time interval [s, ] C [0, 00) receives cumulative
service during [s, t] equal to
2.7) Si(s,t) = t M du.

s Zi(u)

Consider flow k on route i. This flow arrives at time U;; and has initial docu-
ment size v;x. At time ¢t > Uy, the cumulative service received by this flow dur-
ing [Ujg, t] equals S;(Uijg, t) A vix. The amount of service still required therefore
equals (vix — S;(Uix,t))™. (Once this latter quantity becomes zero, the flow be-
comes inactive, i.e., it departs from the system.) A similar description applies for
the initial flows on route i. Forr > 0, k < E;(¢), and [ < Z;(0), define the residual
document size at time t of flow k on route i and initial flow / on route i, by

2.8)  wir(t) = (vik — Si(Ui, 1)) and  0(1) = (5i — 5:0,1)) 7,

respectively.
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The measure valued process Z = (Zy, ..., Zy) is called the state descriptor; it
tracks the residual document sizes of flows on all routes at any given time. Let
8j € M denote the Dirac measure at x if x € (0, 00), with 8('{ =0. Fort > 0 and
i <1, define the finite Borel measure

Zi(0) E;(t)
(2.9 Zi(t) = Z 55?,@) + Z Slj;k(f)'
=1 k=1

Note that at r = 0, this definition coincides with the definition of the initial con-
dition Z(0). Note also that by definition of the residual document sizes, the mea-
sure Z;(t) has a unit of mass only for flows on route i that have not yet completed
transfer. Thus, forall t > 0 and i <1,

(2.10) Zi(t)=(1,2Z;(1)).

Fort > 0andi <1, define
t
(2.11) T; (1) :/ Ai(Z(s))ds.
0

The process T takes values in D([0, 00), RL) and tracks the cumulative bandwidth
allocated to each route. For ¢ > 0, define

(2.12) U(t)=Ct — AT(1).

The process U takes values in D([O, oo),]R‘_'F) and tracks the cumulative un-
used bandwidth capacity of each resource. Since AA(z) < C for all z € RY , the
process U is nondecreasing. For ¢ > 0, define

(2.13) W) = (x, Z(1)).

Recall that x(x) = x and that integration against the vector of measures Z(t)
is interpreted componentwise. The process W takes values in the path space
D([0, 00), ]REF). By (2.9), W; (¢) is the sum of all residual document sizes on route i
at time ¢. Thus, W;(¢) represents the immediate amount of work still to be trans-
ferred on route i at time ¢. It can be shown that

(2.14) Wi(@) = Wi(0) + (x, Li () — T; (1), i<L 1=0.

This equation describes the workload on route i at time ¢ in terms of the cumulative
amount of work that arrives to and is processed on the route during [0, ¢].

3. Fluid model. In this section, we define a fluid analogue of the stochastic
model introduced in Section 2.3. The main goal of the paper is to establish, un-
der mild assumptions, that a sequence of fluid scaled stochastic state descriptors is
tight and that weak limit points are fluid model solutions (see Theorem 4.1 below).
Fix a vector of strictly positive constants v = (vq, ..., v1) and a vector of proba-
bility measures ¥ = (¢, ..., ¥1) in ML, satisfying (x, ¥;) < oo and (1), ;) =0
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for all i < 1. The constant v;, i <I, will be the fluid analogue of mean arrival
rate to route i in the stochastic model (when that exists). Let u; = (x, 9;)~! and
pi = vi/u; for each i <I. We do not impose criticality assumptions on the con-
stants p;; they may take any value in (0, co). The fluid model consists of a de-
terministic measure valued function of time, called the fluid model solution, and
a collection of auxiliary functions of time defined below.

DEFINITION 3.1. Given a continuous function ¢ : [0, o00) — M!, define the
auxiliary functions (z, 7, u, w) of ¢, with respect to the data (A, C, A, v, 9), by

z(t) = (1, (),

T (1) = /Ot(Ai(Z(S))l(O,oo)(Zi ($)) + pi Loy (zi (5))) ds, <1
u)=Ct — At(t),

w(t) = (x, @)

for all r > 0.

Here z(¢) and t(¢) take values in Rﬂ_ and u(¢) will take values in Ri. On the

other hand, w(r) takes values in [0, co]!, as Z(t) need not have a finite first moment
[see (ii) below].

A fluid model solution is now defined via projections against test functions in
the class

C={f eCLRL): f(0)= f'(0) =0}.

DEFINITION 3.2. A fluid model solution for the data (A,C, A,v,v) is
a continuous function ¢ : [0, c0) — M! that, together with its auxiliary functions
(z, T, u), satisfies:

@ {10y, ¢@) I =0 forall 7 >0,
(i) u; is nondecreasing for all j < J,
(iii) foreach feC,i <L andt >0,

Aiz(s))
zi (s)

ilf, 9 fo 10,00 (2 (5)) dis.

G 0) = (5 (0) — f (g (s )
(3.1

Recall that in (3.1), the integrand in the first integral term is defined to be zero
when its denominator is zero.

In Definition 3.2, it is possible to extend property (iii) to the class of functions
{f e Cllj(]R+) : £(0) = 0}, yielding an equivalent definition. The more restrictive
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class C is used here to facilitate parts of the proof of Theorem 4.1 below. In partic-
ular, since f(0) = f’(0) =0 on C, a function in C can be extended to a function
in C}J (R) by defining it to be identically zero on (—o0, 0).

When the initial fluid workload is finite, we have the following result.

LEMMA 3.3. Suppose ¢ is a fluid model solution with finite initial workload,
that is, w; (0) = (x, £ (0)) < oo for all i <1. Then the fluid workload function w
associated with ¢ satisfies the following for eachi <1 and t > 0:

t
w; (1) = w; (0) +/ (i — Ai(2(5)))1(0,00)(zi (5)) ds
(3.2) 0
=w; (0) + pit — 7 (7).

In particular, the fluid workload w; (t) is finite for all t > 0 and i <1.

PROOF. To obtain the first equality in (3.2), approximate x by a sequence of
functions {f,} C C such that 0 < f,, 1+ x and 0 < f, 1 1(0,00) as n — 00, and
then use monotone convergence in (3.1), noting property (i) of Definition 3.2. The
second equality follows immediately from the definition of 7;. [J

REMARK. In fact, (3.2) holds also if {x, ¢; (0)) = oo, but then (x, &; (1)) = o0
for all + > 0.

4. Sequence of systems and fluid limit theorem. Let R be a sequence of
positive real numbers increasing to infinity. Consider an R-indexed sequence of
stochastic models, each defined as in Section 2.3 for the same underlying network
structure (A, C) and bandwidth sharing policy A. For each r € R, there are ar-
rival processes E7, ..., Ey with arrival times {Ul.’k},fil, i <I; there are document
sizes {v];}52 1, - - -» (Vg ) 5e > With parameters 9" and u; there is the correspond-
ing measure valued load process L"; there is an initial condition Z"(0); there is
a state descriptor Z" with auxiliary processes (Z",T", U”, W") and cumulative
service process S” (-, -). The stochastic elements of each model are defined on a
probability space (2", .#", P") with expectation operator E".

4.1. Scaling. A fluid scaling (or law of large numbers scaling) is applied to
each model in the R-indexed sequence. For each r € R and t > 5 > 0, let

_ 1 _

E"(t)=-E"(rt), S"(s,t)=S8"(rs, rt),
r

_ 1 - 1

L) =-L"(rt), L (s, t)=—-L"(rs,rt),
r r

4.1) Z' (1) = %Zr(rt), Z' () = %Zr(rt),
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T (1) = %Tr(rt), U (1) = %U’(n),

W (t) = %Wr(rt).

With these definitions, (2.10)—(2.14), and the scaling property of Definition 2.1(iv),
we have that for r € R and ¢ > 0,

4.2) Z'(1)=(1,Z" (1)),
(4.3) T/ (1) = /t Ai(Z' () ds, i <1,
0
(4.4) U'(t)=Ct — AT" (1),
4.5) W (1) = (x, Z" (1)),
(4.6) W (1) = W) + (x, L7(1)) = T"(1).
Also, (2.7) and Definition 2.1(iv) imply that for r € R and [s, t] C [0, c0),
o [T ANZ ) .
4.7 Si (s, 1) —/; 725(@ du, i <L

4.2. Asymptotic assumptions. In this section, we impose asymptotic assump-
tions on the R-indexed sequence of models. This is the setting in which our fluid
limit result, Theorem 4.1 below, is proved.

Let v = (vy,...,v1) be a vector of strictly positive constants and let v(¢) =
vt for all ¢+ > 0. Let 9 = (1, ..., ¥1) be a vector of probability measures in Mm!
satisfying
4.8) |10y, #)] =0.

4.9) l{x, I < oo.

Fori <1T,let u; = (x,9;)"! and p; = v;/u;. Define p(r) = pt for all r > 0. For
the sequence of arrival processes, assume that as r — 00,

(4.10) E"()=v().

Conditions under which the functional law of large numbers result (4.10) holds are
well known. For the sequence of document size distributions, assume that

(4.11) 9" 9 asr— oo,
4.12) {9/ :r € R} is uniformly integrable for each i <.
Note that (4.11) and (4.12) imply that

(4.13) uw = as r — 00.
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For the sequence of fluid scaled initial conditions {Z"(0):r € R}, assume that
as r — 00,

(4.14) (Z'(0), {x, Z"0)) = (Z°, {x, 2,
where Z° is a random vector of measures (taking values in MY) satisfying
(4.15) 1(x, Z% | <oco  as.,
(4.16) lim P( sup [(1pextsy, 29 < 8> =1 for all ¢ > 0.
5—0 xeR,

Assumption (4.15) means that the limiting initial workload on each route is finite
almost surely; (4.16) is equivalent to the assumption that almost surely, Z? has no
atoms for all i <I (see [7], Lemma A.1).

4.3. Fluid limit theorem. The assumptions made so far are now summarized
for ease of reference.

There is a fixed network structure (A, C) and a bandwidth sharing policy A.
There is a sequence of stochastic models, each defined as in Section 2.3;

(A) there exist a vector of strictly positive constants v, a vector of probability
measures © € MY, and a random vector of measures Z° taking values in MY
such that (4.8)—(4.16) hold.

The following is the main result of the paper.

THEOREM 4.1.  Assume (A). The sequence {(Z", Z",T",U", W")} is C-tight,
and each weak limit point (Z, Z, T, U, W) is such that almost surely, Z is a fluid
model solution with auxiliary functions (Z, T, U, W) for the data (A, C, A, v, V),
where W (t) is finite for all t > 0.

5. Proof of Theorem 4.1. The proof has several stages. Section 5.1 contains a
functional law of large numbers result for the measure valued load processes {L}.
This result follows from the assumptions imposed on the stochastic primitives.
Section 5.2 derives two dynamic equations satisfied by the fluid scaled state de-
scriptors {Z"}, as well as several related bounds. Section 5.3 establishes a compact
containment property, and Sections 5.4 and 5.5 establish control of oscillations for
the state descriptors. These properties are combined in Section 5.6 to prove the
tightness claim of Theorem 4.1, and properties of weak limit points are derived in
Section 5.7. We assume (A) throughout this entire section.

The general strategy outlined above is similar to that in [7]. However, the model
studied here presents the additional complication of multiple routes that interact
with each other via the bandwidth sharing policy A. In particular, the numerator
in the first integral term of (3.1) is a function of the current state of the whole
system, as opposed to a constant as is the case in the analogous equation in [7].
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This requires additional care to carry out the analysis. A key difference in the
present proof is in verifying (at various stages along the way), that the assumptions
imposed by Definition 2.1 on the more general function A are sufficient to allow
the above strategy to go through. Furthermore, [7] focused only on a heavily loaded
single server queue and its critical fluid limit. Here, we have a network of resources
and there is no a priori assumption on the system load, that is, the traffic intensity
parameters p; are unrestricted in (0, 0o0). This results in a more subtle fluid model
and limit proof (see Section 5.7) related to the treatment of times when fluid queue
lengths become zero.

5.1. Limit of the primitive load processes. Recall that v(¢) = vt, and p(t) = pt
forall t > 0.

THEOREM 5.1. Asr — o0,
(5.1) (L") (X L7 = O, p()).

The proof of this theorem is a straightforward application of a functional law of
large numbers. For completeness, a proof is given in the Appendix.

5.2. Dynamic equations. Fix r € R. For each route i <1, a dynamic equation
satisfied by the component 2_21’ (+) of the fluid scaled state descriptor is the start-
ing point for much of our subsequent analysis. The equation results, after some
simplification, from substituting the definition of the residual document sizes (2.8)
into (2.9). Almost surely, for all Borel measurable f:R; — R, all i <1, and all
t1=s5=0,

E[ (1)

(fZIO)=(f(=56.0).Z[)+ > floi— S/ Uj.0).

k=E7 (s)+1

Recall that f is always extended to be zero on (—o0, 0) so that f(- — x) is well
defined on R for all x > 0. Applying the fluid scaling (4.1) produces

(f, Z[ () =(f(- = 5] (s, 1)), Z[(5))

rE(1)

+- S f = SIURrT ).

k=rE!(s)+1

(5.2)

This equation yields several estimates that will be used frequently. If f is nonneg-
ative and nondecreasing, then using the bound SUP,cR, fC—x)<f()in (5.2)
yields

(f, ZE@) < (f(- = S0 (s, 1)), ZE()) + (f, L5 (5, 1))

(5.3) _ _
< (fL Zi () + {f. Li(s,1).
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If f is bounded, then (5.2) implies that
(£ Z{0) < (£ (= 57 (5.0), ZE&) + 1 flloof 1, L] (5, 1))
< 11f loo{ L, Z()) + Il flloo{ L, £ (5,1)).
By ignoring the sum in (5.2), we obtain for any nonnegative f that
(5.5) (f( =587 (5.0), Z{(9) < (f, Z{ ().

An alternative dynamic equation to (5.2), that is satisfied by ,‘Zl’ (+) on certain
time intervals, will be used when passing to the limit as r — oo. This equation
is a prelimit analogue of the (3.1) satisfied by fluid model solutions. It is derived
from (5.2) and is written in terms of projections against functions f in the more
restrictive class

5.4)

(5.6) C.={f € C: f has compact support in R }.
Note that for f € C., the derivative f’ has compact support and || f’||sc < 00. The
proof of the following result appears in the Appendix.

LEMMA 5.2, Fixr € R. Almost surely, for all i <1, all f € C, and all finite
time intervals [s, t] C [0, 00) satisfying infyc[s ) Z] (u) > 0, we have
A (Z"

i(Z"(u)) du

_ _ t _
L ZL0) = (f. ZL(s)) — / ) S

(5.7) ) B}
+ (f. L; (1)) = (f, L (5)).

5.3. Compact containment. In this section, we establish the first of the two
main conditions used in proving tightness.

LEMMA 5.3. Let T > 0 and n > 0. There exists a compact set K C MY such
that

st vyt
lin_l)ng (Z'(t)eKforallt €[0,T])>1—n.
PROOF. By (4.15) and since ||(1, Z%)| < oo almost surely, there exists an
M > 0 such that
(5.8) P(I (1, Z0 v [(x. 2 = M) <n.

Since & — (1, &) is a continuous RL—Valued function on MY, assumption (4.14)
and the continuous mapping theorem imply that

(5.9 (L, ZO), (x,Z'(0) = (1,2%, (x,Z2°)  asr— .
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The set {(z, w) € Rﬂ_ X RL Szl v llw|l < M} is open, so by (5.8), (5.9) and the
Portmanteau theorem,

LiminfP" ({1, Z" ()1 v II(x, Z" ()]l < M)
(5.10)
> P(>I(L Z01 Vv Ix, 201l < M) = 1 —n.

For each r € R, let @ be the event in the left-hand side of (5.10) and define
S={IIK1, LNV Ix, LN < K},
where K = (||vT|| V |pT|) + 1. By Theorem 5.1,
(1, L7(T)), (x, L7(T)) = T, pT) asr — o0.

So liminf, oo P"(£25) = 1 by the choice of K. For each r € R, let 5 be a full
probability event on which the dynamic equation (5.2) holds. Then

(5.11) liminfP" (2] NQ5N Q%) > 1 —1.

r—00
Let K be the closure in M! of the set {& € M : |[(1, &) Vv I{x, &)l <M + K}.
The set K is compact by [11], Theorem 15.7.5. Fix r € R and an outcome w €
Q) NQ,NQY%; assume for the rest of the proof that all random objects are evaluated

at this w. Fix ¢t € [0, T']; by (5.11), it suffices to show that Z' (1) € K. The dynamic
equation bound (5.4) and the definition of €} N €2, N Q% imply that

max(1, Z; (1)) < max{(1, Z;(0) + (1, £ ()}
(5.12) = max{(1, Z;(0)) + (1, £{(T))}
<M+K.
Similarly, the dynamic equation bound (5.3) implies that
max(x, Z; (1)) < max{(x, Z{ () + (x, £ (1))}
(5.13) < max{(x, Z; () + {x, £](T))}

<M+K.
Combining (5.12) and (5.13) with (5.11) completes the proof. [J

5.4. Asymptotic regularity near zero. Over any finite time interval, with ar-
bitrarily high probability as » — oo, the fluid scaled state descriptor Zl’ (-) for
route i puts arbitrarily small mass on a sufficiently small neighborhood of zero.
This is proved in the following lemma, and is a key ingredient for establishing an
oscillation property in the next section.
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LEMMA 5.4. LetT > 0. Foreach e, n € (0, 1), there exists an a > 0 such that

(5.14) limianr( sup [(L0.a1, Z" )] < 8) >1—n.
r—>oo 1€[0,T]

PROOF. Fix ¢,7n € (0, 1). The proof consists of several steps. The first three
steps are concerned with defining four high probability events €27, 25, Q5, €.
Steps four and five supply the desired bound (in two parts) on the intersection of
these events.

Step 1. By (4.16), there exists b > 0 such that

&
(5.15) P<sup||<1[(n_1)b,nb], Z%)| < Z) >1- g
neN

Let B={{ € M!': sup,en 1{1[=1)b,n61, §) I < €/4} and suppose that & € B and
(€%} c M satisfy £X Y, &. Choose L € N large enough so that || (1{15,00), &) 1| <
&/4. Since él.k AN & for each i <1, the Portmanteau theorem implies that

lim sup sup | (1jou—1)p.n01> X)]

k—oo neN

<lim sup(max||(l[(n_l)b’nb]’ N [(izpc0r, $k>”>
k— 00 YZEL

&

= T§§||(1[("—1)bs"b]»5>|| V [(1izb.00), €)] < e

So &% € B for sufficiently large k, which implies that B C M is open. We deduce
from (4.14) and the Portmanteau theorem that

limianr< sup |[(1pxx+61, Z7(O))] < E)
r—00 xeR, ’ 2

oy -, £
(5.16) > liminfP (:lelg“(l[(n—l)b,nb]a Z'0)] < Z)

&
= P (suplft - 27 < 5 ).
neN

Combining (5.16) with (5.15) yields

(5.17) liminfP"( su ||<1 Zr(0)>|| < ¢ >1-— U
. imin P [x,x+b]> 7)) = 5

XGR+

Let €2/ be the event in the left-hand side of (5.17).
Step 2. By Lemma 5.3, there exists a compact set K C M! such that

s 7
(5.18) liminf P’ (2" (1) € K forall 1 € [0, 77) = 1~ 7.
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Since K is compact, there exists M < oo such that

(5.19) sup [I{1, §)I| < M.
£eK

Let €2} be the event in the left-hand side of (5.18).
Step 3. By Lemma 2.2, there exists ¢ > 0 such that for each i <1,
(5.20) Ai(z)>c on {zeRL:zizs/S, lzll < M}.

Let 8§ =e(12|v])"' AT and let a = 8c(2M)~! A b. Choose N & N large enough
so that

8
(5.21) Na>a+T|C|-.

Let Ip = @ and, for each n € N, define I, = [(n — 1)a, na) and choose g, €
Cp(Ry) satisfying 1;, < g, < 1;,_,ur,u1,,,- Then since ¥ is a vector of proba-
bility measures,

oo

o0
(5.22) max (g, 9i) Smax d(Ly, 01,0t %) < 3.
- n=l1

- n=l1

For notational convenience, let go = 1. For each n € N U {0}, the REF—Valued map
£ > (gn, &) is continuous on M!. So for each such n, Theorem 5.1 and the contin-
uous mapping theorem yield

(5.23) (gn, L)) = v(){(gn, V) as r — 00.

The limit in (5.23) is a deterministic and continuous function taking values in RL.
So, the convergence is uniform on compact time intervals in probability, and occurs
jointly for all n =0, ..., N. Therefore,

- £
5.24) limi fPr< Ly L)) — vt (gn, U <—>=l.
524 timinfP (| max - sup (1o, £1(0) = vi(gn. 0} < g

Let 2% be the event in (5.24) and let ), be a full probability event on which (5.2)
holds. Define Qf = Q] N Q5 N Q5 N Q). By (5.17), (5.18) and (5.24),

liminf P’ (Qp) = 1 — 7.
Thus, setting €2, equal to the event in (5.14), it suffices to show that 2 C 2 for
eachr € R. Tothisend, fixr e R, w € 96, t € [0, T], and i <I; assume for the

rest of the proof that all random objects are evaluated at this w. It suffices to show
that

(5.25) (lo,a1, Z] (1)) <.
Step 4. Define the random time

(5.26) T =sup SSt:Zf(S)Sg},
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where sup @ = 0. We first show that

- e
(5.27) sup (1j0,a1(- — x), Z (7)) < X
X€R+
If T =0, this follows from the definition of 27, since a < b. If T > 0, then the
definition of 7 implies the existence of T € [(t — §)™, ] such that (1, ,‘Zf (7)) =
Zir (T) < ¢/8. By the dynamic equation bound (5.4) and the definition of 7,
sup (1[0,61]( - x)a z;(T)> =< <1s Z{(f)> + <1’ j{(f’ T))

XERJr

+ (1, £ () — (1, LI (D).

Applying the definition of 25 and noting that go = 1, we obtain

00|0‘)

sup( [0,a1(- — X), Zr(r)>< +vi(t — 7)(1, 19)+—<§+5||v||+
XER+

which implies (5.27) by the choice of §.

Step 5. Note that if T = ¢, then (5.25) follows directly from (5.27); so assume
that ¢ > 7. For all s € (z,t], Z/(s) > ¢/8 and || Z"(s)|| < M by (5.19) and the
definition of £25. So, (5.20) implies that

(5.28) 1nf A (Z"(s)) > c.

se(t,
Using (5.2) and (5.27),
(10.a1> Z] 1) = (11,1 (- = 87 (z, 1)), Z (1))
rEi’(t)

(5.29) +- Yo LaWi — SIULrT )
k=rE(1)+1

Ly, i) Lo,y (V] = 87 (Ufr ™", 1)),

IA

| ™
+
i~
N

M

k=rE! (t)+1

Consider a flow k such that U/, r ~le(z,¢] and v, € I, forn > N. Then v}, >
Na>a+T|C|8 . Since z;(s) > ¢/8 for s € (1, 1],
LA (Z’(S))

8
SrU _,t—/ ——ds <T|C|-.
Wi 0= | T Ici-

Thus, (v, — ST (ULr~1, 1)) > a and so 1jo,4 (v}, — ST (UL~ 1, 1)) = 0. We deduce
from (5.29) that
rEL(t)

(5.30) (10,1, Z} (1)) <—+Zr > 1, W lo.a (v — SEULT D).
n=l" k=rEl(t)+1
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Consider two flows k < [ satisfying Ul’kr_1 Uiir —l e (z,1] and v, v € I, for

somen=1,...,N.If Ur~1 — U,r~! > 8, then by the definition of Q5, (5.19),
(5.28) and the definition of a,

Ai(Z"
S{ (U= 0) = SEulr™! z):/Ur y % s
iKk"

Z (Uil’lr—l r —1)_

éc
> — >2a.
=y

Consequently,
vl = STl D) = (v Sr(Ur L) >2a+v, —v, >2a—a=a
il i il ik il ik
and so at most one of

0,01 (v — SE UL~ 1) and 1o, (v, — SEULr 1 1)

1

is nonzero. This implies that flows arriving to route i during (z, t] with document
sizes in I, and residual document sizes at time ¢ in [0, a] must all arrive during
some time interval of length less than 6. That is, foreachn =1, ..., N, there exists
an interval (s,, s, + 6,1 C (t, t], with §, < 4, such that Uzk” € (z,t], v € I,
and v}, — S’(U’ —1.1) € [0, a], implies Ujir~ e (s, su + 8,]. Combining this
fact with (5.30) yields

. 1 rE! (s+98)
(10,1, ZL (1)) < > Z sup — > 1, ().
n=15€l0.T=817 , _ FE ()41
Bound 1, by g, and rewrite the above to obtain
_ & N _ _
(110,41, Z7 (1)) < 5t > sup ((gn, LI (s +8)) — (gn. L] (5))).
=1 5€l0,T—8]

Applying the definition of €25 and (5.22), we obtain

g 3e
(110,a1, Z (1) < 3 (Vz (&n, ¥ +m) Z+53||V||

By the choice of §, the right-hand side is bounded above by e. [

5.5. Oscillations. This section contains an oscillation bound used in proving
tightness.
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DEFINITION 5.5. Let T > 0 and § € [0, T']. For each ¢(-) € D([0, 00), M),
define a modulus of continuity on [0, 7'] by

(5.31) wr((),8) = sup di[£(s), ()]
s,t€[0,T]
|t—s|<d

LEMMA 5.6. LetT > 0. Forall ¢, n € (0, 1), there exists § > 0 such that
(5.32) lirgng’(wT(Zr(-), <e)=1-n.

PROOF. Fix ¢,n € (0, 1). By Lemma 5.4, with ¢/2 in place of ¢, there exists
a > 0 such that

(5.33) limian’< sup |{1j0.a1, Z" )| < %) >1—7.
te€[0,T]

r—0o0

Let © be the event in (5.33) and let § = min{e(e A @)@|C|)~ L, e@|v])~1}.
Since £ — (1, £) is continuous on M!, Theorem 5.1 implies that (1, £7(-)) = v(-)
as r — oo. Thus,

(5.34) limianr( sup |[(1, L7(t)) — vt|| < E) =1.
r—eo t€[0,T] 8

Let €2/ be the event in (5.34) and let 25 be a full probability event on which (5.2)
holds. By (5.33) and (5.34),

(5.35) lirgng’(Qﬁ NQ,NQ%)>1—n.
Fix r € R and an outcome w € 2} N 5 N Q%; assume for the rest of the proof that

all random objects are evaluated at this w. Fixi <Iand s, € [0, T] with s <t and
t —s < 8. By (5.35), Definition 5.5 and (1.2) it suffices to show that

d[Z](s), ZI ()] <e.
Let B C R be closed. By (1.1), it suffices to show the two inequalities,
(5.36) (18, Z}(5)) < (1ge, Z[ (1)) + &,
(5.37) (1p, Z[ (1)) < (1pe, Z[(5)) +e&.
To show (5.36), use the definition of €2} to write

(15, ZL(s)) < (1{0,a1s Z5($)) + {1 Bn(a,00)» ZL(5))
(5.38)

8 -
<3 + {1 Bn(a,00)s Z1 (5)).

Let I ={u€[s,1]: Zl.’(u) < ¢/2}. Suppose that I = &. Then Zl.’(u) > ¢/2 for all
u € [s, t]. So, by (2.1) and the definition of &,

. tA(Z" 2| A
(5.39) S{(s,t)zf Aizw) ., o g2l _ 820 <eAa.
N

Zi’(u) €
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Consequently, x € B N (a, 0o) implies x — Sl.’ (s, 1) € B?, and so
BN (a,00) C B+ 5/(s,1).

We deduce from (5.38) that

(15, Z!(s)) < % (e 5700 Z06)) = % 4 (Lge (- — 87 (5.1)). ZL(s)).
Apply the dynamic equation bound (5.5) to obtain
(5.40) (15 Z{(9) = 5 + (15, Z(0))-
Now, suppose I # & and let T = inf /. Then by right continuity of Zl.r ),
(5.41) 7o) < g
Since Z! (u) > ¢/2 forall u € [s, 7),

CAZTw) | 20C0

(5.42) S (s, T) :f 7w ,

By (5.38) and (5.42),

_ e _
(1g, Zj(s)) < 3 + (1(a.00)» Z] (5))
€ 77
=5 + <1[.§'i’(s,r),oo)’ Z; (s))
e _ -
=3 +{lpoo (- = 57 (5, 7)), Z{ (5).
Apply the dynamic equation bound (5.5) to obtain
_ e _
(5.43) <13,z;(s)>55+<1,zlf(r)> <e.

So (5.36) follows because either (5.40) or (5.43) holds.
To show (5.37), note that by definition of €2}, and 4,

(544) (1, Li(s, 1)) = (1, LI(1)) — (1, L1 (s)) <vi(t — ) + Z <|v]Is +
By the first inequality in (5.4) and (5.44),
(1g, Z[ () <(1g(-— S/ (s, 1)), Z[ () + (1, LI (s, 1))

=

B~ ™
| ™

(5.45)

=r &
= (1B+S{(s,z)» Z7 (s)) + 5

If I = @, then (5.39) implies that B + S‘l.’ (s, 1) C B%. So, (5.45) yields
_ - I3
(1, Zi(t)) < (lpe, Zi(s)) + 3
If I # &, then by (5.4), (5.41) and (5.44),
(1, ZL(1)) < (1, Z[ (1)) + (1, LI (r, 1)) < (1, Z[ (D)) + (1, L] (s, 1)) <.
In both cases, (5.37) holds. [
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5.6. Tightness. This section combines the work of Sections 5.1-5.5 to prove
the tightness claim of Theorem 4.1.

THEOREM 5.7. The sequence {(Z",Z", T",U", W")} is C-tight.

PROOF. Foreach T > 0and$ € [0, T, let W/T(-, 8) be the modulus of conti-
nuity on D([0, 00), MI) used in Corollary 3.7.4 of [6]. By Definition 5.5,

W (£(-),8) < Wrys(£(-),28)

for all ¢(-) € D([0, 00), MD). So by Lemmas 5.3 and 5.6, the measure valued state
descriptors {Z"} satisfy the compact containment and oscillation conditions of
Corollary 3.7.4 in [6]. Thus, {Z"} is tight. Moreover, Definition 5.5 and Lemma 5.6
also imply that any weak limit point Z (obtained as a limit in distribution along
a subsequence of {Z")) is continuous almost surely Since Z7(-) = (1,Z"(-)) and
£ > (1, £) is continuous on M, it follows that {(Z", Z")} is C-tight.

By (4.3) and (2.1), T"(-) is almost surely Lipschitz continuous with Lipschitz
constant ||C|. Since this holds uniformly in r, the sequence {T”} is tight and any
weak limit point 7 is almost surely Lipschitz continuous with Lipschitz constant
Cll. By (4.4), C-tightness of {(T"} implies C-tightness of {U"}.

As r — 0o, W' (0) = (x,Z°% by (4.14), and (x, L (")) = p(-) by Theo-
rem 5.1. So (4.6) and C-tightness of {T"} imply C-tightness of {W"}. It follows
that {(Z", Z",T",U", W")} is C-tight. [

5.7. Weak limits_asﬂ_uidmod_el so_lutions. Let (Z,Z,T,U, W) be a weak limit
of the sequence {(Z",Z", T",U", W")}, and let {g} C R be a subsequence such
that

(24,29, 71,09, W9 = (Z,Z,T, U, W)  asq— oo.

Note that since W9(0) = (x, Z9(0)) for all ¢, assumption (4.14) implies that
(Z(0), W(0)) ~ (Z° (x,Z%) and so W(0) ~ (x,Z(0)). By Theorem 5.1,
(LI, (x, L)) = (W), p(-)) as ¢ — oo. Using the Skorohod representation
theorem, we may assume without loss of generality for the rest of this subsection
that (Z,Z,T,U, W) and {(Z49,Z4,T9,U%, W9, L9, (x, £9))} are defined on a
common probability space (2, F, P) such that, almost surely, W(0) = (x, Z(0)),
and as g — o0,

(5.46) (Z4,79,T9,09, W9, L9, (x, L)) = (Z,Z, T, U, W,v(-)9, p()),

uniformly on compact time intervals. Let €21 be the event of probability one on
which W(0) = (x, Z(0)) and (5.46) holds. For each ¢, let Qg be an event of
probability one [cf. (5.2) and Lemma 5.2] on which (5.2) holds, and on which
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forall i <1I, all f € C,, and all finite time intervals [s,¢] C [0, 0c0) satisfying
infyefs,i Z1 (u) > 0,
t (79
(f. 21 ) =(f. 2] (5)) —/ (f', Z?(M))Mdu
s Z; (u)
(5.47) _ _
+ (f. LT@) = (. LI (9)).

Then Q, = ﬂq Qg also has probability one. Define Q2o = 21 N 5.

Lemma 5.8 and Theorem 5.9 below establish that almost surely, Z is a fluid
model solution with auxiliary functions (Z, T, U, W) for the data (A, C, A, v, ¥),
where W (¢) is finite for all ¢ > 0.

First, recall that for a function x : [0, 00) — R, a regular point for x is a value of
t € (0, 00) at which x is differentiable. If x is absolutely continuous, then almost
every t € (0, oo) is a regular point for x, and

t
x(t):x(O)—l—/ x(s)ds, t >0,
0

where X is equal to the derivative of x whenever x is differentiable, and X is equal
to zero otherwise. A uniformly Lipschitz continuous function x : [0, o0) — R is
absolutely continuous.

LEMMA 5.8. Almost surely, for all t > 0, the limit (Z, Z, T, U, W) satisfies:

(@) 1I(L0p. ZW)[ =0,
(1) Z(r) =(1,Z(1)),
(iii) U(t) =Ct — AT (1),
(iv) W) =W(0) + pr — T (1),
(v) W)= {(x,Z),
(vi) W is uniformly Lipschitz continuous with Lipschitz constant || p| + ||C],
(vil) foralli <1,

t
1) = | (AZ6) 000 (Zio) + pil0)(Zi() ds,
(viii) U; is nondecreasing for all j <J.

PROOF. Let T > 0. It suffices to show (i) for all ¢ € [0, T). By Lemma 5.4,
there exists a sequence {a, :n € N} of positive real numbers such that, for each
fixed n,

_ 1 1
(5.48) 13]mian< sup. I(110.a,). Z1))] < ;) >1- .

- t€[0,

Foreachn e N, let A, = {£ e ML: 1{1[0,a,), &)1l < 1/n}, and suppose that {8y ¢
A, satisfies &K N & as k — oo. By the Portmanteau theorem,
. 1
| (l[ovan)’ 'SE)” = lim Sup”(l[oﬁn)’ gkm = ;

—> 0
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So & € A,,, which implies that A,, C M! is closed for each n. By definition of the
Skorohod topology, the set

B, = {£(-) € D([0, 00), MY): (1) € A, for all 1 € [0, T}

is closed in D([0, co), MY) for each n. Thus, since Z? = Z, (5.48) and the Port-
manteau theorem imply that

- 1
(5.49) P(Z €B,) > liminfP(Z9€B,) > 1 — —.
g—00 n

We deduce from (5.49) and the Borel-Cantelli lemma that

p(_ sup 02001 =0) = (U iz b)) =1
k=1n=k

t€[0,T)

which proves (i).

Fix an outcome w € ¢ and assume for the rest of the proof that all ran-
dom objects are evaluated at this w. Property (ii) follows from (4.2) and (5.46).
Property (iii) follows from (4.4) and (5.46), and property (iv) follows from (4.6)
and (5.46).

To prove (v), fix t > 0 and i < 1. Since Wiq ) = (yx, Z? (t)) for all g, and
since Wiq (t) — W;(¢t) as ¢ — oo by (5.46), it suffices to show that (y, Z?(t)) —
(x,Zi(t)) as g — oo. Since 2? (1) Ny (t) as ¢ — oo, it suffices to show that
the g-indexed sequence of measures {Z?(t)} is uniformly integrable. To this end,

note that if a sequence {£9} C M satisfies £ AN &and (x,&1) — (x,&) < o0,
then {£9} is uniformly integrable. Thus, {Z](0)} is uniformly integrable by the
definition of €21 and (5.46), and {OC_l.q (t)} is uniformly integrable by (5.46). We
conclude from the dynamic equation bound (5.3) that, for each x > 0,

sup(x 11x.00)s Z7 (1)) < sup((x 1x,00) Z7 (0)) + (X 1x,00), LI (1))).
q q

So uniform integrability of {Z? (t)} follows from uniform integrability of {Ziq )}
and {L7(1)}.

To prove (vi), recall from the proof of Theorem 5.7 that T is uniformly Lipschitz
continuous with Lipschitz constant |C||. So, (vi) follows from (iv).

To prove (vii), fix i <I. Since W; and T; are uniformly Lipschitz continuous,
they are both absolutely continuous. Let # > 0 be a regular point for both W; and T;.
Then W; () = p; — T;(¢) by (iv). If Z;(t) = 0, then W;(r) = 0 by (v). Since W; is
a nonnegative function, this implies that W,- (t) =0 and so Ti(t) = p;. Alterna-
tively, suppose that Z;(¢) > 0. By (ii), continuity of Z; implies continuity of Z;.
So Z;(s) > 0 for all s € [¢,¢ + h] and all sufficiently small z > 0. In this case,
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(5.46), (4.3), continuity of A; on {z € Rﬂ_ :z; > 0}, (2.1), and the bounded conver-
gence theorem, imply that

Tit+h) = T;() = lim (Tt + 1) — T (1)

+h
(5.50) = lim A (Z9(s))ds

q—00 J;

t+h
= ANi(Z(s))ds.

t
Since A;(Z(-)) is continuous at ¢ for Z;(¢) > 0, it follows that

Ai(Z(1)), if Z;(t) > 0,

(5.51) i) = {pi, if Z; (1) =0.

Since almost every ¢ > 0 is a regular point for W; and T;, (5.51) implies (vii).
Property (viii) follows because UJ‘-I is nondecreasing for each ¢ and j <J, and

because U? — U uniformly on compact time intervals by (5.46). [

The next result establishes the family of dynamic equations satisfied by the limit
in (5.46).

THEOREM 5.9. Almost surely, foralli <1, f € C,and t > 0,
A (Z(s))
Zi(s)

t
vilf 90) /0 10.00)(Zi () ds.

t
(. Zi (D) = (f. Zi(0)) — fo (. Zi(s)) )
(5.52)

Recall that the first integrand above is defined to be zero when Z;(s) = 0.

PROOF OF THEOREM 5.9. All random objects in this proof are evaluated at
a fixed outcome w € ¢ such that (5.2), (5.46), (5.47) and the properties listed in
Lemma 5.8 hold. The theorem will be proved first for f € C., and an extension to
C is made at the end. Recall that for f € C., the derivative f’ has compact support
and || f'|loo < 00. Note also that since f(0) = f/(0) = 0, there exists a constant
C ¢ < oosuch that | f(x)| < Cyx for all x € R. Therefore,

(5.53) I(f, Zi(O) = Crlx, Zi(0)) =CgWi(r)  forallz>0.

The following preliminary result is used several times in this proof.
For each fixed f € G, each i <1 and each interval [s,¢] C R satisfying
inf, (5,11 Zi (u) > 0, we have
Ai(Z(u))

(5.54) (f,Z2i(0)) =(f, Zi(s)) - /(f Zi(u)) ——— 7.0 du +vi(t —s)(f, 0i).
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To see this, fix an f, i and interval [s, 7] satisfying the assumption. By (5.46) and
Lemma 5.8 (ii), Z?(-) — Zi(-) as ¢ — 00, uniformly on compact time intervals.
Thus,

(5.55) liminf inf Zq(u) > 0.

q—>0 uels,t]

By definition of €2, this implies that (5.47) holds for all sufficiently large g. Let
g — oo in (5.47). Note that f and f’ are elements of Cp(Ry), and that A; is
continuous on {z € RL :z; > 0} (see Definition 2.1). Thus, (5.46) and (5.55) im-
ply that for all g sufficiently large, the integrands in the second right-hand term
of (5.47) are uniformly bounded on [s,?] and converge pointwise on [s,?] to
(f', Z,-(-))%Z(g)). Apply bounded convergence to this term and apply (5.46) to
the remainingl terms in (5.47) to obtain (5.54).

We now proceed with the proof of the theorem. Fix f € C.,i <1, and an interval
[s,t] C Ry with ¢ > s. Define

(5.56) o =inf{u € [s, t]: Z; (u) =0},

where the infimum of the empty set is defined to be . If 7p > s, then
infye[s,z1 Zi (u) > 0 for all intervals [s, T] C [s, 79). So, for each such 7, (5.54)
with t in place of ¢ implies that

(557 HfZi(@) = (£, Zi)] = (@ =) f Mo IC + (T = )il flloo-

Since both sides of (5.57) are continuous in 7, letting t 1 7o yields

(5.58) ([, Zi(w0)) — (£, Zi())] = (0 = ) [ oo ICll + (z0 = )il f ll oo

Note that if 7o = s, then (5.58) holds trivially. If 79 < ¢, then Z;(t9) = 0 by conti-
nuity of Z;, and so (f, Z;(tg9)) = W;(t9) = 0. Then by (5.53) and property (vi) of
Lemma 5.8,

I(f, Zi (1)) = (f. Zi(0))| = [(f, Zi(1))| < CrWi(r)
(5.59) = Cr|Wi(1) = Wi(0)|
= Cr(lpll+ICIHE = 0)-
If 79 =, then (5.59) holds trivially. Combining (5.58) and (5.59) yields
I(f, Zi(0) = (f. Zi))| < [(f, Zi (1)) = ([, Zi(70))]
+ [(f, Zi(10)) — (f, Zi(s))]
= Cr(lpl+1ICIHE = 10)

+ UL Moo I+ vill flloo) (To — 5)
<Kyt —y),
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where

Kr=CrUlpll+1CID + 11 f Nl IC Il + vill £ lloo-

Since s <t were arbitrary, it follows that ( f, Z;(-)) is uniformly Lipschitz con-
tinuous and is therefore absolutely continuous on R . Suppose ¢ > 0 is a regular
point for both (f, Z;(-)) and W;(-). If Z;(¢) > 0, then by (5.54) (with [¢, 4 k] in
place of [s, t]), and continuity of A; on {z € RL :z; > 0} (see Definition 2.1),

. (£, Zit+h) = (f,Zi(0)) / Ai(Z(1))
5.60 ] =—(f,Z,(t))———— (f, D).
(5.60)  lim ; (1 ZiO) =57 = vl f90)
If Z;(t) =0, then (f, Z;(t)) = W;(¢t) =0, and so Wi (0) = 0 because W; is a non-
negative function. Combining this with (5.53), we obtain

i (f,Zi(t-l-h))—(f,Zi(t))‘_ . ‘(f,Zi(t+h))‘
im sup =limsup| ——
h—0 h h—0 h
< limsupCf’W’
(5.61) "0
. Wit +h) — Wi (1)
= limsup Cf’
h—s0 h
= Cy|W;(1)| =0.
Combining (5.60) and (5.61), we obtain
Ai(Z(1))
d B A S . ‘ .
(5.62) EUC’ Zi(t)) = { (f', Zi(@0)) 7.0 +vi(f, i), Zi(t) >0,
0, Zi(t)=0.

The set of all ¢ € (0, co) that are regular points for both (f, Z;(-)) and W;(-) has
full Lebesgue measure, so (5.52) follows from (5.62).

This proves the theorem for f € C.. To extend to C, choose functions {g,:n €
N} C Cé(RJr) such that 1[0 ») < g1 < ljo.n+1] and [|g), loc <2 for all n. For f € C,
define f, = fg, sothat f;,, € C. for all n. Then for alln € Nand t > 0,

. Ai(Z(s))
s Z10) = U Z0O) = [ (1 Zi) =222 ds

(5.63) Zi(s)

t
i fo 95) fo 10.00)(Zi (5)) ds.

Since f, — f pointwise and boundedly as n — oo, the bounded convergence
theorem implies that the left-hand side, as well as the first and third terms on the
right-hand side of (5.63), converge to the corresponding terms of (5.52) as n — oo.
Similarly, f, — f’ pointwise and boundedly as n — oco. So, the integrand in the
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second right-hand term of (5.63) converges pointwise on [0, t] to (', Z;(-)) A’Z(’% S')
asn — o0o. Foreachn € N,

A (Z
sup | (£, 2 (s)) 2LEED

<Nl ICI < (' loo + 21 F o) IC-
s€[0,1] Zi(s) Inllos S loo Fllea

So, the bounded convergence theorem implies that the second right-hand term
in (5.63) converges to the corresponding term in (5.52) as n — oco. [

PROOF OF THEOREM 4.1. The sequence {(Z',Z",T",U", W")} is C-tight
by Theorem 5.7. Let (Z, Z, T, U, W) be a weak limit point of this sequence. Then
by Theorem 5.9 and properties (i)—(v), (vii) and (viii) of Lemma 5.8, Z is almost
surely a fluid model solution with auxiliary functions (Z, T, U, W) for the data
(A,C, A,v,P) (see Definitions 3.1 and 3.2), and W (¢) is finite for all r > 0. [

6. Invariant states for fluid model under weighted a-fair policies. In this
section, we consider the special case of weighted «-fair policies. Fix fluid model
data (A, C, A, v, 1), where A is a weighted «-fair bandwidth sharing policy with
parameters (o, k) as described in the example of Section 2.2. Under a natural con-
dition on the network parameters A, C, v and ¢, there exist fluid model solutions
that are time invariant. This section identifies the condition and characterizes the
set of these invariant states.

The following representation of the weighted «-fair policy A follows from
Lemma A.4 of [12]. (Although it is assumed at the beginning of [12] that A has
full row rank, this property is not used in the proof of Lemma A.4 in [12], and
hence the result holds without restriction on the row rank of A.)

PROPOSITION 6.1. For each 7z € RY | there exists at least one pE ]R'_{_, de-
pending on z, such that

‘ Ki 1/
6.1) A~(z):z~<7) foralli € 4,(2),
l X j<rpjdji i
where
(6.2) pj<Cj—ZAj,’Ai(Z))=O forall j <.
i<I

The (p;:j < J) are Lagrange multipliers for the optimization problem (2.3)—
(2.5), one for each of the capacity constraints in (2.4). Note that for each i € {4 (z),
the bandwidth A;(z) > 0 by Definition 2.1(i), and z; > 0 by definition. Thus, (6.1)
implies that the denominator on the right-hand side of (6.1) does not vanish.

DEFINITION 6.2. A vector of measures & € M! is an invariant state for the
fluid model if there is a fluid model solution ¢ (-) satisfying ¢(¢) =& for all + > 0.
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The following notation helps describe invariant states. Recall that wu; =
(x,9)"Vand p; = v;/u; for i <I. Also recall that 4, (z) = {i <I:z; > 0} and
Jo(z) ={i <l:z; =0} forz e Rﬂr. Let

P ={zeRL:Ai(z) = pi foralli € 44(2)}.

For each i <1, let ¥/ denote the excess lifetime distribution associated with ;.
The probability measure ¥¥{ is absolutely continuous with density

pi () = 1i(1(x,00), Vi), xeRy.

THEOREM 6.3. There exist invariant states for the fluid model if and only if

(6.3) Ap < C.
When (6.3) holds, the set of invariant states is given by
(6.4) Mz{SGMI:S,-:z,-ﬂfforalli <1Iand some 7 € P}.

PROOF. Suppose that £ is an invariant state and let £ (-) = £ be the correspond-
ing fluid model solution with auxiliary functions (z, 7, #) given by Definition 3.1
(we omit w here). Then z is a constant vector, denoted z = (1, &). For each f € C,
i € 41(z) and t > 0, property (iii) of Definition 3.2 yields

Ai(2)

(6.5) (fo&) = (f.&) —t(f &) - +1vi(f, 0i).
Since (cf. Proposition 3.1 in [20]),
(6.6) (f, 19,~)=%(f’,19f) forall f € C,
canceling like terms in (6.5) yields

ey Ai@) Y
6.7) (8= = il 9,

Replacing f by a suitable sequence of functions { f,,} C C satisfying f, > 0 and
S 1 1(0,00), the monotone convergence theorem implies that (6.7) holds with f' =
1(0,00)- So by property (i) of Definition 3.2, and since ¥/ does not charge {0},

(6.8) Ai(z) = p; forall i € 44 (z).
Since z; =0 for i € 4¢(z), this implies by Definition 3.1 that for all # > 0,

t
6.9 @)= /(; (A,‘(Z)l(o,oo)(zi) + pil{o}(zi)) ds = pit foralli <I.

Thus, u(t) = Ct — Apt = (C — Ap)t for all + > 0. Since u is nondecreasing by
property (ii) of Definition 3.2, (6.3) holds. Moreover, substituting (6.8) into (6.7)
and canceling p; yields

/ .
<f’€l)=(f/,19f) forall f e Candi € 44 ().
Zi
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This implies (in the same manner as in the proof of Theorem 1.1 in [20]) that
(6.10) & =zivf foralli € 44 (z).

Since &; = 0 for all i € {¢g(z), combining (6.10) with (6.8) implies that £ € M.

To prove the converse, suppose that (6.3) holds and let £ € M. Define ¢(t) =&
forall t > 0, and let (z, 7, u) be the auxiliary functions of ¢ given by Definition 3.1.
Since ¥/ does not charge {0} C Ry for each i <1, ¢(-) satisfies property (i) of
Definition 3.2. Note that z = (1, &) is a constant vector, and that z € & because
& € M. Thus, 7 satisfies (6.9) and so u(t) = Ct — Apt = (C — Ap)t for all t > 0.
By (6.3), u; is nondecreasing for all j < J, and so property (ii) of Definition 3.2
holds. Let f € C and i € 44 (z). Since £ € M and z € P, (6.6) implies that for all
t>0,

(6 2D i, 06y = il £ 90),
1
Thus, (6.5) holds and so ¢ satisfies property (iii) of Definition 3.2 for i € 44(z).
This property holds for i ¢ {1 (z) since then all terms are zero. Thus, ¢ is a fluid
model solution. Note that M is nonempty because £ =0 isin M. [J

Under condition (6.3), the set & can be characterized using results in Kelly and
Williams [12]. (Although it was assumed in [12] that A has full row rank, as we
explain below, the results that we cite below from [12] hold without that additional
restriction.) Let

ﬂ*={j§J:ZAjipi=Cj}

i<I
and let J, = |g|. For z € RL, define

1 o (Zi a+1
F(z)=——=) Vikilj ](—l) :
o—+1 = V;

When §. # &, define A :R{: — REF by

. Zi
A(w) =argm1n{F(z) 1z € REF and ZAji—l >w; forall j € g*}
i<I i
For each j € J4, Aj; > 0 for some i < L. It follows that the feasible set for the
above optimization problem is nonempty. Then since F is nonnegative, continu-
ous, strictly convex and satisfies F'(z) — oo as ||z|| — oo, A(w) is well defined as
the unique minimum of the optimization problem.

LEMMA 6.4. Assume that (6.3) holds. If $. = @, then = {0} and the only
invariant state is € = 0. If §. # O, then the following three conditions are equiva-
lent:
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(1) ze P,
(ii) for some g € R‘Ir*, i = p,-(Kil_ > jed. quj,-)l/o‘for alli <1,
(iii) z = A(w(2)), where w;j(z) =3 ;g Aj,-%for all j € .

PROOF. If 4. = @, then Ap < C. In this case, there is no z # 0 such that
Ai(z) = p; for all i € 44(z). This follows because for z £ 0, the optimal solu-
tion A(z) of the concave optimization problem (2.3)—(2.5) must have one of the
constraints binding, that is, (AA(z)); = C; for some j < J. (For this, we use the
fact that there is at least one route i, which necessarily uses at least one resource j,
and hence there is at least one i and j such that A j; > 0.) It follows that 5 = {0}
when g, = 9.

If 4« # &, then the three equivalent characterizations of & follow from
Lemma 5.1 and Theorems 5.1 and 5.3 in [12]. (At the beginning of [12], it is
assumed that A has full row rank. However, scrutiny of the proofs of Lemma 5.1
and Theorems 5.1 and 5.3 of that paper reveals that the above equivalence still
holds without this additional assumption. Indeed, one only needs the weaker prop-
erty that for each j € g, the jth row of A has at least one nonzero entry. This
property holds here by the definition of g,.) U

APPENDIX

PROOF OF THEOREM 5.1. For each r € R, define a simplified fluid scaled
load process

_ 1 [rt]
(A.1) vi’(r)z;;av;k, 1>0,i <I

and let ¢ (¢) = tv for all + > 0. We first show that
(A.2) (V). GG VON = @), (X, 00) as r — oo.
Since foreachr e R,t>0,and i <1, (x, v;) = 1/u; and

@L“% L)l

, V() = v — — ,
(x, Vi) TR ik i 5

the second component of (A.2) follows from assumptions (4.12), (4.13) and a
functional weak law of large numbers. Note that for each K > 0, the set {£ €
M |[(1 Vv x, &)l < K} is relatively compact in M! (see [11], Theorem 15.7.5).
For each T > 0, sup, (0.7 1{1V x, V") < T V |[{x, V"(T)) ||, and so the sec-
ond component of (A.2) implies the compact containment condition

(A.3) lim limianr( sup {1V x, V') < K) =1.

K—o00 r—00 t€[0,T]
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Moreover, for all r € R,i <L, ¢t > s > 0, and all nonempty closed B C Ry, (A.1)
implies the two inequalities

(15, VI (s)) < (1p, V] (1)) < (Lpi—s, VI (1)) +1 —s,
_ _ Lrt] ~
(g, V/())= (1. V] () +~ D> 1)) <(lg-s, V] (s))+1—s.
rk:\_rsJ—H
So by (1.1) and (1.2),
di[V'(s), V' (t)]<t—s  forallre Randt>s>0.

On combining this with (A.3), we see that { V" (-)} is C-tight. Let {V4(-)} C {V" ()}
be a weakly convergent subsequence with almost surely continuous limit V(-).
Then by the continuous mapping theorem, for all f € C,(R),

(A.4) (LVIO) = (. V() asqg— oo,

On the other hand, for each g, f € Cp(R4),t>0,and i <1,

quJ 1 Lgt]

(f, Vi) =

(7~ 0) + q”<f,z9?>.

Assumptions (4.11)—(4.13), and a functional weak law of large numbers imply that
(f, V() = = (f,9(-)) as ¢ — oo for each f € C,(R,). Combining with (A.4),
we see that V(-) = 9 (-) almost surely, and so V(1) = 9(-) as r — 00. Since the

limits are deterministic, the convergence in (A.2) is indeed joint.
By assumption (4.10), E"(-) = v(-) as r — 00. Since £’ (-) = V' (E"(-)) and
(x,?(v(-))) = p(-), (A.2) and the random time change theorem imply (5.1). U

PROOF OF LEMMA 5.2.  Let ] be an event of probability one on which (5.2)
holds and fix w € Q). For the rest of the proof, all random objects are evalu-
ated at this particular w. Fix i <1, f € C,, and let [s, ] be an interval satisfying
infy es.1] Zl.’ (u) > 0. It suffices to show (5.7). Since Zi’(-) is right continuous with
finite left limits, there exist &, M € (0, oo) such that

(A.5) e< inf Z'(u)< sup ZI'(u) <M.

Uu€ls,t] uels,t]
Let/ =1t —sand, forn, j € N,lett; =s + jl/n and tl =t;41. For each n,

n—1

(f. Z[O) = (f Z7 () =Y ((f Z[ (D) = (f. Z[ (1;))).

j=0
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Add and subtract a term in each summand to get

n—1

(£ Z{ ) = (£, Z1() =D (L ZLaD)) = (f(- = S[ @), 1)), ZL(t)))

j=0
D (G =8 @y t). Z{ @) = (f. Z[(1))).
=0

Use the dynamic equation (5.2) in the first term and rewrite the second term on the
right to obtain
_ 1 rEi’ (D)
Zr r — - r ro.—1 .j
(f. Z{0) = (£ Z{()) Zr > = SWirhh)
J=0" k=rEI(t;)+1
(A.6)

+ D (f =87 1) = (). Z[@))).
=0

Denote the first and second right-hand terms in (A.6) by a;, and b}, respectively,
and consider first a;,. Since f € C., a first-order Taylor expansion of each sum-
mand yields

(A7) F = SEUr™" 1) = F o) + f @ik,

where for each j and k, h’; —S’(Ulkrfl, t/) and w’j‘. € Ris in the interval [v], +

h’j‘. vi,]. Since Ul’kr_l € (1, 171 for each pair j, k in (A.7), (2.1) and (A.5) imply
that

NV lc
(A.8) maxlh'j-l < max/ ( (M)) du < | ”.
Jk i Jy Z’(u) ne
Using (A.7) and (A.8), deduce that for each n,
. . | rEI(1)
A R AOIERVRHON B D DT

k=rE!(s)+1

n—1 1 rEr(tj)

=2c X e

—0 k=rE(t;)+1

l||C
< (EF () = EX@)1Lf oo ” ”.

Soasn — oo,

(A.9) al, — ((f, LI®) — (f, LI(5))).
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Next, consider b},. Another first-order Taylor expansion for each x € R} and
je{0,...,n—1} yields

(A.10) fle =587 th) = fx) = f'(whj,
where hj = —5‘{ (, t/) and w“; € R is in the interval [x + &, x]. Define
Ai(Z"
(A.11) Zj = sup M
ueltj,th) Zl' (u)
and let /1; = —z;I/n. Combine terms and bound the integrand to obtain
n—1 B B
b= D _(f'hj, Zi <rj>>‘
j=0
n—1 _ ] B _
= 2= 87U ) = fO = [ Ohy 21 @)
Jj=0
n—1 _ ) _ _
<> sup|f(x =8, 1) = f(x) — fl0h;|[(1, Z[(1))).
j:()xGR
Apply (A.5) and (A.10) to get
n—1 o
by — Y (f'hy, z;<r,-)>‘
j=0
n—1 N B
(A.12) < ZSUplf'(wf)hj — )R (1, Zi (1))
j:Oxe]R
n—1 .
M) sup(|f'(w?) — f Ok 1+ 1 f Nk —hjl).
j:()XER
Since wj‘ €[x +hj,x] foreach j €{0,...,n — 1} and x € R, deduce from the

definition of 4, S‘ir (), t7), and from (2.1) and (A.5), that

Tj A Z)" l C
(A.13) Iw‘—xlflhﬂ:/ i(Z" () du < l ||‘
/ b Z5w) ne

Since f’ has compact support, it is uniformly continuous. Hence, there exists a
continuous nondecreasing function ¥ s : Ry — Ry such that ¥ 7(0) = 0 and for
allh e Ry,

(A.14) Su£|f/(x+h)_f/(x)|S¢f(|h|)-
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We deduce from (A.12)—(A.14) that

n—1
by — > (f'hj, 2{(@-»‘
(A.15) /=0 1
HCINLIC " I, .
< M(mpf<?) + 11 oo /Zo(zj; -5 (tj,tj)>).
Let ¢, (u) = Z'};(l) Zjl[tj’tj)(u) foreach n e Nand u € [1;, t/]. Then
(S , CAZTw)
Al L _5ah) = ¢, _
(A.16) ;,(Z’n Sl(tj,t)) /Sqﬁ(u)du fs A0

Observe that ¢, (1) — A,-(Zr(u))Zir(u)_1 as n — oo, for all u € [s,t) at which
the latter function is continuous, which is at almost every u. So, by the bounded
convergence theorem, (A.16) converges to zero as n — 00. This implies, by defin-
ition of ¥ ¢, that (A.15) converges to zero as n — 00. Note that

n—1 n—1
SR ZLa)) == (f 2Lz,
j=0 j=0

and that, as n — o0,
= , 5y 21 E @) Zrw)
,go(f R / A

by (A.11) and bounded convergence, since the integrand on the right is also con-
tinuous at almost every u. Conclude that, as n — oo,

Ai(Z r(u))
Z} (u)
Combining (A.6), (A.9) and (A.17) yields (5.7). O

t _
(A.17) b — —f (f', Z; W)
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