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HEAVY TRAFFIC LIMIT FOR A PROCESSOR SHARING
QUEUE WITH SOFT DEADLINES

By H. CHRISTIAN GROMOLL* AND Lukasz Kruk'

Stanford University and Maria Curie-Sktodowska University

This paper considers a GI/GI/1 processor sharing queue in which
jobs have soft deadlines. At each point in time, the collection of resid-
ual service times and deadlines is modeled using a random counting
measure on the right half-plane. The limit of this measure valued pro-
cess is obtained under diffusion scaling and heavy traffic conditions,
and is characterized as a deterministic function of the limiting queue
length process. As special cases, one obtains diffusion approximations
for the lead time profile and the profile of times in queue. One also
obtains a snapshot principle for sojourn times.

1. Introduction. Congestion and delay is typical in heavily loaded
queueing systems and may vary significantly with the service discipline in
use. There is much interest in identifying service disciplines that minimize
delay, and this has led to a rich literature of performance analyses. Classi-
cal measures of delay include workload, queue length, and steady state so-
journ time. In many circumstances, these performance measures help assess
a service discipline’s effectiveness at minimizing the time jobs spend in the
system (their sojourn times). However, these measures may be inadequate
for systems with more specific timing requirements. For example, in systems
which have heterogeneous job deadlines, minimizing sojourn times may not
be the best strategy for minimizing missed deadlines. Recent work has in-
vestigated various queueing models that allow for a more general notion of
delay [4, 6, 13, 14, 15, 16, 18, 26]. In these models, jobs have individual
random deadlines and a service discipline’s performance depends on how
effectively it meets them.

Such real-time queueing models arise naturally in applications such as
manufacturing systems, voice and video communication systems, and avion-
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ics and automotive control systems. The associated performance measures
are high-dimensional because individual timing information must be tracked
to determine if deadlines are being met. Exact analysis is usually intractable,
but heavy traffic approximations often exist. This was verified for the EDF
(Earliest Deadline First) service discipline in [6] for the GI/GI/1 queue,
in [15] for the multi-class queue with HLPS (Head-of-the-Line Processor
Sharing) across classes, in [26] for feed-forward networks, and in [16] for
multi-class acyclic networks. Corresponding results for the FIFO (First In
First Out) discipline were also given in [15, 26]. The accuracy of these ap-
proximations in the single server case was investigated in [13, 14].

Processor sharing is a widely used idealization of the round-robin and
time-sharing protocols used in computer and communication systems. Due
to its practical importance, it is natural to investigate analogues of the
results in [6, 15, 16, 26] for this service discipline. This is the subject of the
present paper, which provides a framework for evaluating the heavy traffic
performance of the GI/GI/1 processor sharing queue, with respect to a fairly
general structure of deadlines.

A new feature of this framework is that job deadlines are allowed to be
correlated with service times; previous work has assumed independence of
the two. This makes it possible, for example, to model scenarios in which
large jobs have longer deadlines than small jobs. Although this adds a level
of realism, it also requires some additional technical machinery. The state of
the processor sharing queue with deadlines will be tracked using a measure
valued process in the right half-plane. This idea builds on previous work
on the GI/GI/1 processor sharing queue [8, 9, 10, 20, 21]. The setup re-
quires detailed information about how arriving jobs affect the system state.
Consequently, the primitive processes must be considered jointly as a mea-
sure valued arrival process. This creates some difficulty. The usual estimates
needed to control scaling limits of an arrival process derive from functional
weak laws of large numbers and functional central limit theorems. Analo-
gous estimates for the arrival process used here require stronger results: the
paper will draw on the theory of empirical processes to obtain functional
Glivenko-Cantelli type estimates for the measure valued arrival process; see
Section 4.2.

Although including correlation in the model requires some theoretical
overhead, the additional work pays off. Section 3.3 provides an example
of the type of computation the more general setup allows. Moreover, the
present analysis for processor sharing is just an example of how empirical
process theory may be applied to measure valued state descriptors. It is
likely that the approach can be adapted to the study of other models.
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The model considered here consists of an infinite capacity buffer, to which
jobs arrive according to a delayed renewal process. Jobs arrive with service
time requirements determined by a sequence of independent, identically dis-
tributed positive random variables. A single server processes buffered jobs
at unit rate according to the processor sharing discipline: it works simulta-
neously on all jobs in the buffer, providing an equal fraction of its capacity
to each. That is, if there are Z(t) > 1 jobs in the buffer at time ¢, then each
job is receiving service at the instantaneous rate 1/Z(t). When the server
has fulfilled a given job’s service time requirement, the job exits the system.
In addition to its service time, each job arrives to the buffer with a deadline,
given by the job’s arrival time plus a real valued random variable called the
initial lead time. The sequence of initial lead times is independent and iden-
tically distributed, but a job’s initial lead time may be correlated with its
service time. Job deadlines are soft, meaning that jobs remain in the system
until served to completion; a job still in the system when its deadline expires
is called late.

Since deadlines are soft and the server does not take them into account,
the processor sharing discipline is unaltered by the inclusion of timing infor-
mation in the model. In particular, the workload and queue length processes
are identical to those of the familiar processor sharing model. Thus, the re-
sult described below is indeed a performance analysis of processor sharing,
where the performance is measured with respect to the aforementioned dead-
line structure. Note that this system is different from a GI/GI/1 processor
sharing queue with hard deadlines, in which jobs exit early if their deadline
expires. The latter system exhibits very different behavior and is the subject
of forthcoming work. For more on processor sharing queues, see [25] for a
survey up to 1987 and [10] for a discussion of more recent work.

The main result of the paper concerns a measure valued process that
tracks the state of the processor sharing queue with soft deadlines. At time
t > 0, this state includes both the residual service time and the lead time of
each buffered job: if Z(¢) denotes the set of jobs in the buffer at time ¢, then
the residual service time v;(t) is the remaining service requirement of job
i € Z(t); the lead time [;(t) is the deadline of job i minus the current time
t. If [;(t) is nonnegative, it represents the remaining time until the deadline
of job 7 expires; if it is negative its absolute value is the time overdue. Let
M be the set of finite, nonnegative Borel measures on the right half-plane
H, = [0,00) x (~00,00), and let ¢, ,) denote the Dirac point measure at
(x,y) € Hy. For each t > 0, the state descriptor Z(t) is the random element
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of M given by

Z(t)= > Swuie)-
i€Z(t)

Note that projection of Z(-) onto the first coordinate yields the state de-
scriptor used in [8, 10, 9, 21, 20]. For each r in a sequence R of positive
real numbers tending to infinity, define a diffusion scaled version of the state
descriptor by

27 (1)(B x C) = %Z(rzt)(B «rC),  BC0,00), CC (—00,0).

Let a be the limiting arrival rate for jobs entering the system, and let
¥ € M be the limiting joint distribution of service times and initial lead
times. Let 90 be the zero measure in M and, for z > 0, let 92 € M be the
measure defined by

9% ([, 00) x [y, 00)) = a/oooﬂ ([ +uz", 00) X [y +u, 00)) du,

for all (z,y) € Hy. The main result of the paper states that, under mild
conditions including standard heavy traffic assumptions, the sequence of
diffusion scaled state descriptors {Z"(-)} converges in distribution to the
measure valued process 07 *('), where Z*(-) is a reflected Brownian motion
on [0,00). The process Z*(-) is the weak limit of the diffusion scaled queue
length process obtained in [9].

The proof of this result proceeds in several stages, and is summarized
informally as follows. For each ¢ > 0, define a fluid scaled version of the
state descriptor by

2 ()(B x C) = %Z(rt)(B «rC),  BC[0,00), CC (—o0,00),

and for m = 0,1,2, ..., define shifted processes Z"™(t) = Z"(m + t). Fix
times T, L > 1. It is first proved that R-indexed sequences of sample paths
of the shifted processes {erm(t) :r € R,m < |rT],t € [0, L)} are precom-
pact with high probability. Next, limit points of these sequences are charac-
terized as local fluid limits, which are continuous measure valued functions
¢ : [0,L) — M. In particular, it is shown that these local fluid limits uni-
formly approximate the sample paths of Z™™(-) on [0, L) with asymptoti-
cally high probability. Moreover, for sufficiently large L and ¢t € [L — 1, L),
every local fluid limit ((-) is approximately in steady state, which is given
by

() ~ 920, (L1)
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where z(t) = ((¢)(H.) is the total mass of ((t).

For each r € R, the interval [0,77] is covered by the overlapping time
intervals [m,m + L), where m = 0,...,[rT]. Thus, for any ¢t € [0,77],
there exist m < [rT] and s € [0,L) such that Z"(t) = Z"™(s). Since
Z(t) = Z"(rt), the sample paths of {Z"™(-) : m < |[rT|} on the time
interval [0, L) determine the sample paths of Z7(-) on [0, T]. Consequently,
(1.1) translates to the sample paths of Z7(-) on [(L — 1)r~!, T]. That is, as
T — 00,

Zr)y =920 te[(L-1)r LT, (1.2)

where Z7(-) = Z"(-)(H, ) is the diffusion scaled queue length process. With
some extra work, one obtains (1.2) for all ¢ € [0,T].

In particular, the diffusion scaled state descriptor Z""() can be asymp-
totically recovered from the one-dimensional diffusion scaled queue length
process ZT() by the lifting map Ay : z +— ¥Z. This phenomenon is known
as state space collapse. The process Z’“() converges in distribution to a
reflected Brownian motion Z*(-) by Corollary 2.4 in [9]. Applying the con-
tinuous mapping theorem to (1.2) and Ay completes the proof.

The program outlined above for proving state space collapse of a dif-
fusion scaled process using overlapping sections of a fluid scaled process
is motivated by methodology developed in [3, 24] for open multiclass net-
works with HL (Head-of-the-Line) service disciplines. This methodology was
adapted to the measure valued state descriptor of a processor sharing queue
in [9], and has been further adapted here. The limiting diffusion process
AyZ*(-) = 9Z"0) takes values in a submanifold {9z :2 >0} of M, known as
the invariant manifold. Note that this manifold is not a linear space. This
is an interesting contrast to other results exhibiting state space collapse,
including [3, 24, 5, 9], in which the invariant manifold is frequently a linear
space.

The paper is organized as follows. Section 2 gives a precise description of
the model, different forms of scaling, and various asymptotic assumptions;
it also contains the statement of the main theorem. Section 3 illustrates
several applications of the theorem. Section 4 contains the proof of tightness
of the shifted fluid scaled state descriptors. Section 5 investigates properties
of local fluid limits, and Section 6 contains the proof of state space collapse,
leading quickly to the proof of the main theorem.

1.1. Notation. The following notation will be used throughout. Let N =
{1,2,...} and let Z and R denote the integers and real numbers. Let R =
[0,00) and denote the right half-plane Ry x R by H;. For a,b € R, write
a V b for the maximum, a A b for the minimum, a™ and a~ for the positive
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and negative parts, |a] for the integer part, and [a] for the smallest integer
n > a. Denote the indicator of a set B C H, by 1p and let B = {w €
Hy : inf,ep|lw — 2] < €}. For w € Hy, let B+w = {z +w : z € B}.
Denote by Cy(.S) the space of continuous bounded real valued functions on
a topological space S.

Recall that M is the set of nonnegative finite Borel measures on H_ .
Denote the zero measure in M by 0. For ¢ € M and a (-integrable function
g:H; — R, define (g,() = fIHu g d(. The space M is endowed with the weak

topology: ¢, — ¢ in M if and only if (g,(,) — (g,¢) for all g € Cy(H,).
With this topology, M is a Polish space [19]. It will be convenient to use the
following metric: for £, € M, let

d[¢,¢]=inf{e > 0:{(B) < {(B)+¢ and
((B) <&(Bf) +¢,for all closed B C Hy}. (1.3)

It is straightforward to verify that d [-, -] is a complete metric on M inducing
the weak topology.

All stochastic processes are assumed to be right continuous with finite left
limits. Let D([0,00), M) denote the space of right continuous, left limited
paths ¢ : [0,00) — M, endowed with the Skorohod .Jj-topology. For two
random objects X, Y with the same distribution p, write X ~Y ~ u. Write
X, = Y when X,, converges in distribution to Y as n — oc.

2. A processor sharing queue with soft deadlines. This section
gives a precise description of the model under study, specifies assumptions,
and states the main result. A formal definition of the processor sharing
queue was given in [10], and the reader is referred there for a more detailed
description. The present model is a generalization of the one considered
in [10], so parts of the definition are restated here. This is the subject of
Section 2.1 below, which introduces a sequence of processor sharing models,
incorporating soft deadlines, along with the associated notation. Section 2.2
describes the scaling and time shifts to be applied to this sequence, and
Section 2.3 specifies asymptotic assumptions. The main result appears in
Section 2.4.

2.1. Sequence of models. Let R C (0,00) be a sequence that increases
to infinity. Suppose that, for each r € R, there is a stochastic model con-
sisting of the following: a processor sharing server that processes jobs at
unit rate from an infinite capacity buffer, a collection of stochastic primi-
tives (E"(-),{v],1}2,) describing the arrival of work and deadlines to the
buffer, and a random initial condition specifying the state of the system at
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time 0. The time evolution of the system state is described by a collection
of performance processes, defined in terms of the primitives and initial con-
dition through a set of descriptive equations. The random objects in each
model are defined on a probability space (2", #",P"), with expectation on
this space denoted E'.

The stochastic primitives consist of an ezogenous arrival process E”(-),
and a sequence of service times and initial lead times {v],1}}°,. The arrival
process E"(-) is a rate o delayed renewal process associated with a sequence
{u}$°, of finite nonnegative interarrival times. For t > 0, E"(t) represents
the number of jobs that have arrived to the buffer during the time interval
(0,¢]. The ith job to arrive after time 0 is called job i; jobs already in the
buffer at time 0 will be called initial jobs. The quantity u] is the arrival time
of the first job, and for ¢ > 2, u] is the elapsed time between the arrival of
job i — 1 and job 4. Thus, job i arrives at time U] = E] 1 UG for ¢ > 1.
Define U} = 0. Then for ¢t > 0,

E"(t) =sup{i >0:U <t}.

Assume that {u]}$°, is a sequence of independent random variables and
that {u]}>°, are independent and identically distributed with mean 1/a” €
(0,00) and standard deviation a” < co. The first element uj of the sequence
is assumed to be strictly positive with finite mean.

For each i > 1, the service time v; represents the amount of processing
time that job 7 requires from the server; the initial lead time /] represents the
maximum amount of time that job ¢ can be in the buffer without being late.
Since this job arrives at time U, it will be late after time U +1}. Late jobs
remain in the buffer until completing service. Consequently, U} + 17 is a soft
deadline for job i. Assume that {v]} are strictly positive random variables,
and that {v],1I'}2°, is a sequence of independent and identically distributed
random vectors with common joint distribution given by a Borel probability
measure ¥" on H,. Assume that v has mean 1/8" € (0,00) and standard
deviation b" < oo, and that {v], 1]}, is independent of the arrival process
E"(").

It will be convenient to express the primitives as a measure valued arrival
process. For each t > 0, let L"(t) € M be the random measure

"(®)

Z Sur ars

where §(, .y denotes the Dirac measure at (z,y) € H.
The initial condition specifies Z"(0), the number of initial jobs present in
the buffer at time zero, as well as the service time requirements and initial
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lead times of these initial jobs. Assume that Z"(0) is a nonnegative, integer
valued random variable. The service times and initial lead times for initial
jobs are the first Z"(0) elements of a sequence {7, l’” 321 of random vec-

tors, where {77} are strlctly positive. Assume that Z 7“( ) and {77, lr 22, are
independent of {u]}°, and {v],1l'}?°,; they do not need to be 1ndependent
of each other. A convement way to express the initial condition is to define

an initial random measure Z"(0) € M by

Z7(0)

Za

Henceforth, Z7(0) will be used as the initial condition. Let x : Hy — R,
denote the projection (z,y) — z. Assume that Z7(0) satisfies

E"[(1,27(0))] < o0, (2.1)
E"[(x, 2"(0))] < oo

Note that since (1, Z7(0)) = Z"(0) and (x, Z"(0)) = EJZ g )5 07, assumptions
(2.1) and (2.2) mean that the expected initial queue length and expected
initial workload are finite.

The performance processes describe the system’s behavior; they are de-
fined in terms of the primitives through a set of equations that embody the
processor sharing discipline and the expiration of deadlines. For each ¢ > 0,
let S™(t) denote the cumulative service per job provided by the server up to
time ¢t. Thus, if job ¢ < E"(t) arrives at time U] < t, the cumulative amount
of processing time job i receives by time ¢ is equal to v] A (S"(t) — S™(U])).
Similarly, the cumulative amount of processing time an initial job j < Z"(0)
receives by time ¢ is equal to v} A S”(t). Define the residual service time at
time t of job i (and initial job j) by

—S"(t)+ ST(UNT,  i=1,...,E"(t), (2.3)

A job’s residual service time represents the current remaining amount of
processing time required to fulfill its service time requirement. If a job’s
residual service time is zero, it has completed service and departed the buffer.
Define the lead time at time t of job i (and of initial job j) by

D) =Ur+1 —t,  i=1,.,E"(t), (2.5)

)y =105 —t, j=1,..,2"(0). (2.6)
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The lead time of a job currently in the buffer is the time remaining until its
deadline passes; jobs with negative lead times are currently late.

The state descriptor Z7(-) : [0,00) — M is a measure valued perfor-
mance process that describes the time evolution of the system state: at each
time ¢ > 0, the random measure Z7(t) has one unit of mass located at
(0% (t), [;(t)) € H for each initial job j < Z7(0) still in the buffer at time ¢,
and one unit of mass at (v} (t),(](t)) € Hy for each job i < E"(t) still in the
buffer at time ¢. For (x,y) € Hy, let 5(4;%) be the Dirac measure at (x,y)

if x > 0, with 6(0 y) = = 0. Since a job is still in the buffer if and only if its
current residual service time is positive,

E"(t)

z7(0)
J’_
Z (@7 (0. (1) +Z5 FO.L (1) (2.7)

Let Z"(t) denote the number of jobs in the buffer, or queue length, at time
t > 0. Then Z"(t) = (1, Z7(t)). Thus, under the processor sharing discipline,
any job present in the buffer at time ¢ receives service at the instantaneous
rate (1, Z7(t))~!. Note that if a job is present in the buffer at time ¢, then
(1,27 (t)) # 0. Let p(z) = 1/z for = € (0,00), with ©(0) = 0. Then the
cumulative service per job up to time ¢ can be written

S7(t) = /0 o((1, 27 (s)))ds. (2.8)

Given the primitives (E"(-),{v],l}}?,) and the initial condition Z"(0),
the equations (2.3)—(2.8) determine the residual service times, lead times,
the cumulative service per job process S”(+), and the state descriptor Z7(-).
This fact is not difficult, although somewhat tedious, to show.

Let W7 (t) denote the workload in the buffer at time ¢ > 0. This is the
amount of time the server would have to work to complete the remaining
service time requirements of all jobs in the buffer at time ¢, assuming no new
arrivals take place. Since this equals the sum of the residual service times of
all jobs present in the buffer at time t,

W (t) = (x, 2" (1))

Note that the sequence of processor sharing models introduced here is a
generalization of the sequence of models studied in [9, 10]. In particular, the
measure valued process p"(-) = Z"(+) o x ! is determined by the primitives
(E"(-),{vi }721) and the initial condition (Z7(0),{?}}32,), and is the state
descriptor that was studied in [9, 10].
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2.2. Scaling. This paper concerns the asymptotic behavior, under heavy
traffic conditions, of the R-indexed sequence of models introduced in Section
2.1. To obtain useful limits as » — oo, various objects comprising the rth
model must be appropriately scaled.

In Section 2.3 below, it is assumed that, as r — oo, the processor sharing
models become heavily loaded at a rate governed by r. This implies that a
job in the rth model remains in the buffer for a time that is of the order r
multiplied by the job’s service time requirement. Thus, if initial lead times
were to remain of the same order as service times, lead times [} (¢), for large
t (of order r2), would tend to —oco as r — oo. To obtain nontrivial scaling
limits for the lead times, initial lead times {I]'} in the rth model are assumed
to be of order r and will be scaled, along with lead times I7(-) by 7—!. For
each r € R, let J” € M be the probability measure satisfying

92

J"(B x C) = 9"(B x rC), (2.9)

for all Borel sets B C Ry and C' C R.

The asymptotic heavy traffic behavior of the state descriptor will be exam-
ined on diffusion scale. For each r € R, the diffusion scaled state descriptor
is defined, for ¢ > 0, as the random measure Z7(t) € M satisfying

27 (0)(B x C) = %Z’”(er)(B « rC),

for all Borel sets B C Ry and C' C R. Note that this definition scales lead
times by r~! as well.

Diffusion scaled versions of the workload and queue length processes are
also needed. For ¢ > 0, define W7 (t) = r W7 (r2t) and Z7(t) = r~1Z" (r2¢);
note that W’ (t) = (x,2"(t)) and Z"(t) = (1, Z"(t)). Since the workload
process of a single server queue is the same for all work conserving service
disciplines, including processor sharing, the heavy traffic behavior of WT()
is described by the well known result for FIFO queues [11]. Since Z"(-) =
(1,27 (:)) = (1, 2"(-) o x 1), the queue length process of the present model
is the same as for the processor sharing queue without deadlines; a heavy
traffic analysis of Z”(-) appears in [9]. The existing results for W7 (-) and
Z"(-) will be used in the analysis of Z7(-).

Results for the diffusion scaled state descriptor Z”(-) will be derived from
results for the fluid scaled state descriptor, defined for ¢ > 0 as the random
measure Z"(t) € M satisfying

2 ()(B % C) = %Z’”(rt)(B « rC), (2.10)
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for all Borel sets B C Ry and C' C R.

The relationship Z7(t) = Z"(rt) will be essential to bootstrapping results
from fluid scale up to diffusion scale. The process ZAT() is considered over a
fixed finite time interval [0, T'], for T > 1. This corresponds to looking at the
fluid scaled process Z"(-) over [0,7T]. As r — oo, the asymptotic behavior
of Z7(-) over finite time intervals is analyzed using modified versions of the
techniques developed in [9, 10]. Since [0, rT] grows without bound as r — oo,
it is necessary to piece together many (order r) overlapping sections of Z7(-),
each defined on a finite time interval of fixed length L > 1. This strategy
is analogous to the one used in Bramson [3]. These overlapping sections of
Z7(+) are called the shifted fluid scaled state descriptors. For each ¢ > 0 and
m € {0,1,...}, define

ZrM(t) = Z"(m + t). (2.11)

Then for each r € R, the time interval [0,77] is covered by the |rT'| 4+ 1
overlapping time intervals [m,m+ L), for m = 0,..., [rT']. Observe that for
each t € [0,7T], there is (at least one) m < |[rT'| and s € [0, L] such that

ZT(t) = 27 (s).

Analysis of the processes Z"(-) will involve fluid scaled and shifted fluid
scaled versions of many of the processes introduced so far. For all r € R,
me{0,1,...},t>0,and i = 1,..., E"(rt), define

E"(t) = 1E’”(mt), E""(t) = E"(m +t), (2.12)
S"(t) = g”“(rt), STty = S"(m + t), (2.13)
Z"(t) = %Z’"(rt), Zrm () = Z"(m + t),

vy (t) = vj (rt), v, (t) = v (t +m), (2.14)
HORH) () = T+ m). (215)

For r € R and t > 0, define the fluid scaled measure valued arrival process
by
rE’“(t

Z 8oy 1) (2.16)

The fluid scaled processes S”(-) and L"(-) will play particularly important
roles; it will be convenient to have notation for their increments. Define the
following fluid scaled and shifted fluid scaled increments: for all r € R, all
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t>s>0,and all m € {0,1,...},

Sep=95"(t) - 5_7"(8)7

Cop=L7(t) = L7(s) Lo = Lonpsmit (2.18)

Note that by (2.17) and (2.13),

3 r(m+t) t 3
s = / (1, 27 (u)))du = / (1, 27 (u)))du.

’ r(m+s)

2.3. Asymptotic assumptions. This section imposes asymptotic assump-
tions on the sequence of models introduced in Section 2.1. This is the setting
in which the main theorem is proved.

Let «, a, and p be fixed positive constants and let v € R. Let 9 be a
probability measure on H satisfying

9 ({0} x R) = 0, (2.19)
(x**?,9) < oo, (2.20)
(x,9) =a 1. (2.21)

Then b = ({x%,9) — (x, 19)2)% is finite. For the sequence of arrival processes,
assume that as r — oo,

(a",a") = (a,a), (2.22)
E"[uf]/r — 0, (2.23)
lim sup E"[(u})?1?] < oo. (2.24)

r—00

For the sequence of service times and initial lead times, assume that as
r — 00,

gm0, (2.25)
(B7,0") = (a,b), (2.26)
lim sup(x**P, ") < oo. (2.27)

r—00

Define the traffic intensity parameter for the rth system by p" = o' /3".
Assumptions (2.22) and (2.26) imply that p” — 1; that is, the sequence of
models approaches heavy traffic. Assume further that as r — oo,

r(l—=p") — 1. (2.28)



PROCESSOR SHARING QUEUE WITH SOFT DEADLINES 13

Assumption (2.28) represents the usual requirement that the sequence of
systems approach heavy traffic at a particular rate; the constant v appears
as the drift coefficient of the limiting workload process. Assumption (2.23)
implies that the initial residual interarrival time vanishes on diffusion scale.
Assumption (2.25) specifies a weak limit for the joint distributions of service
times and initial lead times, when scaled according to (2.9). Assumptions
(2.24) and (2.27) imply Lindeberg type conditions, which along with (2.22),
(2.23), (2.26), and (2.28), guarantee functional central limit theorems for the
triangular arrays {ul;i =1,2,...},cg and {v];i =1,2,...},¢cr, and a func-
tional Donsker theorem for the measure valued arrival processes L7 (-). The
central limit theorems ultimately imply that the diffusion scaled workload
and queue length processes converge in distribution to reflected Brownian
motions (see Propositions 4.1 and 4.2). The functional Donsker theorem im-
plies a Glivenko-Cantelli type estimate for £7(-). Assumption (2.27) is two
moments stronger than is normally necessary for a functional central limit
theorem. The additional restriction is required by Corollary 2.4 in [9], which
will be applied in the present paper; see [9] for further discussion.

It remains to impose asymptotic assumptions on the diffusion scaled initial
condition Z7(0). They are stated in terms of Z7(0) = Z7(0), since they will
be used in that form. The following definition is needed.

Definition 2.1 (Invariant manifold) For each z > 0, let V2 € M be the
unique measure satisfying

<]-[:c,oo)><[y,oo)7 192> = aA <1[m+uz*1,oo)><[y+u,oo)7 19>du7 (229)

for all x € Ry and y € R; let ¥ = 0. Define
My ={¥: e M:z >0}

By (2.21), (2.29) and a change of variables, (1,9Z) = z, for all z > 0. For

z > 0, the probability measure z =197 can be thought of as the excess lifetime

distribution of ¥ in direction (27!, 1), a generalization of the notion of excess

lifetime distribution to the half-plane H . Following usage in Bramson [3],

call the one parameter family of measures My C M the invariant manifold

associated with 1. Note that the invariant manifold is not a linear space.
Let ©® € M be a random measure such that

0eMy as., (2.30)
E[(1,0)] < cc. (2.31)
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A~

For the sequence of scaled initial measures Z7(0) = Z7(0), assume that as
r — 00,

(27(0), {x, 27(0)), (X7, 27(0))) = (8, (x, ©), (X7, ©)) . (2.32)

The second component of (2.32) implies that the scaled initial workload
converges in distribution; that is, W’”(O) = (x, 0).
The assumptions of this section are now summarized to simplify the state-
ment of results that follow.
There is a sequence of processor sharing models, as de-
fined in Section 2.1; there exist positive constants «, a,
(A) p, @ real number v € R, a probability measure ¥ on H,
and a random measure © € M such that (2.19)(2.32)
hold.

2.4. Limit theorem. Assume (A) and let Z*(-) be a reflected Brownian
motion on R with drift —2ya(1+a2b?) ™!, variance 403 (a?+b?)(14+a?b?) =2,
and initial value Z*(0) that is equal in distribution to (1,©). Define the

measure valued process
() =070,

Theorem 2.2 Asr — 00, the sequence of diffusion scaled state descriptors
{Z"(-)} converges in distribution to the measure valued process Z*(-).

Sections 4-6 are devoted to proving Theorem 2.2. Section 4 establishes
a tightness property for the families of shifted fluid scaled state descriptors
{Zm™(.) : m < |rT]}. This yields existence of limit points, called local fluid
limits, which are characterized in Section 5 as solutions of a certain integral
equation. In Section 6, the steady state behavior of these local fluid limits,
combined with the overlapping nature of the shifted fluid scaled state de-
scriptors {Z7™(:) : m < |rT|}, reveals that {Z7(-)} is asymptotically close
to the invariant manifold My. Combined with an existing limit theorem for
the diffusion scaled queue length processes {Z’“()}, this establishes Theo-
rem 2.2. The next section illustrates the applicability of Theorem 2.2 by
discussing several useful computations.

3. Special cases and applications. A central motivation of this paper
is to study the heavy traffic performance of the processor sharing discipline
in relation to timing requirements. A useful performance measure in this
context is called the lead time profile (see [6, 13, 14, 15, 16, 18, 26]). If
7 : H; — R is the projection (z,y) — y, then the diffusion scaled lead time
profile is
Z'(Yonm L
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It is a random finite Borel measure on R that describes how well the service
discipline is meeting the soft deadlines of jobs. For example, the (scaled)
number of jobs that are currently late at time ¢ is (1(_00’0],7:’"@) o 1).

This section discusses a few special cases for which the lead time profile is
given by a convenient formula. When service times are independent of initial
lead times, the lead time profile can be expressed in terms of a convolution
of two measures on R. If initial lead times equal zero, the lead time profile
provides information about time in queue and sojourn times; see Sections
3.1 and 3.2. The case in which initial lead times depend linearly on service
times leads to a heuristic rule for setting “realistic” deadlines for jobs in a
processor sharing queue; see Section 3.3.

3.1. Independence of service times and initial lead times. Suppose that
for each r € R, the service times and initial lead times of arriving jobs are
independent; that is,

I =v" x N, (3.1)

where " is the service time distribution on R, and A" is the initial lead
time distribution on R. Letting A"(C) = X" (rC) for Borel sets C' C R,

v

I =" x A"

So by (2.25),

N w
Vx AN — 1 as r — oo,

and ¥ = v x A, where v and A are the weak limits of " and AT By Theorem
2.2 and the continuous mapping theorem,

Z'(Yort =097 o gt as r — oo. (3.2)

In the present setting, ¥0 = 0 and, for 2 > 0, z € Ry, and y € R,

<1(m7oo)x(y’oo), 79§> =« /Ooo v ((a: +uz"t, oo)) A ((y + u, 00)) du. (3.3)

To compute the limiting lead time profile, set x = 0 in (3.3) and observe
that ¥Z({0} x R) = 0. Then for y € R and z > 0,

<1R+><(y,oo)7l9§> :a/O I/((UZ_I,OO)) A((y+ua OO)) du.
Thus, using Definition 2.1,
<1R+><(—oo,y]719§> = <1ﬂ9§> - <1R+><(y,oo)719§>

. a/owy (=, 0) A (g + wy00)) du D
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Since, by (2.21),
z = za/ v((s,00))ds = a/ v ((uz"", 00)) du, (3.5)
0 0

deduce from (3.4) that

<1R+X(_m7y], 795) = a/o v ((uz_l, oo)) A ((—o0,y + u]) du. (3.6)
Letting vZ be the Borel measure on R with density
. av ((—uz_l, oo)) , u <0,
Z(u) = 3.7
et { N " (37

conclude from (3.6) that

(1 oot 92 = [ M(=00,y = u]) d7Z (w). (39)
This yields the convolution formula
Vom b= Ax07. (3.9)

Note that if v, denotes the excess lifetime distribution of v, then v, has
density fZ?(—uz) for u € R. That is, ¥ is related to v, by a scaling factor z
and a reflection around zero.

Letting #0 be the zero measure on R, (3.9) holds for all z > 0. Combining
(3.2) and (3.9) yields an approximation result for the diffusion scaled lead
time profiles. As r — oo,

Z'(orm t = AxZ 0, (3.10)

As a special case of (3.1), suppose in addition that the service time dis-
tribution v" is exponential for each r € R. Then v is exponential with mean
a~L. For z > 0, (3.7) takes the form

P (u) = {a exp(Zu), u <0,

0, u > 0.

So by (3.10), when Z*(¢) > 0, the limiting lead time profile A % vZ"® at
time t is equal to the convolution of A\ with an exponential measure with
parameter «/Z*(t) and total mass Z*(t) that is reflected around zero. This
result applies, in particular, to a sequence of M/M/1 queues with lead times
satisfying A" = A for all r. Thus, it verifies a conjecture of Lehoczky [18],
who supported this statement with an informal analysis and Monte Carlo
simulations.
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3.2. Time in queue, sojourn times, and the snapshot. An alternative
special case of (3.1) can be used to study the profile of times in queue for
the processor sharing discipline. A job’s time in queue at time ¢ is the amount
of time spent in the buffer by time ¢. On diffusion scale, the profile of times
in queue 77(t) at time t is a random finite Borel measure on R,. It can be
directly deduced from the diffusion scaled lead time profile by assuming that
initial lead times are zero for all » € R. Then a job’s time in queue at time
t equals the absolute value of its current lead time; for y > 0,

<1[y,oo)77274(')> = <1R+X(—oo,—y]72T(')>' (3'11)

Since (3.1) holds when A" = §y for all » € R, the limiting lead time profile
ﬁeZ*(') on~!is given by (3.9) with A = d¢; for z = 0, 97 o7~ ! equals the zero
measure on R and, for z > 0 and y € R, a short computation using (3.9)
and (3.7) yields

Z, y >0,

2we([~yz71, 00)), y<O. (3:12)

<1R+ X (—00,y]» 195> = {

Thus, if 7%(-) denotes the limiting profile of times in queue, then for ¢ > 0
and y > 0,

Z*(tve([yZ*(t)~",00)), Z*(t) >0,

0, Z*(t) =0 (3.13)

<1[y,oo)7 T (t» = {

A related computation reveals the limiting sojourn time behavior, which
is informally described below. A job’s sojourn time is the time between
its arrival to the buffer and its service completion. Consider the empirical
distribution of a collection of sojourn times, sampled over a time interval
that is small on diffusion scale. This distribution can be studied as the
interval varies over diffusion scaled time. Since the interval will be taken
asymptotically small, it can be defined in terms of residual service times.

Fix T'> 1 and t € [0,T) such that Z*(t) > 0. For ¢ > 0 and r € R, let
J7(t) denote the set of jobs with residual service time in (0,¢] at (diffusion
scaled) time ¢. Let 77 (¢) be the diffusion scaled distribution of times in queue
for those jobs in JA;” (t). Once again, assume that A" = §y for all r so that a
job’s time in queue is the absolute value of its lead time. Then, for y > 0,

(1[0,y)7 %g(t» = 90(<1[0,5]><R7 z" (t)>)<1[0,£]><(—y,oo)7 Zr(t)>7

where ¢(z) = 1/z for > 0, with (0) = 0. Let 67(¢) denote the diffusion
scaled distribution of sojourn times for those jobs in JI(¢). That is, if o] is
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the unscaled sojourn time of job ¢ € jg(t), then for y > 0,

(Lo, 0L () = o((Lpogxr: 27(1)) D> Loy (r'oy). (3.14)
ieJr(t)

For small €, the probability measure 7] (¢) approximates 67 (¢) in the fol-
lowing sense: if job i € JI(t), then in the unscaled system, v} (r%t) < e.
Since the sequence {Z"(-)} is tight, there exists C' > 0 such that, with
high probability, sup,¢jo 1 Z"(s) < C. Assume r is large enough so that
12t + reC < r2T. Then with high probability, job i receives service at least
at rate (rC)~! if it is present in the buffer during the entire time interval
[r2t, 72t + reC] C [0,72T)]. It must therefore complete service at or before
time 72t 4+ reC. Since its time in queue increases by at most reC before it
departs, its sojourn time o] will differ from its time in queue at time r2t by
at most reC. So by (3.14), its diffusion scaled sojourn time will differ from
its diffusion scaled time in queue at time ¢ by at most C. Taking ¢ small
compared to C, it is easy to show that 77 (¢) and 6 (¢) are close in the weak
topology. As r — oo, the number of jobs in jg(t) grows without bound for
all € > 0, yielding nontrivial distributions 77 (¢) and &7 (¢).

By letting ¢ — 0 after 7 — oo, one obtains a limiting distribution o*(¢).
By Theorem 2.2 and the continuous mapping theorem, 77 (¢) can be approx-
imated by 77 (t), where for y > 0,

*

(Lo 72 () = (oepx(-yo00 9 ) (Lo 9 0)).
For z > 0 and y > 0, a short computation using (3.3) with A\ = ¢ yields

<1[0,e]><(—y,oo)’19§> . Ve([ovyz_l)) - Ve([575 + yz_l))

(Qoexr. 92 vel((0,00)) = ve([e, 00))
= Ve([075)) - Ve([yz_l,g + yz—l))
Ve([0,€))

Thus, for z > 0 and y > 0 such that v({yz"1}) =0,
lim <1[0,a]><(—y,oo)7192>
e—0 <1[O,£]><R’ 192>

Conclude that for y > 0,

o* (6)([0,)) = v([0,yZ* (1) 7")).

Since 6% (t) and 77(t) are close for small e, the measure o*(t) may be
interpreted as a limiting sojourn time distribution of jobs “departing the

— 1 w(ly="",50)) = v([0,y="")).
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system at diffusion scaled time ¢.” Note that the order of taking limits here
is the only way to obtain a nontrivial limit; if one takes € — 0 in the prelimit,
77(t) converges to the zero measure because Z”(t) does not charge {0} x R.
Note also that the limit o*(¢) has been obtained for fixed ¢ when Z*(¢) > 0,
not as a process.

An implication of (3.14) and the subsequent computations is that sojourn
times in the rth system are of order . Compare this to the state descriptor:
since Z7(-) = r~1Z7(r2) converges to a process with continuous sample
paths, the state descriptor varies slowly on the time scale of sojourn times
when 7 is large. That is, jobs observe only very small changes in the system
state, including the queue length, during their stay in the system. This is
analogous to Reiman’s snapshot principle (see [22, 18]).

3.3. Linear dependence of initial lead times and service times. By the
previous section, the amount of time a job spends in a heavily loaded single
server processor sharing queue is roughly proportional to its service time and
the queue length observed upon arrival. Suppose that in the rth system, jobs
have “realistic” deadlines; that is, I[ = crv] for all© = 1,2, ..., where ¢ > 0 is
a constant corresponding to the (diffusion scaled) queue length a job hopes
to find upon arrival. Then for x € R, and y € R,

(1z00)x[y.00): ¥) = v([z V yc ", 00)).

By Theorem 2.2, ér() = ﬁeZ*('), where for z > 0, x € R4, and y € R,

o
<1[z,oo)><[y,oo)’ 195> = Za/O <1[(r+u)\/(y+zu)c*1,oo)) V>du
Setting = = 0 yields, after some computation,

z, y <0,
Cle ([yc_l,oo)) - (C - Z)Ve ([y(C - Z)_l’oo)) , y>0,

<1R+ X [y,00)1 19§> = {

for 0 < z < ¢, where the last term above is understood to be zero when
z =c. For z > c,

24 (e = 2)ve ([y(c — 2)71, ), ¥y <0,

1 o0) U2) =
< R+><[yv ) > {CV@([yC_17OO))7 y > 0.

As the snapshot principle predicts, there is no lateness in the limiting system
when Z*(t) < ¢, and thus almost no lateness in the prelimit when r is large
and Z"(t) < rc+o(r). If Z*(t) > ¢ (r is large and Z"(t) > r(c + ¢) for
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some ¢ > 0), jobs get late before they exit the system. Thus, ¢ acts as
a threshold for Z*(-), governing when the system exhibits lateness. Since
the law of Z*(-) is known [9], one can influence the proportion of missed
deadlines by choosing ¢ appropriately. For example, in cases where v > 0
(corresponding to a sequence of subcritical prelimit models), Z*(-) has a
steady state distribution [9]; by choosing ¢ as a particular quantile of this
distribution, one could achieve a desired long run average lateness rate.

4. Tightness. The remainder of the paper is devoted to proving The-
orem 2.2. The goal of this section is to prove that R-indexed sequences of
sample paths chosen from {Z"™(-) : m < |rT|} are relatively compact with
high probability.

4.1. Preliminary results. Assumption (A) has some important conse-
quences, which are reviewed below for later reference. Recall that W7 (-) =
(x,Z"()) is the diffusion scaled workload process for the rth model. Let
W*(-) be a reflected Brownian motion on R with drift —v, variance a(a®+
b?), and initial value W*(0) equal in distribution to (x, ©).

Proposition 4.1 Asr — oo, the sequence of diffusion scaled workload pro-
cesses {(x, Z"(-))} converges in distribution to W*(-).

Proof. It is well known that (A) is sufficient to imply the above result
for the workload process of any single server, single class queue operating
under a work conserving service discipline (including the present processor
sharing model). The use of functional central limit theorems and continuous
mappings to prove such results goes back to [11]. See [24] for a detailed
account covering a more general setting than the present one. |

A similar result holds for the diffusion scaled queue length process Z ") =
(1, Z7(-)). Assume (A) and let W*(-) be the reflected Brownian motion
specified above. Let Cy = 2a(1 + o?b?)~! and define Z*(-) = CyW*(-).
Propositiop 4.2 Asr — oo, the sequence of diffusion scaled queue length
processes {Z"(-)} converges in distribution to Z*(-).

Proof. See Theorem 2.3 in [9] and Corollary 2.4 in [9]. [ |

A simple corollary will also be needed. Assume (A) and let 7" > 1 and
e,n € (0,1).

Corollary 4.3 For all L > 1,

liminf P™ | sup [(1,2""(t)) — (1,Z"™(0))| <e | > 1—n. (4.1)
r—oo m<|rT
té[(L)7L]J



PROCESSOR SHARING QUEUE WITH SOFT DEADLINES 21

Furthermore, there exists M > 1 such that for all L > 1,

liminf P" [ sup (1,Z""(#)V (x,Z""#) <M | >1-n. (4.2)
r—00 ms LTTJ
te(0,L]

Proof. Expand the definition of Z"™(-) to rewrite in terms of diffusion
scaling. It suffices to show that for all L > 1,

lim inf P" sup ‘ZAT(t—I—h)—ZAT(t)‘ <e|>1-n,
r—0o0 te€[0,7T)
he[0,Lr 1]

and that there exists M > 1 such that for all L > 1,

lim inf P” sup  Z"()V (L ZT() <M | >1-n.
r—ee te[0,T+Lr—1]

Both statements follow from Propositions 4.1 and 4.2; the sequences {(x;, Zr())}
and {Z"(-)} are tight and the limiting processes W*(-) and Z*(-) are a.s.
continuous. Note that M can indeed be chosen independent of L. [

The following result about the invariant manifold My will be used in a
few places later.

Definition 4.4 (Lifting map) For a probability measure 9 on H., satis-
fying (2.19)—(2.21), let Ay : Ry — My be the associated lifting map given
by

Ayz = V%, z€eRy. (4.3)
Lemma 4.5 The map Ay : Ry — My is continuous and My C M is
closed.

Proof. By (2.21), (2.29), and a change of variables, (1,9%) = y for all y > 0.
Let {z,} C Ry satisfy z, — z as n — oo. Then (1,9%) — (1,9Z). If z =0,
then 92» ¥, 0. Assume without loss of generality that z,z, > 0 for all n
and let B C H be closed. By (2.29) and two applications of Fatou’s lemma,

[o¢]
limsup 92" (B) < a/ <limsup Lpyuer? u),19> du.
n—00 0 n—00 "o

Since B is closed,

limsup 92" (B) < a/ (1B+(uz-1,u),0) du = 9Z(B).
0

n—oo
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Conclude from the portmanteau theorem that z, '9?» —— z~19% and thus,
¥z % 9%, For the second statement, let {977} C My satisfy 97 —— ¢ as

n — 00. Then z, — (1,£). Since Ay is continuous, £ = 1921’@ € My. |

4.2. Functional Glivenko-Cantelli estimate. Proofs appearing later on
rely frequently on a functional uniform Glivenko-Cantelli estimate for the
measure valued arrival process specified in Section 2.1. They require uni-
form control over the empirical distributions of random vectors (v}, lfr_l),
associated with jobs arriving during an interval [s,t]. More explicitly, for
all intervals [s,t] with length bounded by a fixed constant L, the random

measure
rET™(t)

- 1

r7m_

Ll == 2 dwrae
i=rEmm(s)+1

must be asymptotically approximated, with high probability, by the measure
o’ (t — s)9". For fixed m, [s,t], and for a fixed Borel set B C H, it follows
from (A) and the weak law of large numbers that

LUT(B) —a'(t— s)0"(B) 20,  asr — oc. (4.4)

The present setting requires this approximation to be uniform over a suffi-
ciently rich class o7 of subsets of H and, for each T, L > 1, uniform over
all m < [rT'| and all intervals [s,¢] C [0, L]. This section addresses this issue
using well known results from empirical process theory.

Let ¥ be a family of Borel measurable functions f : Hy — R, and let
F : Hy — R be a Borel measurable envelope for ¥ that is, |f| < F
for all f € #. For f € ¥ and a Borel probability measure ¢ on H, let
1 fllo2 = ([ f2dQ) Y2 Let (') be the space of bounded functions G :
7 — R, equipped with the supremum norm ||G(f)||» = supsey [G(f)]. For a
random measure £ € M satistying (F, £) < oo almost surely, identify £ with
a random element £ € (*°(¥) satisfying L(f) = (f, L) almost surely. This
identification is unique in law. Then for r € R, m < |rT'|, and [s,t] C [0, L],
the random measure L_ZT — " (t — s)J" also represents a random element of
°(¥). A uniform version of (4.4) requires that, for an appropriate family
¥ of indicator functions, ZZT —a”(t—s)d" PLom (), uniformly in
m < [rT| and [s,t] C [0, L].

This uniform convergence holds under easily verifiable conditions on 7.
The first main condition guarantees a minimal amount of measurability
when dealing with suprema over ¥'. Call a family ¥ a Borel measurable
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class if, for each n € N and (eq,...e,) € {—1,1}", the map

> eif(xi)
i=1

is Borel measurable on H'}. The condition requires that, for all § > 0 and
r € R, the families ¥§" = {f —g : f,g € V,||f —g||1§r,2 < 6} and V2 =
{(f —g)?:fg¢€ ”//} are Borel measurable classes.

The second main condition ensures that ¥ is not too large, as mea-
sured by the following combinatorial property. Given a set S, a Vapnik-
Cervonenkis class (VC-class) is a collection .# of subsets of S with finite
Vapnik-Cervonenkis index (VC-index). The VC-index of a collection of sub-
sets is the smallest integer n (oo if none exists) such that . shatters no n-
point subset {z1,...,x,} C S. A collection . shatters {z1, ..., x,} if each of
the 2" subsets of {x1,...,z,} can be picked out by .7, that is, can be written
ANn{xy,...,x,} for some A € .. Finally, a family of functions % : S — R
is a VC-class if the collection of subgraphs {{(z,y) 1y < f(z)} : f € %} is
a VC-class of sets in S x R. For a more detailed discussion of VC-classes,
see for example van der Vaart and Wellner [23], Chapter 2.6.

VC-classes satisfy the uniform entropy condition: Let ¥ be a VC-class
with envelope F. Let 2 be the set of finitely discrete probability measures
Q on H such that ||F'||g2 > 0. For @ € 2 and a Borel measurable function
[ Hy — R satisfying || f|lg,2 < 00, let By(e) ={g € ¥ : ||f —gllg2 < €}
denote the Lo(Q)-ball in ¥, centered at f with radius e. Let N (e, 7, L2(Q))
be the smallest number of balls B(e) needed to cover #. Then ¥ satisfies

(X1, p) —

v

/ sup | /log N[ Fllgz: 7, La(@)de < oo, (4.5)
0 Qe2

See Definition 2.1.5, (2.5.1), and Theorem 2.6.7 in [23].
The uniform entropy condition (4.5) is used in the next lemma to show
that, for large k € N, the £°°(%#)-norm of the random measure

N . o
gk = \/_E Zz:; <5(vz’f,l;“r—1) -9 ) (46)

satisfies a tail bound that is uniform in r € R. In particular, (4.5) implies
that for each r € R, the class ¥ admits a J - Brownian bridge: a tight, Borel
measurable version of the zero-mean Gaussian process {GL(f) : f € ¥} with
covariance function

E'[GL()G1(9)] = (fg,0") — (£,9")(g,9").
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Moreover, the expected norms E"[||(f,G%)||»] are uniformly bounded in r,

and for large k, the random measures {G] : r € R} are uniformly close
in £°(7) to {G : r € R}. This leads quickly to the desired tail bound;
see Lemma 4.6 below. Finally, Lemma 4.7 below employs this tail bound to
establish the functional Glivenko-Cantelli estimate for £7}".

The proofs in this section use outer probabilities and outer expectations
to avoid cumbersome verifications of the measurability of certain suprema
over uncountable sets. For each r € R and each subset S C 7, define the
outer probability

P"(S)=inf{P"(B):SC B,Be "},
and the outer expectation of a map X : Q" — R by
E’[X] =inf {E"[Y]: X <VY,Y is .#"-measurable} .

Assume (A) and let ¥ be a VC-class of Borel measurable functions f :
H; — R with Borel measurable envelope F such that #.2 and #; are Borel
measurable classes for all » € R and § > 0, and such that

. 2 ar\ __
Jm sup (F"l{psny, V") = 0. (4.7)

Lemma 4.6 For all ¢ > 1 and x > 2, there exist M < oo and kg € N such
that k > ko implies
M

xq’

sup " (|[(£,GD)lly > z) <

reR

The constant M does not depend on .

Proof. Fix ¢ > 1 and = > 2. For G € (>°(¥), define

ho(G) = (19(H)ly =+ 1) AL (48)
Then ‘ R ‘ A
sup P (I, Gl > @) < sup B [ha(Gh)] (4.9)
reR reR

The function h, is an element of BLq (%), the set of all h : £°(¥) — R
satisfying [|h|lcc < 1 and |h(G1) — h(G2)| < ||G1 — Ga|l» for all G1,Gs €
0>°(7). Since ¥ is a VC-class, it satisfies the uniform entropy condition (4.5).
Moreover, the envelope F' satisfies (4.7), and 7.2, 7§ satisfy the indicated
measurability conditions. Thus, ¥ satisfies the assumptions of Theorem 2.8.3
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in [23], which asserts that ¥ is pre-Gaussian and Donsker, uniformly in
r € R (see Section 2.8.2 in [23]). In particular, ¥ satisfies

sup E" [[[(f, G|l y] < o0, (4.10)
reR
and, since h, € BLq,
lim sup |B7[h.(G})] — B[, (G2)]] = 0. (4.11)
k—00 rcR

By (4.9) and (4.11), there exists ko € N such that k& > ko implies

sup P ([[(£, Gy > ) < sup B (o (G2)] + 27"
rerR rerR

Apply (4.8) and Markov’s inequality to the right side to obtain

sup P (I1(,G0)lly > 2) < supP" (I(£.G)ly >z 1)+
reER reR

<ot (215w [U0013] +1)).

reR

Let M be the last term in parentheses, which does not depend on z. For each
r € R, the Brownian bridge G} is separable and Gaussian with ||(f,G.)||»
finite almost surely. Thus, there exists a constant C' such that for all r € R,

E"[|[(£,90115] < CE"[I{f, g1

(see Proposition A.2.4 in [23]). Conclude from (4.10) that M < co. |

~ The next lemma establishes the functional Glivenko-Cantelli estimate for
Ly Assume (A) and let T, L > 1 and ¢ € (0,1). Let ¥ be a VC-class of
Borel measurable functions f : H; — R such that 7.2 and 74 are Borel

measurable classes for all » € R and J > 0, and such that (4.7) holds.

Lemma 4.7 There exist events

Qf csup sup  |[(f, LUT) — " (t — s)({f, 1§’"> <eyp, reR,
fev m<|rT| '
[s,t]C[0,L]

such that lim, ., P" (Q]) = 1.
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Proof. For each r € R, let

T ={ sup H(f, Loy —af(t—s)(f, 07| > (4.12)
m<|rT ] 4
[s,t]C[0,L]
It suffices to show that
lim P" (") = 0. (4.13)
Since
(f, L3

Py = (=) (£ T) = ((£.L7m+ 1) = a"(m+0)(£.7"))
— ((f.L7m+9)) —a"(m+5)(f, 7).

the supremum in (4.12) is bounded above by

e (e -

@11 07) = (.76 — sty ) |

.
[t—s|<L
Rewrite as
sup || £700) = a7rt(£,07) = (£, £ (rs)) = a"rs(£,0)]| -
[s,t]C[0,T+L/r] v
[t—s|<L/r

For u > 0, let E"(u) = r—2E"(r2u) and let E"(u) = E"(ru) — a"ru. Then

5" (ru
(12 o) -l = 1Y (10 - 1.7)
=1
—|—(E ) —« ru) <f,1§T>
= E"(u)?

(. g;; Br) BT 7).

Introducing the notation X7 (f) = (l<:/7’2)%(f7 Gr) for k € N and f € ¥, the
supremum in (4.12) is bounded above by

sup
[s,t]C[0,T+L/7]
[t—s|<L/r

Xlapi () = Xiapr () + (B7@) = E7()) (£,9)

v
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Let 6 > 0. Deduce from the previous remarks and the inequalities ||(f, 97|y <
(F,9") and limsup,_,o, L/ < T A § that

lim P (Y7) < limsupP" | sup ‘Er(t) — Er(s)‘ (F,J") > =
r—00 r—o0 $,4<2T 2
[t—s|<d

Flimswp P | sup |IX7, 5 () = Xy (D], > 5 | (419
jt—s|<6
By (2.22)—(2.24) and the functional central limit theorem for renewal pro-
cesses, the sequence {E7(-)} converges in distribution to a Brownian motion,
which is almost surely uniformly continuous on compact time intervals [2].
Since sup,.cr (F, J7) < 0o by (4.7), conclude that the first right hand term
in (4.14) converges to zero as § — 0. To show the same for the second term,
the proof of Theorem 2.12.1 in [23] has been adapted.
For a,b € [0,00), define N® = N N [a,b]. It suffices to show that

. £

lim sup P R - XD, > 5

Ty (jeg?%‘” s,te[(sjliltl))é,jél T2Er(t)(f) T2Er(s)(f) o4
(4.15)

converges to zero as 0 — 0. For each r € R, bound the outer probability
of the maximum by the sum of outer probabilities, and discretize the time
index in the supremum. Then (4.15) is bounded above by

[21/6]
. &
limsup > P" max X[ () = Xp(Dlly > 7 (4.16)
r—00 —1 k.leN” E7(59)
J PSRBT ((5-1)8)

Let Q = {supuE[O,QTM] ‘Er(u) —a’u| > aé}. Then on the complement of

Qf, for each j =1,...,[2T/6],
(a6 — ad)t < E"(j6) < o’ j6 + ad.
Deduce that (4.16) is bounded above by

[2T/5]
. U, 4 k,. 4 €
lim sup E P max £<f7 gr) - _\/_<f7 gnll >
r—00 —1 kl TQ(QTj6+a5) T T ) 4
J= ’ r2(a’(j—1)6—ad)T 4

+ lim sup {%W P ().

r—00
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The second term equals zero by (2.22)—(2.24) and the functional weak law
of large numbers for renewal processes. Since G’ has stationary increments
and limsup,_,., @ < 2a, the previous term is bounded above by

- 2T\ o, Vk €
llgls;p [T-‘ P <k<r§9§m > Z) . (4.17)

Vi 57
r <f7 gk>
By Ottaviani’s inequality (see Proposition A.1.1 in [23]) and by the station-
ary increments of G, (4.17) is bounded above by

lim sup [%] B <H<f, gAG24O‘5J>H7/ - %@)

r—00 - 5 er .
1 P (£, G0y > —=
e B (1000l > )
Assume § is small enough so that that £(16v/ad)™! > 2. By Lemma 4.6,
there exist M and k¢ € N such that £ > ky implies

3
. 5 £ 16vad
sup (17,6l > =) §< ’ ) M. (419)

Since |r24ad] — oo as 7 — oo, the limit superior of the numerator in (4.18)
is bounded above by [27/8](16v/ad/e)? M, which can be made arbitrarily
small by choosing ¢ sufficiently close to 0. It remains to show that the limit
inferior, as 7 — o0, of the denominator in (4.18) is bounded away from zero
as & — 0. Observe that er(8vk)™' > £(16v/ad)~! for k < |r?4ad]. So by
(4.19), the terms in the maximum indexed by k& > ko are bounded above
(uniformly in r) by (16v/ad/e)®> M, which can be made arbitrarily small by
choosing § sufficiently close to 0. For k < kg,

v

(4.18)

. 5 er . 5 er
b (1ot > ) < (10t > ).
(1600 > =2) <2 (10601 >
which converges to zero as r — oo. Conclude that (4.18) converges to zero
as 0 — 0. [ |

It remains to define a class of subsets of H that is rich enough to char-
acterize elements of M, yet small enough to be a VC-class.

Definition 4.8 Let (a,b) denote the closure in R of an interval (a,b) C R
and define

o = {[:r,oo) X (y,00) :x € [0,00),y € [—oo,oo)}.
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Note that since the above definition allows y = —oo, the collection & in-
cludes not only subsets of H; that are translations of the right upper quad-
rant, but also all right half-spaces.

Lemma 4.9 The family v = {14 : A € &} is a VC-class of Borel mea-
surable functions with Borel measurable envelope F = 1. Moreover, V2 and
Vs are Borel measurable classes for all v € R and § > 0, and the envelope
F satisfies (4.7).

Proof. Since ¥ contains only indicator functions, it suffices to show that
o is a VC-class. Let {a,b,c} C H; be a three-point subset. It is impossible
for o to pick out all three two-point subsets of {a,b,c}. Thus, o shatters
no three-point subset of H, and so has VC-index at most 3. The remaining
assertions are evident. [ ]

4.3. Dynamic equation. This section introduces the dynamic equation
satisfied by the measure valued state descriptor. For a subset B C H and
w € Hy, define 15(w) = (15,6,). For each 7 € R, the state descriptor of
the rth model satisfies the following equation almost surely: for each Borel
set B C H;, and all ¢, h > 0,

Z'(t+h)(B) = Z"(t) (B + (Sii1n:h)
E"(t+h)

+ ) 1+ h) L (t+R).
i=E"(t)+1

This follows from (2.3)—(2.8) after some simplification. Applying the fluid
scaling (2.10)—(2.15) and (2.17), the above equation becomes

Z'(t+h)(B) = Z"(t) (B+ (5] 14p, )
rE"(t+h)
_ t (5" Ir
+ - Z 15 (07 (t+h), 15 (t+h)) . (4.20)
i=rEr(t)+1

After rescaling and shifting, the equation takes the following form. For each
re R, m < |rT|, t,h >0, almost surely for each Borel set B C H,

ZP™(t 4+ h)(B) = 2"™(t) (B + (Sgﬁm h))
rE"“vm(t-g-h)
— + (=T 7r,m
ty _Z 15 (0™ (E+ ), 7™ (E+ h)) . (4.21)
t=rEm™(t)+1
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Equations (4.20) and (4.21) are called the dynamic equations for Z"(-) and
Z_r,m(')'

Subsequent proofs use estimates obtained from (4.21). Two estimates re-
sult from bounding the summands by 1 and optionally bounding the first
term on the right side by its total mass; for each B C H; and t,h > 0,

2+ B)(B) < Z7(1) (B + (7)) + Ly (HL)

~ 7 (4.22)
r,m

< Z07(E) (Hy) + Ly, (Hy).
Two more estimates follow from (4.21) by simply ignoring any arrivals; for
each B C Hy and t,h > 0,

Zm(t) (B + (S h)) < ZMM(t+h)(B) < 27 (t+ k) (Hy).  (4.23)

4.4. Compact containment. The following lemma establishes the com-
pact containment of the fluid scaled state descriptor on [0, |rT"|+L]. Assume
(A) and let 7> 1 and n € (0,1).

Lemma 4.10 There exists a compact set K C M such that for all L > 1,

liminf P" (2" (t) € K for all t € [0, [rT| + L]) > 1 — 1.

T—00
Proof. Since 7 : (x,y) — |y| is continuous, (2.25) and the Skorohod
representation theorem imply the existence of R, -valued random variables
X"~ o 7rjr1 and X ~ do 7Tfrl such that X" — X almost surely. Conse-
quently, there exists an R -valued random variable Y such that

Y =sup X" as. (4.24)

T

Let u be the law of Y on R, . Since L?(u1) contains unbounded functions,
there exists a continuous increasing unbounded 3 : Ry — Ry such that
(42, 1) < oo. This implies that

(Y om)%,0) = E[(X)?] < E[(Y)? < oo.

Thus, the one element set ¥ = {¢ o m} is a VC-class with envelope F' =

¥ oy satisfying (4.7).
Since M is a Polish space, (2.32) and Prohorov’s theorem imply that the
sequence {Z7(0) : r € R} is tight: there exists a compact Ko C M such that
lim inf P” (27(0) € Ko) > 1 — =. (4.25)

r—00 3
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By (4.25), Corollary 4.3, and Lemma 4.7, there exist M > 1 and events

Qg C { sup ‘WJ O7T+7E6:Tln> - 04T<7/J O7T+7{9/r>

<1y, r €R,
m<|2rT|

such that for all L > 1, the events

0 = {27(0) € Ko},

te[0,|rT|+L]
P = QN5 N,

52{ sup (1,Zr(t)>v<x,5’"(t)>§M},

satisfy
liminf P" (Qp) > 1 — . (4.26)

T—00
Assume henceforth in the proof that all random objects are evaluated at
some outcome w € €.
Since Ky is compact, there is a sequence of real numbers {z : k € N}
such that, for all k,

. (4.27)

x| =

sup & (([0,zx] % [—p, zk])9) <
£eKo

For each k € N, choose yj > xj such that (y;) > k% and define

-[k = [ka]a
Je = [—(yx + k), yxl,
Rk = Ik X Jk.

Consider a sequence ap — 0 as k — o0o. The set
K={¢eM:(1,§) < M and {(Rj) < ay, for all k} (4.28)

is compact ([12], Theorem A 7.5). Thus, by (4.26) and the definition of Q},
it suffices to identify a null sequence {aj} such that, for each L > 1 and
each r > L,
sup  Z"(t)(R{) < ag, for all k.
te[0,|rT|+L]

Fix L > 1,t € [0, |rT]+ L], and k € N. Assume that r > L. Observe that

ZT(#)(RS) = Z7(4)(IE x R) + 2" (1) (I x JE). (4.29)
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Recall that x(x,y) = z. By Markov’s inequality and the definition of 2%,

M

21T x R) = 27 (1) ((k,00) x R) < -0, 27(1)) < -~ (4.30)

x| =

Let N = {se[(t—k)",t]:(1,27(s)) =0}; if N # @, fix some 7 € N if

N =g, let 7= (t—k)*. By (4.20),
Z(t)(In x Jg) = 27 (1) (T < Jg) + (S74,t = 7))
rE7(t)
b g (TOLE) . (131
i=rEr(r)+1
If N # @, then Z7(7) = 0 and
27(r) (e % JE) + (S0t — 7)) = 0. (432)

If N = @, then either 7 = 0 or 7 = ¢t — k. Suppose 7 = 0. Then by definition
of QF, y, and Ji, by (4.27), and by the inequality ¢t — 7 < k,

= 1
B (T % Jf) + (STt = 7)) < 27(0) (R x [~y l?) < 1 (433)
Suppose 7 =t — k. Then, by definition of Q% and since N' = &,
_ Lo t—7 k
ro= [ (1,27(s)) " tds > =
re= [z ) s 2 =
In this case, Markov’s inequality and the definition of Q% yield
Z(7) (I x Jg) + (S5t = 7)) < Z27(7) ([k/M, 00) x R)
M r
< ?<X73 (7)) (4.34)
M?
< —.
-k
Deduce from (4.31)—(4.34) that
- M2 rE"(t) B
ZH)(Ie x JP) < =+ - Z Ui see (070,17 (1)) - (4.35)
i=rE7(17)+1

For each i appearing in the sum, (2.5) and (2.15) imply

l:(t) :l;“r—l —t—f—UirT‘_l > lgr_l —t+T> l;“r—l ke
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Thus, I7(t) € [~ (yx + k), yx]¢ implies that I77~1 € [—yx, yx]¢, yielding
- 7 ~1
1, (T (0,5 (1)) < Ly xmypple(vi, 7).

By definition of ¢ and yy,

1
b () < e ().

LRy s [~yp.mle (vi, lir™ ) < (yr)

Deduce from (4.35) that

Bound and rewrite the sum to obtain

t) rE"™ (1)

Zr(t)(Ir x JE) < M k:2 Z > (Ilfr‘ll)-

m—|_7'J i=rEmm(0)4

By assumption, t < 7T + L = r(T + Lr~!) < 2rT. Rewrite the sum again
and use the definition of 7 to get

_ M1 Y .
ZN(t) (I x Jg) < = T Z (omy, Ly
m=|7| (436)

M? k41, , “r
S0 7(0‘ (pomy,J") +1).

By (2.22), (4.24), and the definition of v, there exists K < oo such that

supa” (1 o 4, ") = sup o/ E[ih(X")] < sup o’ E[)(Y)] < K. (4.37)
reR reR reR

Combining (4.29), (4.30), (4.36), and (4.37) yields
- 1
ZT((Rf) < ¢ (M + M?*+2(K +1)). (4.38)

Let ay equal the right side of (4.38). Since aj does not depend on L, and
since (4.38) holds on Qf for all L > 1,7 > L, and ¢t € [0, |rT'| + L], the proof
is complete. |
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4.5. Asymptotic reqularity. This section establishes that, as r — oo,
the fluid scaled state descriptors Z”(-) assign arbitrarily small mass to the
boundaries of sets A € /. This is phrased in terms of k-enlargements of
the boundaries of these sets. For B C H; and x > 0, let Op denote the
boundary of B and recall that 0% = {w € Hy : inf.cp, ||w — 2| < K} is the
k-enlargement in H of its boundary.

The result is established first for the initial condition Z7(0). Assume (A)
and let €, € (0,1).

Lemma 4.11 There exists k > 0 such that

lim inf P" <sup Z7(0)(0%) < €> >1-n. (4.39)
r—eo Aed
Proof. Note that the event in (4.39) is P"-measurable for each r; since the
random Borel measure Z7(0) is continuous from below, the event can be
rewritten using the supremum over a countable family {8?4”}, where ¢ is
rational and {A,} C &/ have boundary points with rational coordinates.
By the first component of (2.32) and the Skorohod representation the-
orem, there exist random measures A" ~ Z7(0) and A ~ O, defined on
a common probability space (©,.%,P), such that A” — A almost surely.
It suffices to show (4.39) for A" in place of Z7(0). Since M is Polish, the
sequence {A"} is strongly tight: there exists a compact K C M such that
Qo =, er{A” € K} satisfies

P(Q)> 11, (4.40)
(see [17], Corollary 2). Let Ky = KNMy. By (2.30) and since K is compact,
A e Ky as. on Q. (4.41)

Choose a compact C' C Hy such that

sup §(C°) <
£eK

i

| ™

(see [12], Theorem A 7.5). For each k > 0, let Z" be the collection of all
vertical strips [ik, (i + 1)k] x R, i = 0,1,..., and all horizontal strips R x
[k, (j + 1)k], j € Z. Define

Ih={I€I":INnC # o},

which is finite because C' is compact. Note that for each A € «f, the set
0% N C is contained in the union of at most six strips in Zf&. For all k > 0
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and ¢ € K,
sup £(0) < sup £(95 N C) +
Aes/ At 2
5
< 6}2%355(1) + 3
Consequently,

lim inf P <sup A"(0}%) < €> > liminf P <{maXAT(I) < %} N QO> .

r—00 Aco r—00 Iezg

Apply Fatou’s lemma to the right side to obtain

lim inf P <sup A"(9%) < E>
r—ee Aced

> P <{lim sup max A" () < %} N Qo> . (4.42)

r—oo 1€LE
Each I € I is closed, so the portmanteau theorem implies that

i "(I) < S. 4.4
llgls;plné%A (I) < }E%EA(I), a.s (4.43)

Combining (4.42) and (4.43) yields

lim inf P <sup A"(0%) < E) >P <{maXA(I) < %} ﬂQo> .

T—00 Aco/ I€Zy,
Thus, by (4.40) and (4.41), it remains to show that

lim sup max&(I) = 0. (4.44)
k=0¢ecK, I€LE

If (4.44) fails, then there exist x, — 0, {{,} C Ky, {1, : I,, € Z7"}, and
6 > 0, such that

inf &, (1) > 9,

n

and such that {I,,} are either all vertical or all horizontal. Suppose they are
all vertical. For each n, choose z,, € I, N {R4 x {0}}. Since C' and Ky are
compact, assume by passing to a subsequence if necessary, that x,, — x and
& 5 & For w > 0, let IY = [(x — w)t,z + w] x R. Then for each w > 0
and n sufficiently large, I,, C I'Y. Thus,

liminf &, (1)) > 6.

n—~0o0
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Since IY is closed, the portmanteau theorem implies that for each w > 0,

£(IY) > liminf &,(I¥) > 6.

n—~o0

Let I, = (N,~0 1y = {z} x R and deduce that
€(1,) > 6 (4.45)

However, £ € My because My is closed (Lemma 4.5). So £ = ¥ for some
z > 0; by Definition 2.1,

(1) = 04/00o I{x +uz'} x R)du. (4.46)

Since ¥(- x R) is a probability measure on R, it has at most countably
many atoms. Thus,
£(Lz) =0, (4.47)

contradicting (4.45). The argument is identical if {/,,} are all horizontal.
Conclude that (4.44) must hold. [ |

The regularity result is now shown for the entire state descriptor Z7(-).
Assume (A) and let T, L > 1 and €,n € (0, 1).

Lemma 4.12 There exists k > 0 such that

liminf P" [ sup  sup Z"#)(0%) <e|>1-n. (4.48)
r—oo Aed tel0,|rT|+L]

Proof. By Lemmas 4.11 and 4.10, there exist kg > 0 and compact K C M,
such that the events

0 = {sup 27(0)(0) < f},
Act 2

Oy = {Z'(t) e K for all t € [0, |rT| + L]},

satisfy
liminf P" (Q N Q5) > 1 — g (4.49)

Let R = {w € H : ||lw|| < K} for each K > 0. Since K is compact, there
exist M € (1,00) and K < oo such that

sup(L,€) < M, (4.50)
(eK

sup § (R) <

sup % (4.51)
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(see for example [12] Theorem A 7.5). Define a* = sup, g ", which is finite
by (2.22). Let h = e(8a*)" L A (L —1)/2, let k = ko A h(2M)™1, and let
§ = e((8[KMh™'])"' A271). By (4.49) and Lemmas 4.7 and 4.9, there
exist events

LUT(A)—a"(t—s)0"(A)| <0y, TrER,

Q5 C ¢ sup sup
Aco/ m<|rT|
[s;t]C[0,L]

such that the events Qf = Q7 N Q5 N Qf satisfy

liminf P" () > 1 — . (4.52)

T—00
Let Qf denote the event in (4.48). By (4.52), it suffices to show that Qf C
for all r € R. Let w € Qf; for the remainder of the proof, all random objects

are evaluated at this w.
Consider any t € [0, [rT| 4+ L] and A € &/. Define

1 =sup{s <t:(1,2"(s)) = 0}, (4.53)

if the supremum exists; define 71 = 0 otherwise. Let 7 = 71V (t — K M). The
first step is to show that

Z'(1) (04 + (Srpt — 7)) < (4.54)

[\IJIO)

If 7 = 0, this follows from the definition of 2] because
8A—i_( Tt7 ) CaA_HST t—T))

and because k < kg and &7 is closed under positive translation. Suppose
7 =7 > 0. Then 7 = m + s for some m < [rT'] and s € (0, L]. By (4.53),
there exists a sequence {s,} C [0,s] such that (1, Z"™(s,)) = 0 for all n.
By (4.22) and the definition of 25,

Z"(r) (94 + (Sgpt = 7)) = Z27"(s) (94 + (STt = 7))
< 2N (sp) (Hy) + L57(HLy )
<a'(s—sp) +9,

for all n € N. Letting s, T s,

ZN(r) (03 + (St —7)) <0<

N ™
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Suppose that 7 = t—K M. Since (1, Z7(s)) > 0 for all s € (7, ], the definition
of 5 and (4.50) imply that

t
ST, = / (1,27(s))"'ds > K.
t—KM

So by definition of Q5 and (4.51),

2"(r) (04 + (Sppt = 7)) < 27(7) (Rg) < %

The preceding three cases prove (4.54).
Using the dynamic equation (4.20),

Z(t)(95) = 2" (1) (95 + (5L, t — 7))
rET(t)

+% Yo 15 (@70, (1) . (455

i=rE"(1)+1

Let I denote the second right hand term in (4.55). By (4.54), it remains to
show that I < /2. Let N = [(t—7)h 1], and for each n € {0,..., N —1}, let
t, = 7+nh and t" = t,,11 At. Then, using the inequality 1;2(-, )< 13;;(-, ),

I< % S 1y (@0.E(). (4.56)

Consider n € {0,..., N — 1} and i such that U/r~! € (¢,,t"]. Observe that
Stny < Sgﬁ,u <S5 4 (4.57)
By (2.3), (2.5), (2.14), and (2.15),

1o @ (05 0) = Togasy, vy @06, (4589)

So, letting

A, = A+ (Shy — Kt —t"— k) NHy,
A=A+ (S + K t—ty+5),
A=A, \ AL,

it follows from (4.57) and (4.58) that

Log (67 (), 1 () < 1, (0] 1), (4.59)
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Conclude from (4.56) and (4.59) that

rET(t") N—1
"(tn)+

1A ( z7l: _I)ZZ( tn t"(A ) [’tnt"(A ))

n=0

N-1,
<> -
n:Or'

Dj |

Note that ¢" —t, < h < L for all n, and so L] ;. can be rewritten L7} for
some m < [rT] and [s,t] C [0, L]. Since A, , A} € o for all n < N, deduce
from the definition of €25 that

I< Z (a"hd" () +25) .
By definition of a* and N, and since t — 7 < KM,
I<ah219’" )+ [KMh~1]26.
This implies, by choice of §, that
= 5
I<a'ny J'(A,) + - 4,
<a*h Y 9(An) + 1 (4.60)

If ne{0,...,N — 3}, then

> hM ! > 2k,

r
tnt1,tnt2 =

because 0 < (1,27(s)) < M for all s € (7,t] and because h > k2M by
definition of . Thus, for all n € {0,..., N — 3},

Qr Qr Qr
Stn,t St + Stn+2,t — K Z Stn+2,t + K.

n+1 tn+2

Deduce that A, C A}, for all n € {0,...,N — 3} and consequently,
An,NA, 2 = @. Thus, since 7 s a probablhty measure, Z —1/2] gr (Agy)

and Zgﬁ)ﬁ /2 U"(Agn41) are both bounded by one. Conclude from (4.60)
that
I <20+ i,

which implies, by choice of h, that I <¢e/2. |
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4.6. Oscillation bound. This section contains the main oscillation bound
that constitutes the first of two main ingredients for proving tightness of the
state descriptors.

Definition 4.13 For each L > 1, {(-) € D([0,00),M), and 6 > 0, define
the modulus of continuity of ((-) on [0, L] as

wi (¢(1),0) = sup sup d[((t+h),((?)]. (4.61)
te[0,L—38] he(0,0]

Denote the modulus of continuity of ((-) on [0,L) by

wi— (C(),6) = sup  sup d[C(t+h),C(D)]. (4.62)
te[0,L—38) hel0,d]

Assume (A) and let 7', L > 1 and ¢,n € (0, 1).
Lemma 4.14 There exists 6 > 0 such that

liminf P" < max wy, (Z2""(),6) < 5> >1—n. (4.63)

r—o0 m<[rT|

Proof. By Lemmas 4.12 and 4.7, there exists x € (0,1) such that for each
fixed § > 0, the events

QQZ{ max sup Z""(t) ([0, K] xR)gi},

m<[rT] te(o0,1]

Q=< max sup L H.) <2ad p,
2 {m<U‘TJte[OL 6] cvaEe) }

b= 01N,

satisfy
liminf P" () > 1 — . (4.64)

r—00

Fix § = rke?(8(a v 1))~! and let Q7 be the event in (4.63). By (4.64), it
suffices to show that Qf C Qf for each r. Fix r € R and w € €; for

the remainder of the proof, all random objects are evaluated at this w. Fix
m < |rT],t € [0,L — 0], h € [0,4] and let B C H; be closed. By definition
of the Prohorov metric d [+, ], it suffices to show the two inequalities

Zrm(6)(B)
Z"™(t + h)(B)

m(t 4 h)(B°) + e, (4.65)

Zz"
ZM(4)(B) + e. (4.66)

<
<
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To show (4.65), use the definition of 2] to write
2 (E)(B) < 27M(#) ([0, 5] x R) + Z7(t) (B N ((k, 00) x R))

Z(8) (B (v, 00) x R)). (467)

IA
*PH” N\

Let I = {s € [t,t +h] : (1,Z"™(s)) < e/4}. Suppose I = @. Then
(1, Zm™(s)) > ¢/4 for all s € [t,t + h], which implies

|Sitm)|| < /H(S 1,27 (s)) " 'ds 46 < 4—: +o<enr  (468)

Consequently, w € B N ((k,00) x R) implies w — (S;7}),, h) € B, and so
BN ((k,00) x R) C B+ (S}, ). (4.69)
Deduce from (4.67) that
ZV()(B) < 5+ 27 (BT + (ST m) -
Apply (4.23) to get

ZUm(t)(B) < = 4 Z5™(t + h) (BF) . (4.70)

| ™

Suppose I # @ and let 7 = inf /. Then (I, Z"m (7)) < /4 by right continu-
ity. If 7 > ¢, then (1, 2" (s)) > ¢/4 for all s € [t,7), and so

Spt = /T(l,Z_’"’m(s))_lds < 4(75_ D < < 4?5 < K. (4.71)
y (4.67) and (4.71),
2 (8)(B) < £+ 27 (1) (x,50) X )
<+ 2V ((S7F00) X R)

Apply (4.23) to get

Z(1)(B) < S+ 27(r) (L) < 5 (4.72)

[\IJIO)

So (4.65) follows because either (4.70) or (4.72) holds.
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To show (4.66), use (4.22) and the definitions of 25 and J to obtain

ZV(t+ )(B) < Z27(t) (B + (S7{iash)

t,t+h’ :ﬁh(HJr)

(4.73)

+L
~Tr.m ar,m €
< 2() (B+ (S7ikh) + 2

If I = @, then (4.68) implies that B + (S:,ﬁh’ h) C B. So (4.73) yields

ZrM(t 4+ h)(B) < Z7™(t) (BF) +

= M

If I # @, then by (4.22) and the definitions of Qf and 4,

_ _ o 5 £
Zr,m(t + h)(B) < erm(T)(H+) +£T:t+h(H+) < Z 4+ 2 < E
In both cases, (4.66) holds.

Conclude from (4.65) and (4.66) that

d[277(1), 25 (t + h)] < e.

Since m < |rT|, t € [0,L — 4] and h € [0, §] were arbitrary,

s (270.0) < ¢

which implies that w € Q7. ]

4.7. Precompactness. This section introduces a sequence of events on
which the shifted fluid scaled state descriptors {Z"™(-) : m < |rT|} have
a desired list of properties. It will be shown that the tail of this sequence
has arbitrarily high probability, and that certain sequences of sample paths
chosen from the events are precompact. This will be used in the next section
to construct fluid approximations to the shifted fluid scaled state descriptors.

Assume (A) and let T > 1. Fix a positive constant M and a compact
set K C M. For each L > 1, let Cr, = ({r;}32,, {0k }3Z,) be a collection,
depending on L, where &, dj are positive constants with d; — 0 as k — oo.
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Definition 4.15 For each L > 1, and each r € R and n € N, define events

Ot ={ max sup (1Vy, Z2"™(t)) < My,
{m<LrTJ telo, L]< ®)) }

02 — {Zr,m( yeK forallm < |rT| andt €|

0,L]},
Q'3 ={ max sup (1, 2™ (t)) — (1, Z7™(0) l
m<|rT] teo,1] n

<

QZA:ﬂ{sup max sup Z’“m()(af{)gl.},

jo1 Aeo m<|rT] te(o,1]

00 = () { s waZ 000 < 1},

<
P m<|rT]

Qré c ¢ sup sup |LoT(A) — o/ (t—5)9"(A)] <
Aco/ m<|rT| '
[s,t]C[0,L]

(MK, Cr) = Q7 N2 nQp? nQpt n Qo n oy,

SRS

where for each fired n € N, the events {92’6 :r € R} are chosen so that
lim, oo P7 (%) = 1 (see Lemmas 4.7 and 4.9).

Fix M, K, and collections {Cr, : L > 1}. Then for each L > 1, the events
{Q (M,K,Cp) : 7 € R, n € N} form an array indexed by R x N. The next
lemma asserts that M , K, and {C, : L > 1} can be chosen so that for each
L > 1, the tail of every R-indexed column in this array has arbitrarily high
probability.

Assume (A) and let T'>1and 0 < n < 1.

Lemma 4.16 There exist M* > 0, a compact K* C M, and collections
{C} : L > 1} such that, for each L > 1 and each fized n € N,
liminf P" Q7 (M*,K*,C})) >1— 2. (4.74)
r—00 ) 2

Proof. Use Corollary 4.3 and Lemma 4.10 to choose M* and K* so that
for all L > 1 and each fixed n,
liminf P" (Q"' N Q2N Q%) > 1 - Z. (4.75)

r—00

Let L > 1. By Lemmas 4.12, 4.14, 4.7 and 4.9, there exists C; = ({k;},{0x})
such that for each fixed n,

liminf P" (Q0* N Q2PN Q%) > 1 -

r—00

=3

(4.76)



44 H.C. GROMOLL AND L. KRUK

The preceding lemma guarantees that, for each L > 1, there exists a
“diagonal” sequence of events, indexed by r € R, such that the tail of this
sequence has arbitrarily high probability.

Assume (A) and let "> 1 and € (0,1). Use Lemma 4.16 to choose a
constant M*, a compact set K*, and collections {C} : L > 1}, so that (4.74)
holds for each L and n.

Definition 4.17 For each L > 1 and r € R, let
E = {n eEN: P’ ( ;,L(M*>K*762)) Z 1 _77}7

and let
T A T+ 0
n(L,r) = {SupNL r), NL# @, (4.77)
1, [ =0.
For each L > 1 and r € R, define
= QZ(LJ)’L(M*,K*,C}‘J). (4.78)

Note that in the above definition, sup N could equal infinity for some 7.
In this case, it is sufficient to use 27 = Q’[TJ,L(M*,K*,CZ) , which is the
reason for including the minimum with 7] in the definition. This does not
affect the property that n(L,r) € N] for N] # @: if m,n € N with m < n,
then Q;’L(M*,K*, C7) C QQ%L(M*, K*,C%). So, for m < n,n € NJ implies
m € N7. In particular, N] # & implies n(L,r) € Nj.

Note also that Q7 may be empty for some r, possibly when N] = @.
This is of no concern; the following lemma implies that this is the case for
at most finitely many r.

Assume (A) and let 7> 1 and n € (0, 1).

Lemma 4.18 For each L > 1,
liminf P"(Q7) > 1 —n. (4.79)

T—00

Proof. Fix L > 1. If n(r, L) > 1 for some r € R, then P"(Q2}) > 1 —1n by
definition. Thus, it suffices to show that

n(r,L) - 0o as 1 — oc. (4.80)

This follows by Definition 4.17 and Lemma 4.16. |

Using the events (17, define for each L > 1, a sequence of subsets of
D([0,00), M) that are sample paths on [0,L) of the shifted, fluid scaled
state descriptors {Z"™(:) : m = 1,...,[rT|}. Assume (A) and let T > 1
and n € (0,1).
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Definition 4.19 For each L > 1 and r € R, let P} be the set of all {(-) €

D([0,00), M) such that for some w € Q) and some m < |rT|,
Zo™(t), telo,L),

¢(t) = () 0.L) (4.81)
0, t € [L,00).

By Lemma 4.18, Z; is empty for at most finitely many 7.

Assume (A) andlet "> 1andn € (0,1). Foreach L > 1,let {Z] : r € R}
be the sequence of sets defined above. Fix L > 1 and suppose that RCR
is a subsequence and {¢"(:) : 7 € R} € D([0,00), M) is a sequence of paths
such that ¢(-) € Zj for each 7 € R.

Theorem 4.20 The sequence {¢7(-) : 7 € R} is precompact in D([0, 00), M).

Proof. Let K* and C; = ({k;}, {0x}) be given by Lemma 4.16. By definition
of 2] and Q} (972 in particular), ¢"(t) € K* U {0} for all t > 0 and 7 € R.
Let k € N. By (4.80), there exists 7 such that # > ry implies n(7, L) > k. For
R > 1, let w(-,-) be the modulus of continuity on [0, R] used in Theorem
3.6.3 of [7]. Since lims_.o W’3(£(+),0) = 0 for each fixed £(-) € D([0, 00), M),
there exists 9, € (0,d) such that

max wh(C' (). 6) <
r<rg

. (4.82)

| =

5

1) C QZS (see Definition 4.15). By definition of 27 and

If 7 > ry, then Q7

Q7 (QZ’(?L) in particular),
. . 1
sup w—(¢"(+), %) < sup wr—(¢"(), k) < - (4.83)
f>’f’k f>rk k
Since w, (¢"(+), %) is bounded above by wr—(C7(+),8}) for each # € R and
k € N, and since ¢"(-) = 0 on [L,00) for each 7, (4.83) implies that for
R>1,
lim sup wh(C7(),8,) < lm supwi_(CF(),80) =0.  (484)
k—o0 ’F>’I‘k k—o0 f>rk

Deduce from (4.82) and (4.84) that

lim sup w(¢"(+), ;) = 0. (4.85)

T FeR

So {¢"(:) : # € R} is precompact by Theorem 3.6.3 of [7]. |
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5. Local fluid limits. This section provides the remaining ingredients
needed to prove Theorem 2.2. It is divided into three parts. Section 5.1 below
identifies the limit set 7, of the sequence of sets {Z] : r € R} introduced
in the previous section and derives several properties of the elements of this
set. Section 5.2 establishes that the set ¥ approximates the sample paths
of Z""™(-) on [0, L) with high probability. Section 5.3 contains a result on the
steady state behavior of the elements of 21, which is an important ingredi-
ent for proving state space collapse of the diffusion scaled state descriptors
{ZAT()} The results of this section are combined in Section 6 to show state
space collapse, which quickly leads to the proof of Theorem 2.2.

5.1. Properties. Assume (A) and let T > 1 and n € (0,1).

Definition 5.1 For each L > 1, let P1, be the set of all {(-) € D(]0,00), M)
such that there exists a subsequence R C R and a sequence {¢"(): 7€ 7@} C
D([0, 00), M), satisfying C"(-) € D; for each 7 € R, and
() 25 ¢, as 7 — oo (5.1)

The set Z; is nonempty by Lemma 4.18 and Theorem 4.20. Call the
elements of 9y, local fluid limits on [0, L) of the state descriptor Z7(-); the
term indicates that each element ((-) € 2, approximates some section of a
sample path of Z7(:) : [0,7T] — M over a finite time interval of length L.
The precise statement of this approximation appears in Section 5.2 below;
the purpose of this section is to establish several properties of the elements
of 9;,.

Let .7 denote the Borel subsets of H. Assume (A) and let T > 1 and
n e (0,1).

Theorem 5.2 There exist a positive constant M and a compact set K C M
such that for each L > 1 and each ((-) € Yy,

(i) C(t) e K for allt >0,

(ii) ((-) =0 on [L,00),
(i1i) C(-) is continuous on [0, L),

() (1,{(t)) < M forallt e [0,L),

(v) (1,¢()) is constant on [0, L),

(vi) if z = (1,((0)) is positive, then for all t € [0,L) and B € 2,

C(t) (B) = C(0) (B + (t=~1,8)) + a/o 9(B+ (s s)ds.  (5.2)

Proof. Let M*, K*, and C; = ({~;}, {0n}) be the objects used in Definitions
4.17 and 4.19 to define 7. Let M = M* and K = K*. Fix L > 1 and
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¢(-) € 2. By Definitions 4.19 and 5.1, there exists a subsequence R C R
and a sequence {¢7(+) : 7 € R} such that ¢7(-) € 2] for each 7 and such that
(5.1) holds. To ease notation, assume without loss of generality that R=TR.
Properties (i) and (ii) follow immediately from Definitions 4.17, 4.19, and
5.1. Property (iii) follows from the proof of Theorem 4.20, in particular,
from (4.83).

Since ¢(+) is continuous on [0, L), (5.1) implies that for all ¢ € [0, L),

(1) 5 (), as r — oo. (5.3)
Consequently, for all ¢ € [0, L),
(LC(0) = lim (1L,¢7(0) < . (54)

by the definition of 27 (Q"! in particular). This proves (iv). Property (v)
follows from (5.3) and the definition of 2} (€;* in particular).

To prove (vi), suppose that z = (1,{(0)) is positive and fix ¢ € [0, L) and
A € /. An extension to Borel sets B € 2 will be made at the end. For
each r € R, there exists w € Q] and m < [rT'| such that, evaluated at w,

¢"(t)(A) = ¢"(0) (A+ (S™™(1), 1))

rET™(t)

1 r,m m
L BETORTW); (655)
i=rEmm™(0)+1

see Definition 4.19 and the dynamic equation (4.21). By (4.83) and (5.3),
Tim [|(1,¢"()) = (L,¢CDl, = 0. (5.6)

By property (v), (1,{(u)) = z > 0 for all u € [0,¢]. So (5.6) and the bounded
convergence theorem imply that for all s € [0, ¢],

S

lim S"™(s) = lim e ((1,¢"(u))) du

r—00 r—00 0

— [ oy a 57
0

= sz L.
For s € [0,1], define S5 = (t — s)z~!. Since s — s27! is continuous on [0, #],
the convergence in (5.7) is uniform on [0,t]. For 6 > 0, there exists rs € R
such that
sup !5’2? - 57t‘ <4, for all r > rs. (5.8)
s€(0,t]

The following lemma is needed.
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Lemma 5.3 For all A€ o/ and s € [0, L),

¢(s)(9a) = 0. (5.9)

Proof. Fix A € o/ and observe that 04 C 0" for alln € N. For allt € [0, L)

and n € N, (5.3), the portmanteau theorem, and the definition of 2] (QZ’A‘
in particular) yield

S

C(1)(@a) < C(t) (93) < liminf ¢"(t) (97") <

Letting n — oo proves (5.9). [ |

Continuing with the proof of Theorem 5.2 (vi), use (5.7) and the definition
of 77 (" in particular) to obtain

¢7(0) (A+ (S™™(t),t)) — ¢"(0) (A+ (tz~1 1)) | — 0, (5.10)

as r — 00. Deduce from (5.3), (5.10), Lemma 5.3, and the portmanteau
theorem, that as r — oo,

¢"(t)(A) = ¢"(0) (A + (S"™(1), 1)) — C(E)(A) = €(0) (A+ (t27",1)) . (5.11)

Let Dy(o/) = {D € & : 9(0p) # 0}. Note that Dy(<?) is countable
because ¥(- x R) and J(R4 x -) are probability measures. Since the function
s+ Sg 4 is strictly decreasing in s,

Dy(S) ={s €[0,4] : A+ (S +25,t — 5) € Dy(/)}

is also countable. For each integer N > 1, let 0 =t < ¢IV < ... <l =1t
be a partition of [0,¢] such that té-v ¢ Dy(S) foral j=1,...,N — 1 and
such that manSN_l(tjAzrl - t;v) — 0 as N — oo. Let I" denote the second
right hand term in (5.5). Then

N
rETm(EN, )

Z D CARORARO)P

Jj=0 = rE’"th)—l-l

Suppose that téy <Urt-m< tj]\jrl, for some r > rg, some j < N — 1,
and some i € {rE"™(0) +1,...,7E"™(t)}. Then by (5.8),
Y

10

; 5§§ < Syt 0. (5.12)

r~l-m.t

By the definitions (2.14), (2.15), (2.5), and (2.3),

(T 0,5 (0) = (07 = Spps e lir™ = (6= (U™ = m)) ).



PROCESSOR SHARING QUEUE WITH SOFT DEADLINES 49

So for r > rs, (5.12) and the inequalities 14(- —6,-) < 1% (-,-) < 1a(-+4,)
yield
(@ 0,57 (1) = 1a (0] = (S o +20) 507 = (1= 13) 5
J K

1 (0™(), (1) < 14 (vgf — (Spv ,—20), 00— (¢ — t;VH)) .

1

This yields, for r > rg,

N—-1 1 T‘ET’m(té\;l)
D D DI (v; — (Spv o +20), 7t = (¢ - t;V)) :
J=0 " i=rEnm(t)+1
N—1 1 TET’m(té\il)
- N
D DN DI VI R CRIFEE DR T (R B
J=0 " i=rErm(tN)+1
(5.13)
Using (2.16) and (2.18), rewrite (5.13) as
N-1
AT,m N .
= i—0 Etj‘vvtj]\zrl <A+ (Stéy’t+26’t_tj ))’
]:
o (5.14)
o N
DY (4+ (S, 020t —12)).
=0

By Definitions 4.17 and 4.15, (5.14) implies that, for r > rg,

=

> (a’“(tj]\ﬁrl — Ny (A n <St§V,t Lost— t;\f)) _ n(L,r)—l) ;

<.
Il
=)

I" < (aT(tj]\frl —tNyor (A + (StN

J 10

=

=26t — tﬁl)) + n(L,r)_l) .

<.
Il
o

By (4.80), and since t;-v & Dy(S) forall j=1,...,N —1,

=2

liminf 1" > a3 (6, = )9 (A+ (S +20.t 1))

r—00

<.
I
o

(5.15)

limsupI" < « (tj]\ﬂrl—t;v)ﬁ (A—F(StNHt—%,t—tj]\ﬁrl)).
J k)

r—00

=

.
Il
o
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For s € [0,¢] such that s ¢ Dy(S) the bounded convergence theorem implies
that as N — oo,

N-1
Ol (A + (st;v’t +20,t — t;V)) — (At (e +20,t —5));
j=0
N-1
oL (A + (St;gl,t —25,t — t;VH)) — 9 (A+ (Ssy— 20t — 5)).
7=0

(5.16)

Thus, the convergence in (5.16) holds for almost every s € [0,¢). Let N — oo
in (5.15) and conclude from (5.16) and the bounded convergence theorem
that

t
liminf I" > a/ V(A+ (Sst+20,t—s))ds;
r—00 0

t (5.17)
limsup I" < a/ Y (A+ (Ssp —20,t —s))ds.

r—00 0
Let 6 — 0 in (5.17); since Dy(</) is countable, both integrands in (5.17)
converge almost everywhere on [0, ¢] to

J(A+ (Sspt—8)) =0 (A+ ((t—s)z"",t—3)).

Conclude, using a change of variables, that

t
lim I" = a/ 9 (A+ (Sz_l,s)) ds.
T—00 0

Combining with (5.11) proves (5.2) for fixed t € [0,L) and A € &. To
extend to all B € ., let &/’ be the set of B € 4 for which (5.2) holds.
Observe that o7’ is a A-system: H € &/’ because H; € «; if {B,} C &’
satisfies B, T B, then B € &/’; if By C By are elements of &/, then By \ By €
/', Observe also that &7 is a m-system: if Ay, Ay € &7, then A1 N Ay € 7.
Since & C &/ and the o-algebra generated by <7 is equal to 7, it follows
that &/’ = J by the Dynkin wA-theorem (see for example [1]). |

5.2. Uniform approzimation. The next lemma states that, with asymp-
totically high probability, the overlapping sections {Z"™(-) : m < [rT]} of
the process Z7(-) are uniformly approximated on [0, L) by elements of the
set 9.

Assume (A) and let T > 1 and n € (0,1). Let {Zr : L > 1} be the
subsets of D([0, 00), M) specified by Definition 5.1.
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Lemma 5.4 For each L > 1 and each € > 0, the set 91, satisfies

liminf P" [ max inf sup d[Z"™(t),((t)] <e] >1—-n. 5.18
min (mKUqUCOEQLtQQL) 27 (1), ()] ) o (519

Proof. Fix L > 1. By Definition 4.19, Z5™ ()10 )(-) € 2}, for all m <
|7T'], if and only if w € Q}. So by Lemma 4.18,

liminf P" (Z"™ ()10, (-) € 2} for all m < [rT]) > 1 — 1. (5.19)

r—00

Thus, it suffices to show that

lim sup inf sup d[("(¢),{(¢t)] =0. (5.20)
T ¢r(yegr CC)EZL tefo,L)

S~upp0se that (5.20) does not hold. Then there exists € > 0, a subsequence
R C R, and a sequence {¢"(-) : 7 € R}, with ("(-) € ZF for each 7, such
that i
inf inf sup d [{"(¢),(t)]| > e. 5.21
T Ok ool [¢"(1),¢(1)] (5.21)
By Theorem 4.20 and Definition 5.1, there is a further subsequence {7;} C R
and a ((-) € Zr, such that

(I() T G() as oo (5.22)
The path ((-) is continuous on [0, L) by Theorem 5.2, (iii). So

lim sup d [¢"(t),¢(t)] =0, (5.23)
J—% telo,L)

contradicting (5.21). [ |

5.3. Convergence to steady state. This section establishes that when L
and t are sufficiently large, ((t) is arbitrarily close to a steady state measure
in My, uniformly for all {(-) € 1. The proof of this assertion exploits (5.2)
and the constant total mass function (1, ((+)).

Assume (A) and let 7" > 1 and €,n7 € (0,1). For each L > 1, let 7, be
the set of local fluid limits specified by Definition 5.1.

Theorem 5.5 There exists L* > 1 such that for all {(-) € D+,

sup  d[C(t), Ag(L,C(D)] <. (5.24)
te[L*—1,L*)
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Proof. Let M and K be given by Theorem 5.2. Choose K > 0 such that

sup & ([KM_I,OO) X R) <e, (5.25)
(eK
and such that -
a/ 9 ([SM_I,OO) x R)ds < ¢; (5.26)
K

such a K exists because K is compact and (x,v) < oo by (2.21). Choose L*
such that
L*—1>K. (5.27)

Fix {(-) € - and t € [L* —1,L*). By Theorem 5.2 (v), (1,{(-)) is constant
and so z = (1,¢(0)) satisfies

Ay(1, (1)) = Ay(1,¢(0)) = V¢ (5.28)
By Theorem 5.2 (iv),
2 < M. (5.29)
Let B C H; be a closed Borel set. By (5.28) and the definition of the
Prohorov metric d [+, -], it suffices to verify the two inequalities
C(t)(B) < 02(B7) +, (5.30)
D2(B) < C(H)(BF) + <. (5.31)
By Theorem 5.2 (vi),
t
C)(B)=¢(0) (B + (tz',t)) + a/ V(B + (sz7',s)) ds. (5.32)
0

Since t > L* —1 > K, (5.29) and (5.25) imply that

C(0) (B + (t271,)) < ¢(0) (KM ™", 00) x R)
<e.

Substitute into (5.32); for the second term, enlarge B to B¢ and enlarge the
domain of integration to conclude that

C(t)(B) <e+ a/oooﬂ (B® + (5271, 5)) ds = £ + 9Z(B9).

This proves (5.30). To prove (5.31), use Definition 2.1 to write

YZ2(B) =« Otﬁ (B+ (sz71,s)) ds—{—a/tooﬂ (B+ (s271,s)) ds.
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Enlarge B to B€ in the first right-hand term; uset > L*—1 > K and 2z < M
in the second right-hand term to obtain

¥Z(B) < a/otﬁ (B + (sz7',s)) ds +a/:19 ([sM~',00) x R) ds.

By (5.26),
t
VZ(B) < a/ 9 (B + (sz7',8))ds +e.
0

Add an extra term and use Theorem 5.2 (vi) to conclude that

t
92(B) < ¢(0) (B + (t=4,1)) +a/ 9 (B + (s ,s)) ds +
0
= C(1)(B%) + e,
which proves (5.31). [
6. Diffusion limit. The work of the previous sections is now combined

to prove state space collapse, which immediately leads to the proof of The-

orem 2.2.
Assume (A) and let 7" > 1.

Theorem 6.1 Asr — oo,

sup d [zr(t),ma,zr(t))] — 0. (6.1)
te[0,7

Proof. Let ¢,n € (0,1). It suffices to show that
liminf P™ [ sup d [2?@),%(1,27“@))] <e|l>1-9 (6.2
r—oo t€[0,T)

By Theorem 5.5, there exists L* > 1 such that the set Zp+, defined in
Definition 5.1, satisfies

sup sup  d[C(t), Ag(L,¢(1))] < (6.3)

C()ED* te|L*—1,L*)

Wl M

By Theorem 5.2 (iv), there exists a positive M such that, for all {(-) € Z~,

sup (1,¢(t)) < M. (6.4)
tel0,L*)
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Choose a positive § < £/36 such that, for each z € [0, M + 1],

(6.5)

£
SUp (L{p zyo5) s 92) < Sup (L oposxr, Vo) < 5’
$€R+

zeRy

(see Definition 2.1). The map Ay : Ry — My is uniformly continuous on
[0, M + 1] (Lemma 4.5). Thus, there exists a positive d; < § such that

sup  d[Ayz, Ayy] <. (6.6)
y,z2<M+1
|z—y|<d1

For each r € R, define events

Q=< max inf sup d[Z"(t), ()] <61y,
: {mﬁﬁjq,)%tgmlﬂ (20, ¢(0) }

Q= {d [27°(0), Ay (1, 2°(0))] < 61},
6= Q1 N QL.
By Lemma 5.4, (2.30) and (2.32),

liminf P" (Qp) > 1 — 7. (6.7)

r—00

Fix w € Qf and assume henceforth in the proof that all random objects are
evaluated at this w. By (6.7), it suffices to show that

sup d [2r(t),A,9<1,2’“(t)> <e.
te[0,7T

Note that if ¢ € [L*/r,T), then Z"(t) = Z"(rt) = Zf’m(s) for some m < [T
and some s € [L* — 1,L*). If t € [0,L*/r), then Z"(t) = Z"(rt) = Z"(s),
for some s € [0, L*). Thus, it suffices to show the two inequalities

max sup  d[Z7™(t), Ay(l, Z"(t))] < e, 6.8
m<[rT] 4[> —1,L*) [ (£): 2o ( )>] (©8)
sup d [Z70(1), Ap(1,Z™°(1))] <e. (6.9)

tel0,L*)

Fix m < [rT] and t € [0, L*). By the definition of Q7 there exists {(-) € P
such that B
d[Z7™(t),C(t)] < 61. (6.10)

By definition of the Prohorov metric d [-, -], this implies that

[(L,¢@)) — (L, 2mm()] < é1 <1,
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and so by (6.4) and (6.6),
d [Ag(1,¢(0), Ag(L, Z"™(t))] < 6. (6.11)
By (6.10) and (6.11),
d [277(t), Ap(1, 27M(1))] < d [277(t),C(1)]

+d [C(t), Ap(1,¢(1))]
+d [Ay(1,¢(1), Ag(1, 27 (1))]
) ]

d [27™ (1), Ag(1, 2P ()] < 26 + % <

which proves (6.8). To prove (6.9), it suffices to show that for m = 0 and
t € [0,L*), the {(-) appearing in (6.10)—(6.12) also satisfies

ICORVIINIONESS (6.13)
By Theorem 5.2 (v), (1,((-)) is constant. Let z = (1,(0)) so that
Ay(L,¢(1)) = Ay(1,¢(0)) = ¢ (6.14)

Fix a closed Borel set B C H, ; it suffices to show the two inequalities

C()(B) < 0B + (6.15)

P:(B) < C()(BT) + <.

By (6.14), (6.10), the definition of Q%, and (6.11),

(6.16)

d [¢(0),9Z] < d[¢(0),27°(0)]
+d [27°(0), Ap(1, 27°(0))]
+d [Ay(L, 27°(0)), ¥7] (6.17)
<4+ +9
< 36.

By Theorem 5.2 (vi), ((-) satisfies (5.2). Apply (6.17) to the first term on
the right of (5.2) to obtain

t

C(H)(B) gﬁg((B+(tz-1,t))35)+35+a/ 9 (B+ (s271,s)) ds. (6.18)
0
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Note that

9z ((B F(t2Y t))35) < ¥ (335 F(t2, t))

=+ sup <1[x,x+35]><R’19z>' (619)
zeRy

Apply (6.5) and use the relation B ¢ B* c B®/? to conclude from (6.18)
and (6.19) that

C(t)(B) < 92 (35/3 + (tz—l,t)) + a/tz9 (BE/3 + (sz—l,s)) ds + 36 + %.
0

(6.20)
Inequality (6.15) follows from (6.20) and Definition 2.1. To show (6.16),
write

VI(B) =92 (B+(tz"1,1)) +« /tﬁ (B+(s271,5)) ds.
0

Use (6.17) and enlarge B to B to get
t

9%(B) < ¢(0) ((B+(tz_1,t))35)+35+a/ 19<B35+(sz_1,3)> ds. (6.21)
0

Note that

CO0) ((B+E=11)") <¢(0) (B¥ + (t711)) + sup {1y, C(0)),

z€ER

and so by (6.17),

() ((B+(=71,6)®) < ¢(0) (B + (¢271,1))

+ sup (1jg o195 xr, Vs) +36. (6.22)
IEGRJr

Apply (6.5) to deduce from (6.21) and (6.22) that
t £
9Z(B) < ¢(0) (335 - (tz—l,t)) - a/ 9 (335 + (5271, s)) ds +63 + =
0

Conclude from Theorem 5.2 (vi) that

9%(B) < C(£)(B%) + 66 + % (6.23)

which proves (6.16). This completes the proof of (6.13) which, together with
(6.12), proves (6.9). [
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Proof of Theorem 2.2. By Proposition 4.2,
1,2"()) = Z*(-), asr — oc.

Since the lifting map Ay is continuous (Lemma 4.5), the continuous mapping
theorem implies that

Ag(1,Z7()) = Z*(-), asr— 0.

Conclude from Theorem 6.1 and the “converging together lemma” [2, The-
orem 3.1] that

Z'() = Z*(), as r — o00.
[ |
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