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Abstract. We identify the large deviation rate function for a single server
with multi-class arrivals in which the service priority is determined according
to the weighted-serve-the-longest-queue policy. The problem setup falls into
the general category of systems with discontinuous statistics. Our analysis,
which is largely based on a weak convergence approach, does not require any
symmetry or dimensional restrictions.

1. Introduction

Consider a single server that must serve multiple queues of customers from different
classes. A common service discipline in this situation is the serve-the-longest-queue
policy, in which the longest queue is given priority. In this paper we will consider
a natural generalization of this discipline, namely, the weighted-serve-the-longest-
queue (WSLQ) policy. Under WSLQ, each queue length is multiplied by a con-
stant to determine a “score” for that queue, and the queue with the largest score is
granted priority. Such service policies are more appropriate than serve-the-longest-
queue policy when the different arrival queues or customer classes have different
requirements or statistical properties. For example, if there is a finite queueing ca-
pacity to be split among the different classes, one may want to choose the partition
and the weighting constants in order to optimize a certain performance measure.

Because WSLQ is a frequently proposed discipline for queueing models in
communication problems, a large deviations analysis of this protocol is useful [12].
However, service policies such as WSLQ are not smooth functions of the system
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state and lead to multidimensional stochastic processes with discontinuous statis-
tics. In general, large deviation properties of processes with discontinuous statistics
are hard to analyze [1, 7, 8, 9]. This is especially true when the discontinuities ap-
pear on the interior of the state space, rather than the boundary. In fact, very
general results with an explicit identification of the rate function only exist for
the case where two regions of smooth statistical behavior are separated by an
interface of codimension one [3]. For the WSLQ policy, the large deviation analy-
sis has been limited to special, two-dimensional cases [11]. Large deviations for a
weighted-serve-the-largest-workload policy are treated in [10], but [10] considers a
particular event rather than the sample path large deviations principle.

The purpose of the present work is to show that a complete large deviation
analysis of WSLQ is possible without any symmetry or dimensional assumptions.
Given the intrinsic difficulties in models with discontinuous statistics, it is worth-
while to explain what makes such an analysis possible for WSLQ. To this end, we
recall the main difficulty in the large deviation analysis of systems with discon-
tinuous statistics. A large deviation upper bound can often be established using
the results in [6], which assumes little regularity on the statistical behavior of the
underlying processes. However, this upper bound is generally not tight, even for
the very simple situation of two regions of constant statistical behavior separated
by a hyperplane of codimension one [5].

The reason for this gap is most easily identified by considering the correspond-
ing lower bound. When proving a large deviation lower bound, it is necessary to
analyze the probability that the process closely follows or tracks a constant veloc-
ity trajectory that lies on the interface of two or more regions of smooth statistical
behavior. For this one has to consider all changes of measure in these different
regions that lead to the desired tracking behavior. The thorny issue is how to
characterize such changes of measure. In the case of two regions [5], this can be
done in a satisfactory fashion and it turns out that the large deviation rate func-
tion is a modified version of the upper bound in [6]. The modification is made to
explicitly include certain “stability about the interface” conditions, and part of the
reason that everything works out nicely in the setup of [5] is that these stability
conditions can be easily characterized. However, the analogous characterization
of stability is not known for more elaborate settings such as WSLQ, where the
regions of constant statistical behavior are defined according to the partition of
the state space by a finite number of hyperplanes of codimension one. Therefore,
at present there is no general theory that subsumes WSLQ as a special case.

However, a key observation that makes possible a large deviations analysis
for WSLQ is that for this model, the required stability conditions are implicitly
and automatically built into the upper bound rate function of [6]. More precisely,
it can be shown that in the lower bound analysis one can restrict, a priori, to a
class of changes of measure for which the stability conditions are automatically
implied. Thus while it is true that the upper bound of [6] is not tight in general,
it is so in this case due to the structural properties of WSLQ policy.



Large Deviations for Serve-the-Longest-Queue 3

The study of the large deviation properties of WSLQ is partly motivated
by the problem of estimating buffer overflow (rare event) probabilities for stable
WSLQ systems using importance sampling. It turns out that the simple form of
the large deviation local rate function as exhibited in (3.1) and (3.2) is essen-
tial toward constructing simple and asymptotically optimal importance sampling
schemes using a game theoretic approach. These results will be reported elsewhere.

The paper is organized as follows. In Section 2, we introduce the single server
system with WSLQ policy. In Section 3, we state the main result, whose proof is
presented in Section 4. Collected in the appendices are a lengthy technical part
of the proof that involves the approximation of continuous trajectories, as well as
miscellaneous results.

2. Problem Setup

Consider a server with d customer classes, where customers of class i arrive accord-
ing to a Poisson process with rate \; and are buffered at queue 7 fori =1,...,d.
The service time for a customer of class ¢ is exponentially distributed with rate ;.

Figure 1: WSLQ system

The service policy is determined according to the WSLQ discipline that can
be described as follows. Let ¢; be the weight associated with class i. If the size of
queue 1 is g;, then the “score” of queue i is defined as ¢;q; and service priority will
be given to the queue with the maximal score. When there are multiple queues with
the maximal score, the assignment of priority among these queues can be arbitrary
— the choice is indeed non-essential and will lead to the same rate function. We
adopt the convention that when there are ties, the priority will be given to the
queue with the largest index.

The system state at time t is the vector of queue lengths and is denoted by
Q) =(Q1(t),...,Qa(t)). Then @ is a continuous time pure jump Markov process
whose possible jumps belong to the set

O = {+e1, teo, ..., +eq}.

For v € ©, let r(z;v) denote the jump intensity of process @ from state z to
state x + v. Under the WSLQ discipline, these jump intensities are as follows. For
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= (z1,...,24) €R? and z # 0, let 7(z) denote the indices of queues that have
the maximal score, that is,

m(x) = {1 <i<d:cz;= maxcj:cj}.
J

Then
Ai, ifv=e andi=1,...,d,
r(x;v) =< wi, if v=—e; where i = maxn(z),
0, otherwise.

For = = 0, there is no service and the jump intensities are

(0:0) = Ai, ifv=e andi=1,...,d,
"UYIT 0, otherwise.

We also set
m(0) ={0,1,2,...,d}.

An illustrative figure for the case of two queues in given below.
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Figure 2: System dynamics for d = 2.

Remark 2.1. It is not difficult to see that the system dynamics have constant
statistical behavior in the regions where 7(-) is constant. Discontinuity occurs
when 7(+) changes, and every x with |w(z)| > 2 (i.e., when there is a tie) is indeed
a discontinuous point. Therefore, we have various discontinuity interfaces with
different dimensions. For example, for every subset A C {1,2,...,d} with |A] > 2
or A ={0,1,2,...,d}, the set {z € R% : m(z) = A} defines an interface with
dimension d — |A| + 1.
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Remark 2.2. The definition of 7(0) is introduced to cope with the discontinuous dy-
namics at the origin. Note that with this definition, (x) can only be {0,1,2,...,d}
if 2 =0 and a subset of {1,2,...,d} if z # 0.

Remark 2.3. A useful observation is that 7 is upper semicontinuous as a set-valued
function. That is, for any z € R%, 7(y) C w(z) for all y in a small neighborhood
of z.

3. The main result

In order to state a large deviation principle on path space, we fix arbitrarily 7" > 0,
and for each n € N let {X"(¢) : t € [0,T]} be the scaled process defined by

1
X"(t)=— t).
(1) = —Q(ni)
Then X" is a continuous time Markov process with generator
Lrf(z) =n)_ r(z;v)[f (@ +v/n) = f(2)].
vEO®

The processes {X"} live in the space of cadlag functions D([0,T] : RY), which is
endowed with the Skorohod metric and thus a Polish space.

3.1. The rate function

For each i = 1,...,d, let H® be the convex function given by
_ d
H(l)(a) = pile”* —1)+ Z)\j(eo‘j —1),
j=1
for all @ = (g, ..., aq) € R%. We also define for i = 0,

HOa) =3 Nj(e™ —1)
j=1
for a € R%.
For each non-empty subset A C {1,...,d} or A= {0,1,...,d}, let L be the
Legendre transform of max;e 4 H, that is,

1) = sup (@, ) - e HO(a)|
acRd i€A
for each 3 € R% Clearly, L* is convex and non-negative. When A is a singleton
{i}, we simply write L* as L(Y). A useful representation of L* [4, Corollary D.4.3]
is

LAB) = inf Y p 1O (59), (3.1)

i€A
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where the infimum is taken over all {(p(), 3")) :i € A} such that

#0350, T a0 =1, Y080 = @2
icA icA
Furthermore, for x € R% let L(x, B) = L™ (B).
Now we can define the process level rate function. For = € Ri, define I,
D([0,T] : RY) — [0, o0] by

T
L) = / L(t), (1)) dt (3.3)

if ¢(0) = @, 1 is absolutely continuous, and 1(t) € R for all ¢ € [0, T]. Otherwise
set I, () = co. The family of rate functions {I, : # € R%} has compact level sets
on compacts in the sense that, for every M > 0 and every compact set C € Ri,
the set

Uzec {¥ € D([0,T] : RY) : I, (¢) < M}
is compact [6, Theorem 1.1].

3.2. The main theorem

The main result of this paper can be stated as follows. Let E,_ denote the expec-
tation conditioned on X™(0) = zy,.

Theorem 3.1. The process {X"(t) : t € [0,T]} satisfies the uniform Laplace prin-
ciple with rate functions {I, : x € R%}. That is, for any sequence {x,} C R% such
that x,, — x and any bounded continuous function h : D([0,T] : R?) — R, we have

lim —=— 1 E, MX™)]} = f I, .
Jm ~log B, fep Lnh(X = nf{T(0) + ()
In particular, {X"( ) 1t € [0,T]} satisfies the large deviation principle with rate
function {I, : x € R1}.

4. Proof of the main theorem

Throughout the rest of the paper, we will assume without loss of generality that
T = 1. We only need to show the uniform Laplace principle which automatically
implies the large deviation principle [4, Theorem 1.2.3]. The uniform Laplace prin-
ciple upper bound is implied by the large deviation upper bound [6, Theorem 1.1]
and an argument similar to [4, Theorem 1.2.1]. Therefore, it is only necessary to
prove the uniform Laplace principle lower bound. That is,

limsup —— 1o ., {exp [~ nh(XF S if L) R} (&)

One can a priori restrict to 1 such that I,(¢)) < oo since the inequality holds
trivially otherwise. Note that such 1’s are necessarily absolutely continuous by
the definition of I,.
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4.1. An approximation lemma

A very important step in the proof of (4.1) is the following approximation lemma.
A function ¥* has property P if there exists a k € Nand 0 = tp < t; < --+ <
tg—1 < tx = 1 such that on each interval (¢;—1,¢;),i =1,...,k, 1/)* and 7(¢*) are
both constant. Then define N be the collection of funct1ons ¢* e €([0,1] : RY)
that have property P.

Lemma 4.1. Given any v € D([0,1] : RY) such that I.(¢)) < oo and any § > 0,
there exists 1* € N such that || —*|| < ¢ and I,(¢*) < I (¥) + 6.

The proof of Lemma 4.1 is lengthy and technical, and is deferred to Appendix
A.

We claim that, in order to show inequality (4.1), it suffices to show that for
any x, — x and ¢* € N,

hgisotip—— log E,,, {exp [-nh(X™)]} < L,(¢") + h(y"). (4.2)

This reduction follows easily from Lemma 4.1 and the continuity of h. We omit
the details.

4.2. A stochastic control representation
The proof of (4.2) uses the weak convergence approach, and is based on the fol-
lowing formula. Define the function ¢ by

_J zlogz—a+1, ifz>0,
é(”“")—{ 00 , ifz<o0,

with the convention 0¢(0/0) = 0. Let 7(x, ¢; v) be non-negative, uniformly bounded,
and piecewise constant in ¢, and also satisfy 7(z,t;v) = 0 whenever r(z;v) = 0.
Let X" be the non-stationary jump Markov process with generator

L f(x,t) —nz x, t;0) [f(x +v/n) — f(2)].

vEO
Then
—% log E,, {exp [-nh(X™)]} (4.3)
n ( ()’ ) v
< fE, /v;) r(X (7( T 1) )>dt+h(X )].

In this inequality 7 can be viewed as a control and X™ a controlled process.

The proof of (4.3) follows from the relative entropy representation formula
for exponential integrals. Let P be a probability measure and let i be a bounded
continuous function on D([0,1] : RY). For another probability measure @ on
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D([0,1] : RY) let R(Q||P) denote the relative entropy of () with respect to P.
Then [4]

1
——log / e ""dP =inf | =R(Q|P) + / hdQ| ,
n D([0,1]:R4) D([0,1]:R4)

where the infimum is over all Q. If one restricts @) to the probability measures in-
duced by the class of Markov processes described above, one obtains an inequality.
Finally, we substitute the explicit form of the Radon-Nikodym derivative dQ/dP
(as in [11, Theorem B.6]) into the definition of R(Q || P) to arrive at the inequality
n (4.3).

Thanks to the control representation (4.3), the Laplace principle lower bound
(4.2) for p* € N follows if one can, for an arbitrarily fixed € > 0, construct a control
(abusing the notation) 7 = 7 such that

/Z (X" (¢ (%) dt+h()_(")] (4.4)

vEO
< L")+ h(y*) +e.

lim sup F,

n—oo

n

The details of the construction will be carried out in the next section.

4.3. Properties of the rate function

We give some useful representation formulae for the local rate functions L4,

Lemma 4.2. Given (3 € RY, the following representation for L™ () holds.
1. For eachi=1,2,...,d,

d
LO(B) =inf { pl ( ) +Z)‘ ¢ (f) : —ﬁi€i+;5\j€j =p

2. Fori=0,

LO(B) = inf Z)\é( ) zd:

In every case the infimum is attained.

Proof. Note that for every A > 0 and v € R?, the Legendre transform of the convex
function
h(a) = A (e<o"”> - 1)
is _ - -
W (8) = M(A/N), if 8= Av for some A € R,
T o , otherwise

for every 3 € R?. The proof of this claim is straightforward computation and we
omit the details. Now the representation for L(*) follows directly from [4, Corollary
D.4.2]. The attainability of the infimum is elementary. O



Large Deviations for Serve-the-Longest-Queue 9

Lemma 4.3. Given 3 € R%, we have the following representation for L(3).
1. Assume A € {1,2,...,d} is non-empty. Then

— inf Zp(lué('al>+2)\é( ) :

€A

where the infimum is taken over all collections of (p(l),ﬁi, A ;) such that

o >0, Zp(z‘) -1, Zp(z fiie; + Z)\ ej = (4.5)

i€A €A
2. For A={0,1,2,...,d}, we have

d _ d T
A) =i @ 0 (N
= inf i ,
= |pome (5) 3 (3)
1=1 Jj=1
where the infimum is taken over all collections of (p¥), fis, S\J) such that
P >0, 3 p =1, = p e+ Nje; =8
i=0 i=1 j=1

Proof. We only present the proof for Part 1. The proof for Part 2 is similar and
thus omitted. Thanks to Lemma 4.2 and equations (3.1)-(3.2), we have

=infy p® M( >+ZM<A@> :

i€A

where the infimum is taken over all (p(*), ﬁl(-l ,5\(-1)) such that

PV >0, Zp(i) =1, Zp(i) —,u e; +Z)\(l =p. (4.6)
icA icA
Abusing the notation a bit, write ji; = ( ) fori € A, andlet \j =, 4 p(l))\(l) for

j=1,2,...,d. Thanks to (4.6), the collect1on (P, g, )\;) satisfies the constraints
(4.5). Observing that, by convexity of ¢,

so03one () - sn (3 ) = S (3).

i€A j=1 j=1 i€A

with equality if )\5- D= )\,(f) for every j, k. The first part of Lemma 4.3 now follows
readily. O

Remark 4.4. The representation of L in Lemma 4.3 remains valid if we further
constrain p(*), i;, and \; to be strictly positive for every i € A. This is an easy
consequence of the fact that ¢ is finite and continuous on the interval [0, c0). We
omit the details.
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Remark 4.5. Given a non-empty subset A C {1,2,...,d} and 8= (51,...,04) €
R4, LA(B) is finite if and only if 8; > 0 for all j ¢ A. For A = {1,2,...,d} or
{0,1,2,...,d}, LA(B) is finite for every 3 € R,

4.4. The construction of controls and the cost

Fix e > 0. We will use ¢* to construct a control 7 = 7° based on the representation
of the local rate function as in Lemma 4.3. For notational simplicity, we drop the
superscript .

Since ¥* € N, there exist 0 =ty < t; < --- < txg = 1 such that for every k
there are (3, and Ay, such that ¢*(t) = fr and 7(¢*(t)) = Ay for all t € (tg, try1).

We start by defining a suitable collection of {(p,(;), Biks Ajk) 1 0<i<d 1<j<
d}. We consider the following two cases.

CaAse 1. Suppose A = {0,1,2,...,d}. Lemma 4.3 and Remark 4.4 imply the
existence of a collection {(p,ﬁl),ﬁiyk,j\jyk) :0 <i <d,1 <j < d} such that

fik >0, Ay >0 for all ¢ and

d d d
o) >0, 30 =1, =3 o Hikei + 3 Ajwes = B (4.7)
i=0 i=1 j=1
d ) fii d 5\
RITI s Nb [ Z2E) < A . 4.8
Sl (Gt )+ e (3) < 1+ (1)

CASE 2. Suppose Ay C {1,2,...,d}. According to Lemma 4.3 and Remark 4.4,

for each k there exist a collection {(p,(;),ﬁiyk, Ajk) 11 € Ag, 1 <j < d} such that
fik >0, A >0forall i € A and

d
pl(;) >0, Z Pl(;) 1, - Z p,(f)ﬁi,kei +25\j,k€j = [, (4.9)
i€AL i€EAL Jj=1
_ T d N
Z p,(f),uié (M) + Z)\jg (J_k> < LA (By) +e. (4.10)
) 1223 — Aj
i€AR Jj=1

We extend the definition by letting p,(f) =0, fi;r = p; for i ¢ A, and ¢ # 0, and
letting p”) = 0.

The control 7 is defined as follows. For ¢ € [tg, tgt1), let

j\jyk, ifv=e;andj=1,...,d,
7z, t;v) = Ak, if v=—e; where j = max7(x) and x # 0,
0 otherwise.

3
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Thus, on time interval [tg, t;+1), the system has arrival rates {5\17;6, cee, j\d,k} and
service rates {fi1 g, . .., fla.x } under this control 7. The corresponding running cost
for t € [tk, tk+1) is

(1) F(X"(t), t;v)
ér(X (t);v)e (W) (4.11)

Mk 5\
Z“J ( ; )1{maxw<X"<t>> wat);éoﬁzA é( ¥ )

= > ml (M k) Limax (X (1)) =i, X7 (1)£0} + ZA ¢ (AA ) )
i€ A} ,i#£0 Hi j=1 J
here the last equality holds since fi; = p; for j ¢ Ay and (1) =
For future use, we also define for each i =1,...,d,
_ d
](;) = —ljkC; + Z j\jykej, (412)
j=1

which is the law of large number limit of the velocity of the controlled process if
queue of class i is served. Analogously, we also define (when none of the queues
are being served)

(0) - Z A k€. (4.13)

4.5. Weak convergence analysis

In this section we characterize the limit processes. Below are a few definitions. For
each j, define random measures {77} on [0, 1] by

vi{B} = /B1{mam(Xn(t)):j,Xn(t);eo}dt, J=12,....4,

wiB} = /Bl{Xn(t):o}dt,

for Borel subsets B C [0,1], and denote v = (vJ,47, ..., 7y). We also define the
stochastic processes

d r(t)—1

S™M(t) = mn+ Y Z 51(5)7}1 {[ths tisr)} + 5(“)% {[tew), )}

j=0
where k(t) = max{0 < k < K : t;, <t}.
Proposition 4.6. Given any subsequence of (4", S™, X™), there exist a subsubse-

quence, a collection of random measures v = (70,71, - --,7va) on [0,1], and a con-
tinuous process X such that

(a) The subsubsequence converges in distribution to (v, X, X).
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(b) With probability one, v; is absolutely continuous with respect to the Lebesgue
measure on [0, 1], and its density, denoted by h;, satisfies

d
Dohit)y= Y k)=
i=0 jer(X (1)

for almost every t. -
(¢) With probability one, the process X satisfies

d r(t)—1

—r+y. Z Byt trr)} + B 3 ey, )}

7=0 k=0

for every t. Therefore, X is absolutely continuous with derivative
dX

X(t) j
= Zﬂi(i)h (t).

Jj=0

Proof. The family of random measures {7}'} is contained in the compact set of
sub-probability measures on [0, 1] and therefore tight. Furthermore, since {S™} is
uniformly Lipschitz continuous, it takes values in a compact subset of C([0, 1] : RY),
and therefore is also tight. We also observe that for every € > 0,

lim P(||X" — §"s >¢) =0, (4.14)

which in turn implies that {X"} is tight. Equation (4.14) is trivial since X" —
S" is a martingale (e.g., [11, Appendix B.2]), whence the process || X" — S"|?
is a submartingale. Therefore, by the submartingale inequality and the uniform
boundedness of the jump intensity 7

P (s 1570 - "] > £) < SE (1K) = 5" 1)1 — 0
0<t<1 €

It follows that there exists a subsubsequence that converges weakly to say
(7,5,8), with v = (79,7, --,74). By the Skorohod representation theorem, we
assume without loss of generality that the convergence is almost sure convergence,
and everything is defined on some probability space, say (Q, F, P).

Since the {”y}l} are absolutely continuous with respect to Lebesgue measure
on [0, 1] with uniformly bounded densities (i.e., Radon-Nikodym derivatives) in
both n and ¢, the limit +; is also absolutely continuous. Furthermore, if we define
the process X as in (c), the above consideration yields that, for every t € [0, 1],
S"(t) converges to X (t) almost surely. Therefore, with probability one, S(t) = X (t)
for all these rational ¢ € [0,1]. Since both S and X are continuous, S = X with
probability one.

It remains to show the two equalities of (b). Since Z?:o 7; equals Lebesgue

measure for every n, we have Z?:o hj(t) = 1 for almost every ¢. The proof of the
second equality is similar to that of [4, Theorem 7.4.4(c)]. Consider an w € Q such
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that X(t,w)is a continuous function of ¢ € [0,1], v"(w) = 7(w), and such that
X"(-,w) converges to X(-,w) in the Skorohod metric (whence also in sup-norm

since X (-,w) is continuous [4, Theorem A.6.5]). By the upper semicontinuity of
7(-) [Remark 2.3], it follows that for any ¢ € (0,1) and A C {0, 1,...,d} such that

m(X (t,w)) C A, there exist an open interval (a, b) containing ¢t and N € N such that
(X" (s,w)) C Afor all n > N and s € (a,b). Therefore > jea i (@){(a,0)} =0
for all n > N. Taking the limit as n — oo we have >, vj(w){(a,b)} = 0, which
in turn implies that

D @) {t € (0,1): w(X(t,w)) C A} =0,
JEA
or equivalently, .
/ D bt @)l (x(wycay dt = 0.
0 jga
We claim that this implies the desired equality at w. Otherwise, there exists a
subset D C (0, 1) with positive Lebesgue measure such that for every ¢t € D,

> hyt,w) > 0.
jEn(X(tw))

Since 7(X (t,w)) can only take finitely many possible values, there exists a subset
(abusing the notation) A C {0,1,...,d} such that the set

D={teD:n(X(t,w)) = A}

has positive Lebesgue measure. It follows that

1
/Zhj(tvw)l{ﬂ(X(t,w))CA}dt > /Zhj(tvw)l{ﬂ(X(t,w))CA}dt
0 jga Djga
hj(t,w) dt
D . —
JEm(X(tw))
> 0,

a contradiction. This completes the proof. O

4.6. Stability analysis

In this section we prove a key lemma in the analysis that identifies the weak limit
X as ¢*. The proof uses the implied “stability about the interface” in a crucial
way.

We discuss the main idea behind this stability property before giving the
detailed proof. For the large deviation analysis, it is important to analyze the
probability that the process tracks a segment of trajectory that lies on an interface,
say {x : m(x) = A}, with a constant velocity, say . To this end, it is natural to use
the change of measure induced by 3 through the local rate function L as described
in Section 4.4. However, for general systems, this very natural construction does
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not guarantee that X will follow or track 1, and certain “stability about the
interface” conditions have to be added for this to happen.

For the WSLQ system, a stability condition is not explicitly needed since
it is implicitly and automatically built into the upper bound local rate function
L. To be more precise, denote the arrival and service rates under the change of
measure by \; and fi; respectively. Then for the tracking behavior to take place
it is required that the proportion of time that the process X spent in the region
{z : max7(z) = i} equals p?), where {p(?} is the (strictly positive) solution to
the system of equations

e = pDf) = ¢ — p9 iy, ivj € A, and 3 p0 =1,
i€A

Thanks to Proposition 4.6, such proportions are characterized by {h;(t)} where

> hit) =1

iem(X(t))

Therefore, we would like to show that 7(X(t)) = A and h;(t) = p®) for i € A.
This can be shown, and the argument is based on the simple fact that for any
non-empty subset B C {1,2,...,d} and any b, the solution {x; : i € B} to the
system of equations

ci(\i — mifti) = ¢; (N — x;fi;), i,j € B, and Y _x; = b, (4.15)
ieB
is unique and component-wise strictly increasing with respect to b.
For example, suppose on some time interval (a, b) that 7(X(t)) = B where
B is a strict subset of A. It is not difficult to see that {h;(t) : i € B} is a solution
to equation (4.15) because, thanks to Proposition 4.6,
d _

Since

Zp(i)zl_ Z P <1,

i€B i€ A\B

the monotonicity implies h;(t) > p* for all i € B. This in turn yields [see the
proof of (4.25) for details] that for i € B and j € A\ B,

d _ _

= [6((X(®)i — e (X®);] <. (4.16)
Thus the differences between weighted queue lengths grows smaller, and the state
is “pushed” towards the interface A. This derivation can be used to prove by
contradiction that A C 7(X(¢)). The other direction 7(X(¢)) C A can be shown
similarly. Once (X (t)) = A is shown, h;(t) = p(¥) follows immediately from the
uniqueness of the solution to equation (4.15).
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We want to point out that in general such stability conditions are equivalent
to the existence of certain Lyapunov functions, and for the case of WSLQ), inequal-
ity (4.16) indicates that the difference of weighted queue lengths is a Lyapunov
function.

Lemma 4.7. Let (v, X,X) be a limit of any weakly converging subsubsequence

(v, 8™, X™) as in Proposition 4.6. Then with probability one, X (t) = ¢*(t) for
every t € [0, 1], and for each j,

K-1

Z ]‘(tk trt1) )

k=0

for almost every t € [0, 1].

Proof. The proof is by induction. By definition X (0) = z = *(0). Assume that
X(t) = ¢*(t) for all t € [0,t;]. The goal is to show that X(t) = v*(t) for all
t € [0,tg4+1]. Define Ay = w(*(t)), t € (tk,trt+1) and A = w(yp*(tx)). Note that
Ay C A thanks to the continuity of ¥* and the upper semicontinuity of 7. Define
the random time
Tk—lnf{t>tk (X ¢A}
Since 7(X (tx)) = 7(¢*(tx)) = A and X is contmuous, the upper semicontinuity
of 7 implies that 74 > t; and 7(X (7)) ¢ A. We claim that it suffices to show
X(t) = ¢*(t) and hy(t) = p) for all t € (tg, trs1 A 7x). Indeed, if this is the
case, we must have 7, > tx41 with probability one, since otherwise by continuity
X (1) = ¥*(7) and thus 7(X(7x)) = Ax C A, a contradiction.
The proof of X (t) = 1*(t) and h;(t) = p,(cj) for all t € (tg, tx41 A 7Tx) proceeds
in three steps.
Step 1. For every t € (t,txr1 A Tk), either Ay C (X (¢)) or m(X(¢)) is a strict
subset of Ay.
Step 2. For every t € (ty,tpi1 A7), m1(X(t) = Ag.
Step 3. For every t € (tg,tp1 A Tk), X(t) = *(t) and h;(t) = p,(j).
Note that, for ¢t € (tx,tr41 A 7k), the definition of 75, implies 7(X (t)) C A. Tt
follows from (4.12), (4.13), and Proposition 4.6 that,

th(): S 87 hat) ZAM@J ST hikhi(te,.  (47)

iem(X(t)) ien(X(t)), i#0

To verify Step 1, we assume that Ay, is a strict subset of A and a strict subset
of {1,2,...,d} as well, since otherwise the claim is trivial. It follows from the
definitions of 7, A, and Ay that for every ¢ € Ay and j € A\ A such that j # 0,

ci (V" (tk)); — ¢ (" (tk)); =0
and for t € (tk, tk+1)
i (P*(t)); — ¢ (™ (1); > 0.
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Since ¢*(t) = [ for t € (g, try1), the last display and (4.9) yield

0 <ci(Br)i —cj(Br)j = Cz()\z kE— P](C),uz k) — ij\jjg- (4.18)
Note that Step 1 amounts to claiming that

7(X (t)) cannot be written as B U C, where B is a strict
subset of Ay and C C A\ Ay, is non-empty. (4.19)

Indeed, note that (X (¢)) can always be written as 7(X(t)) = BUC where B C A,
and C' N Ay = ). The sets B, C are uniquely determined by

B=m(X(t)N Ay, C=na(X()N(A\ Ap.

Then Step 1 amounts to claiming that either B = Ay, or B is a strict subset of
A and C = (). This is clearly equivalent to (4.19).

We will prove (4.19) by contradiction and assume that there exists an s €
(tx,txs1 A Tk) such that (X (s)) can be written as such a union BUC. Note that
C must contain at least one non-zero element, since otherwise C' = {0} and by
Remark 2.2 BUC = {0,1,2,...,d} or B = {1,2,...,d}, which contradicts the
assumption that B is a strict subset of Ay. Let

F=sup {t <5 w(X(5)N (A4 \ B) # 0}
We claim that € [ty, s) and 7(X (£)) N (Ax \ B) # 0. Indeed, £ > t;, is trivial since
(X (tx)) = A D Ay, and Ay \ B is non-empty. Thanks to the upper semicontinuity
of 7 and the continuity of X, there exists a small neighborhood of s such that for
any ¢ in this small neighborhood (X (t)) C 7(X(s)) = BUC. It follows readily that
t<s An analogous use of upper semicontinuity shows that (X (£))N (A \ B) # 0.
Fix i € 7(X(#)) N (Ax \ B). Note that i ¢ 7(X(t)) for t € (f,s). Thus, for
every j € C such that j # 0 and t € (i, s), it follows from equations (4.17) and
(4.18) that

p . _
7 [ ((X®)i = 5 (X(1));]

cidik — cj( Nk — fykhj(t))

= Jeihin — o Big) — ¢ihjl

+ [einl ik + ¢ hy (1))
> 0.
Therefore,
0> ci((X(s)i — ¢;((X(s)); > ci((X(1)i — ¢; (X (£); >0

here the first inequality holds since j € C' C 7(X(s)) and the last inequality is due
toi € m(X(#)). This is a contradiction. Thus (4.19) holds and Step 1 is completed.

We now show Step 2. Thanks to Step 1, it suffices to show that |7 (X(¢))| >
|Ak| for t € (tk, te+1 N Tk). Let t* € (tk, te+1 N Tk) be such that

(X ()] = min{|m (X (1) t € (tr, tesr A 7i)},
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and assume that |m(X (t*))| < |Ag| for the purpose of getting a contradiction. It

follows from Step 1 that B = w(X(t*)) is a strict subset of Ay. Note that B C
{1,2,...,d} (otherwise B = {0,1,...,d} by Remark 2.2, a clear contradiction).
Thanks to the upper semicontinuity of 7 and the continuity of X, there exists an
open interval containing t* such that 7(X (s)) C 7(X(¢*)) for all s in this interval.
We will assume (a, b) to be the largest of such intervals. By the definition of ¢*,
(X (s)) = 7(X(t*)) = B for every s € (a,b)N (g, ty+1 AT). Obviously a > t; and

7(X (a)) contains B as a strict subset by the upper semicontinuity of 7. Therefore,
for s € (a,b), ¢;(X(s)); = ¢;(X(s)); if 4,5 € B. However, (4.17) yields

>

d o ; ifje Agk\B, 7#0
_ L i,k J k y J 3

>

It follows that

ci(Nik — hi(8)fii k) = ¢j(Ajr — hy(s)iagx) for i, j € B. (4.21)
In addition, thanks to Proposition 4.6(b),
> hi(s) =1 (4.22)
ieB
Solving the system of equations (4.21)-(4.22), we obtain the unique solution

—1

hi(s) Nw 1 > ! : —1+ZAL’“

- Ci Ll Coills 7
'u”L7k ’L'u”ka jeB JlLLjvk jeB lu’Jvk

On the other hand, since 7(¢*(s)) = Ax D B and ¢*(s) = S for s € (a,b), we
have ¢;(Bk): = ¢j(Ok); for every i, j € B. Invoking (4.7) and (4.9), we arrive at

ci(hik — P i) = ¢;(Ajk — p g k) for i, j € B, (4.23)
and that
b= o =1- Y <1 (4.24)
i€B ’LGAk\B

Similarly, one can solve (4.23)-(4.24) to uniquely determine {p,(:)} fori € B:

—1

=2k — [ IEE

M,k Cilli k jeB Cilbj K jeB Hjk

Since b < 1 it follows that h;(s) > p,(:) for all i € B and s € (a,b).



18 Paul Dupuis, Kevin Leder and Hui Wang

Assume for now that there exists j € A \ B such that j # 0. Then for i € B
and s € (a,b) we have, thanks to (4.20) and (4.23),

d% [ci(X(9)i — ¢;(X(s8));] = ci[Xig— hi()fii] — ;M (4.25)

< ¢ [Al T k] CiAjk
= —cin i
< 0.

However, since (X (a)) # B, Step 1 implies that m(X(a)) N (Ax \ B) # 0. Pick
any j in this set. It follows from (4.25) that for any i € B,

0> ci(X(a))i — ¢j(X(a)); > ei(X(t7))i — 5 (X(t7));-

This contradicts that i € B = (X (¢*)). Therefore, we have |7(X(t))| > |Ag|. It
follows from Step 1 that A, C m(X(t)), for t € (tx,tri1 A Th).

It remains to consider the case where Ay \ B = {0}. In this case we necessarily
have B = {1,2,...,d} and A = {0,1,...,d} = A. It follows that ¥*(t) = 0 for
t € (tg,tr+1) and thus G = 0. Then for any i € B and s € (a,b) we have, thanks

o (4.20) and (4.7),

d = < 5 i)
s [ci(X(s))i] = ci [Nk — hi(s)ig] < i [)\i,k — P](c),ui,k = (Bk)i = 0.

However, since 7(X(a)) contains B as a strict subset, we must have 7(X(a)) =
{0,1,...,d} or X(a) = 0. It follows then
This contradicts the non-negativity of X, and again we have |7(X (t))| > |Ax|. It
follows from Step 1 that Ay C w(X(¢)), for t € (tg, tkt1 A k).

If A= Ay then we finish the proof of Step 2 since (X (¢)) C A. Consider the
case when Ay is a strict subset of A, which in turn implies that Ay C {1,2,...,d}.
Following an argument analogous to that leading to equations (4.21)—(4.22) and
(4.23)—(4.24), we have, for every i, j € Ay and almost every ¢ € (tk, tet1 A Tr),

ik — hi(O i k) = ¢; Nk — hi(Oig k), > hy( (4.26)
JEAL
cihik — o k) = ;i — o i), Y o) =1, (4.27)
i€AR
One can solve these two equations like before to obtain h;(t) < ( ) for every i € Ay,

and ¢ € (tg, tgt+1 A Tr), whence

d . . . _
o [ @) =i (0)i] = ek — hi@ig) = ek = pi i) 2 0.
It follows that for any i € Ay,

ci(X ()i — (v (1)i > ci(X (t))i — ca(¥" (te)i = 0, (4.28)
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or (X(t)); > (¥*(t));. However, since m((v*(t)) = Ax C {1,2,...,d}, we must
have X (t) # 0 and thus 7(X(¢)) C {1,2,...,d}.

On the other hand, for any j € A\ Ay and j # 0, since (¢*(t)); = (Br); = Aj.k
thanks to (4.9), we have

% [ej (X (1) — (™ (1);] = ¢; Nk — hi(®)ij k) — ¢ Ajk < 0.

It follows, since X (tx) = ¢*(tx) and (4.28), that for every t € (t1,tr41 A 71) and
1€ Ak,

¢ (X (1)); — ¢; (" (1); <0 < ea(X(1)i — i (4™ (1))

But (¢*(t)); > (¢*(t)); by definition of Ay, and therefore (X(t)); > (X(t));. It
follows that j & w(X (t)). Therefore 7(X (t)) = A and we finish Step 2.

The proof of Step 3 is simple. Assume first A, C {1,2,...,d}. Since w()_( t) =
A we know that {h;(t)} satisfies the equation (4.26) except now >, 4, h;(t) = 1.

Compared with equation (4.27), it follows easily that h;(t) = p,(j ). Note that equa-
tions (4.9) and (4.12) imply

> 800 = B,
i€AR

whence

= > Ak =3 800 = B = (0),

P€AL P€AL

which implies X (t) = 1/)* (t) for all t € (tg, tgr1 A Tk).
For the case where Ay = {0,1,...,d}, we must have X (t) = ¢*(t) = 0. It is
not difficult to see that equations (4.26) and (4.27) reduce to

cihig —hi®)iig) = 0=cihik — pVin), i=1,2,...,d.
Thus h; ()forallz—l2...,d,andalsoh0 = p\9 since T hi(t) =
= Pk i=0

d i
Z’L Opl(c):1
(I

4.7. Analysis of the cost

In this section, we prove the Laplace lower bound, or inequality (4.4).
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Proof. Thanks to (4.11) and (4.10),

bt . F(X" (1), t;v)
lim E,, / r(X"(t);v)l <_7”> dt
oo th v%(:) r(X"(t);v)
trt1 d .
o [ 8 we(E) s e (B
te i€ A,i7#0 j=1 J
te41
_ / 3 M(“““) +Z)\é( ”“) dt
2 i€ AL, i#0 K
_ (thrl—tk) Z ,Uié(ulk) (z)_,’_Z)\é( >
i€ AR, i#0 K
< (trgr — i) - [L*(Br) + €]

- / L (), 5 0)dt 4 (trr — t)e.

tk

Summing over k and observing

lim B, h(X"™) = E.h(X) = h(y*),
(4.4) follows readily. This completes the proof of inequality (4.4) and also the proof
of Theorem 3.1. g

5. Summary

In this paper we analyze the large deviation properties for a class of systems with
discontinuous dynamics, namely, the WSLQ policy for a network with multiple
queues and a single server. A key observation that allows us to derive explicitly
the large deviation rate function on path space is that the stability condition
about the interface is automatically implied in the formulation of a general large
deviation upper bound.

This is not an unprecedented situation, and indeed analogous results are
proved in [2] for processes that model Jackson networks and head-of-the-line pro-
cessor sharing. These problems also feature discontinuous statistics, though the
discontinuities appear on the boundary of the state space rather than the interior,
and whence alternative techniques based on Skorohod mapping can be used. With
the inclusion of the WSLQ policy there are now a number of physically meaning-
ful models with discontinuous statistics for which the upper bound of [6] is tight.
An intriguing question that will be investigated elsewhere is whether there is a
common property of these models that can be easily identified and recognized.
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Appendix A. Proof of Lemma 4.1.

Before getting into the details of the construction, it is worth pointing out that
the main difficulty in the proof is dealing with the situation where the function
1 may spiral into (or away from) a low dimensional interface while hitting higher
dimensional interfaces infinitely many times in the process. More precisely, there
can be a time ¢ and a sequence t,, 1t (or t, | t) such that |7((tn))] < |7 (¥(2))],
but with the sets {m(¢(t,))} different for successive n. The problem is how to
approximate ¥ on a small neighborhood of ¢ with a small cost, which is made
difficult by the fact that the domain of finiteness of L(x,-) is not continuous in x.

Proof. Throughout this section we assume that 1 is Lipschitz continuous. This
is without loss of generality, since for a given continuous function ¢ and any
d > 0, there exists a Lipschitz continuous function ¢ such that || — 9||cc < 0 and
I,(¢) < I:(3) + ¢. The proof of this claim is based on a time-rescaling argument
very much analogous to that of [4, Lemma 6.5.3], and we omit the details.

A.1. Dividing the time interval

The approximation requires a suitable division of the time interval [0,1]. The
following results are useful in proving the main result of this section, namely,
Lemma A.4. Note that whenever we say two intervals are “non-overlapping”, it
means that the two intervals cannot have common interiors but may have a same
endpoint.

Lemma A.1. Consider a non-empty closed interval [a,b] and assume
k = max{|7(¢¥(t))| : t € [a,b]} > 2.

Then for arbitrary o > 0, there exists a finite collection of non-overlapping inter-
vals {[a;, 8]} such that

1. aj;,08; € [a,b] and 0 < 3; —aj < o for every j.

2. ()] <k —1 for every t € [a,b] \ Uj[ay, 55].
Lemma A.2. Consider a non-empty interval (a,b) such that for some k > 2,
|m((t)] < k for t € (a,b) and |7(p(a))| A |7(3p(b))| > k + 1. Then for arbi-

trary o > 0 and € > 0, there exist a finite collection of non-overlapping intervals

{lej, Bj]} and e1,e2 € [0,¢) such that

1. aj,0; € [a+e1,b—ea] and 0 < B; — a; < o for each j,

2. fort € (aj,B;), m(¥(t)) Cm(y(a;)) = x(¥(5;)),

3. |m((e))| = |w((8;))] = k for cach j,

4. for any t € (a,a+ 51] w(Y(t)) is a strict subset of w(Y(a)) and |7((t))| <
k< |m(y(a+e))l,

5. for any t € [b—e2,b), m(Y(t)) is a strict subset of w(Y(b)) and |w((t))| <
k< |m(y(b—e2))l,

6. |7(¥(t))| <k —1 for every t & Ujla, B5] U (a,a+e1] U[b—e2,b).
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Lemma A.3. Consider a non-empty interval [a,b) such that for some 2 < k < d,
|7(p(t)| < k fort € [a,b) and |w((b))] > k + 1. Then for arbitrary o > 0 and
e > 0, there exist a finite collection of non-overlapping intervals {[a;, 5;]} and
g9 € [0,¢) such that

a;, B € [a,b—e2] and 0 < B; — aj < o for each j,

fort € (a;,5;), m((t) C m((ay)) = w(1b(5;)),

[m((a;))l = |m(¥(B;))| = k for each j,

for every t € [b—e2,b), w(Y(t)) is a strict subset of w(1p(b)) and |w(Y(t))] <
k< |m(¥(b—e2))l,

r(p(@)] < k—1 for every t & Uj[ay, B;] U [b—e2,b).

Symmetric results hold for a non-empty interval (a,b] such that for some k > 2,
|m((t))| < k fort € (a,b] and |7(¢¥(a))] >k + 1.

—_

Ll

Ut

We will only provide the details of the proof for Lemma A.2. The proofs for
Lemma A.1 and Lemma A.3 are very similar (indeed, simpler versions of the proof
for Lemma A.2), and thus omitted.

Proof. If the set {t € (a,b) : |7(¢(t))| = k} is empty, then the claim holds trivially
since we can let e1 = e = 0 and {[a;, 5;]} = 0. Assume from now on that this set
is non-empty. We first define €; and e5. Let

a=inf{t € (a,b): |7(W(t))| = kY, b=sup{t € (a,b): [7(x(t))| = k}.

If @ = a, then the upper semicontinuity of 7 implies that there exists 0 < g1 < ¢
such that |m(¢¥(a +€1))] = k and 7(1(t)) is a subset (whence a strict subset) of
m(¢(a)) for every t € (a,a+ e1]. If @ > a then we let 1 = 0. &3 is defined in a
completely analogous fashion. It is easy to see that parts 4 and 5 of the claim are
satisfied. We will define o; and 3; recursively.

1. Let @y = a+¢; if a = a and a; = a if a > a. Clearly, in either case
a1 € [a+e1, b—e3]. Moreover, we have |7(i)(a1))| = k. Indeed, when a = a it
follows from the definition, and when a > a, it follows from a simple argument
by contradiction, thanks to the upper semicontinuity of 7 and the assumption
that |w(¢(t))| < k for every t € (a,b).

2. Suppose now «; € [a+¢e1,b— e2] is given such that |7(¥(a;))| = k. We wish
to define 3;. Let

tj = f{te(a;b):m(yE) &)},
sj = sup{t € [aj,t; A(a; +0)) : m(4(t) = 7(d(a;))},
Bi = siA(b—e)
It is easy to check that 7(¢(s;)) = m(¢¥(e;)). We claim that 7(¥(5;)) =

7(¢(a;)). This is trivial when §; = s;. Assume for now that ; < s;. Then
we must have s; > b — e and 3; = b — 2. This could happen only if 3 > 0,

in which case |(1(b—2))| = &, or [x((8))] = k. But 7((8;)) C m(t(a;))
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since §; < s; < t;. Thus we must have m(¢(c;)) = w(¢(5;)). It is clear now
that parts 1, 2, and 3 of the lemma holds.
3. If Bj = b (when b < b) or 3; = b— ey (when b = b), we stop. Otherwise,
define oj11 = inf{t € (6])17) s |w((t))| = k}. Then Qj 41 € [a+e1,b— e2]
and |7(¥(a;11))| = k. Now repeat step 2.
Note that part 6 holds by the construction. It only remains to show that the
construction will terminate in finitely many steps. Observe that a1 > t; A (a; +
o), since by definition, for every ¢t € (8;,t; A (a; + o)), m(¢(t)) is a strict subset
of m(¢(ej)) and whence |7 (¢(t))| < k. Therefore, aj 11 — oj > (t; — a;) Ao, and
it suffices to show that t; — a; is uniformly bounded away from 0.
We should first consider the case k < d — 1. Observe that in the construction
we indeed have o, 3; € I = [(a + 1) V @, (b— &2) Ab] C (a,b). Define

¢ =inf {ifll,%,)idq(w(t))i - iggﬁ)&)) ci(P()) st eI, |m(p(t)| = k} .

We claim that ¢ > 0. If this is not the case, there exists a sequence of {t,} C I
such that

gax ci($(ta))i = ign(u(tn)) i(¥(tn))i L0

One can find a subsequence of {t¢,}, still denoted by {¢,}, such that ¢, — t* €
I and w(¢(ty)) = B for some B C {1,2,...,d} with |B| = k. Thanks to the
upper semicontinuity of w, B C w(¢(t*)). But |7 (1(t*))| < k, thus B = w(¢(t*)).
However, for every j € B,

0 = lim| max ¢;(¥(t,)); — max ¢;(U(tn)):
[ o ot max (e

= lim [Cj (®(tn)); — max Ci(w(t"))i]

= o (U(t); — maxe ()
> 0,

a contradiction. Therefore ¢ > 0.
Now, by the definition of t;, there exists | ¢ m(¢(c;)) such that [ € w(¥(¢;)).
Therefore, for every i € w(¢(a;)),

ci(Y(ty))i — a((t;)) < 0.

But ¢;(¢(;)); — a(¥(a;)); > ¢ and @ is Lipschitz continuous. It follows readily
that t; — «; is uniformly bounded away from 0.
The case k = d can be treated in a completely analogous fashion with

.....

c;m%;?%qw@ﬁﬁeihwwﬂ—%-

We omit the details. |
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The next lemma is the main result of this section, from which one can con-
struct the approximating function in N. The intervals { F;} in the lemma are indeed
introduced to take care of the “spiraling” problem.

Lemma A.4. Consider the interval [0,1]. Given o > 0, there exist two finite col-
lections of non-overlapping intervals {I;} and {E;} such that
1. I; C [0,1] is of the form [a;, b;] with 0 <b; —a; < o for each j,
. E; C [0,1] is either of the form [z;,d;) or (2, ds], and Y~ (di — ;) < 0,
()] =1 for all t & (U;I;) U (Ui Es),
. for every j and every t € (aj,b;), m((t)) C w(¥(a;)) = w(¥(b;)),
- Jor every j, [m(¥(a;))| = [x(¥(b)))| = 2,
. forallt € By = (z,d;], m(¥(t)) is a strict subset of w(1p(2z;)) and |w(y(t))| <
| (yp(di))],
7. for allt € E; = [z, d;), m(¢(t)) is a strict subset of w(¢(d;)) and |7 ((t))] <
(4 (zi))]-

Proof. Let N = max{|m(y(t))| : t € [0,1]}. If N = 1 then the claim holds trivially.
Assume from now on that N > 2. The construction can be done in N steps.
Step 1.. Apply Lemma A.1 to the interval [0, 1] with & = N. This will produce
a collection of closed intervals {IJ(-l)}. Let Uy = [0,1] \ UjIJ(-l).
Step 2.. Note that U; is the union of finitely many non-overlapping intervals.
These intervals are of two types. They are either open intervals that satisfy
the conditions of Lemma A.2 with &k = N — 1, or intervals of type [0, a)
or (b, 1] that satisfy the conditions of Lemma A.3. Apply the corresponding

SO W N

lemma to these intervals to generate a collection of closed intervals {I ;2)} and
intervals {Ei(2)} of type [a, b) or (b, a]. Since the number of intervals in {Ei(2)}
is at most twice the number of intervals in U;, one can choose € in Lemma
A.2 and Lemma A.3 so small that the total Lebesgue measure of UiEl-@) is
bounded from above by o/N. Define Uy = Uy \ ((UJ—IJ(-2)) U (UiEl-@))).

Step m.. For 3 < m < N —1, the procedure of Step m is just like Step 2, except
U, is replaced by U,,—1.

Step N.. Note that Un_1 consists of intervals on which 7(¢(-)) is a singleton.
We stop the construction.

Let {I;} = UZ{IJ(-Z)} and {E;} = UZ{EJ(-Z)}, and it is not difficult to see that {I;}
and {E;} have the required properties. O

A.2. Construction of the approximating function

In this section we construct an approximating function of ¢ parameterized by
o. Note that the set [0,1]\ ((U;I;) U (U;E;)) is the union of finitely many non-
overlapping intervals, and we will denote these intervals by {G}}. Without loss of
generality assume that the length of each interval Gy, is bounded above by o (if
necessary, we can divide Gy into the union of several smaller intervals each with
a length less than o).
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Define a piece-wise constant function u? on interval [0, 1] as follows. Given
any interval D € {I;} U{E;} U{Gy} with positive length, define for every t € D,

o K 1 j

Then the candidate approximating function will be

Y7 (t) = (0) —i—/o u?(s)ds.

Note that 7 (t) coincides with 1(t) at those ¢ that are end points of intervals {I,},
{Ei}, and {G}}. Furthermore, ¢? is affine on each of these intervals.

We claim that 7 € N. All we need is to show is that 7(¢?(¢)) remain
unchanged in the interior of each interval. This is immediate from the following
result, whose proof is simple and straightforward, and thus omitted.

Lemma A.5. Let ¢ be an affine function on interval [a,b]. If w(¢(a)) N7 (d(D)) # 0,
then for every t € (a,b) we have w(p(t)) = n(d(a)) N7(H(D)).

A.3. The analysis of the rate function
Since the length of any interval in {I;}, {E;}, and {G}} is bounded from above by
o, limy_.¢ |97 — ¥||sc = 0. Therefore it only remains to show that given ¢ > 0 we
have I, (¢7) < I,(¢) + ¢ for o small enough. Clearly we can assume I (¢) < oo
hereafter.

The analysis for intervals in {I;} and {Gj} is simple. Consider an interval
D € {I;} U{Gg}, and denote the interior of D by (a,b) [D itself could be [a, b],
(a,b), (a,b], or [a,b)]. Since ¥(a) = 97 (a) and 1(b) = ¥7(b) by construction, it
follows from Lemma A.4 and Lemma A.5 that

m(P(t)) C m(¥(a)) N7 (P(b)) = w(¢7(a)) N7 (Y7 (b)) = m(y7 (1)) = B.

for every t € (a, b). Note that LB (B8) < LA(j3) for every 8 whenever A C B, thanks
to Lemma 4.3. Therefore,

b b b
[ pw.dma = [ reOGeydz [ L8 w) .
Furthermore, for t € (a,b), the construction of ¢ implies that

wo(t) = U)(bl)) : Z)(a) =

Thanks to the convexity of L® and Jensen’s inequality, we arrive at

b . b
/ LB (1) dt > (b— a)LP(v) = / L (1), 47 () dt.

a

whence
b

b
/L(1/)(t)ﬂ/3(t))dt2/ L7 (t), 97 (t))dt. (A.1)

a
for any o.
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Now we turn to analyze the intervals in {E;}. The next two lemmas claim
that over any interval, say D € {E;}, ¢»° will always be in the domain of finiteness
of the local rate function L. The first lemma considers the case where D = (a,b]
and the second considers the case where D is of form [a, b).

’1]
)i

Lemma A.6. Suppose that I, (1) < oo and there exists an interval (a,b] C [0
such that w(Y(t)) is a strict subset of w(1(a)) fort € (a,b]. Then (¥(a)); < (¥(b
forallje{l,...,d}.

Proof. For notational simplicity, we assume ¢; = ¢ = - - - = ¢4. The case of general
(c1,...,cq) is shown in exactly the same fashion with (1(¢)); replaced by ¢;(¥(¢));,
and whence omitted.

Let B = n(¢(a)). For j € B, we have j & w(¢(t)) and thus ¢(t) > 0 for
almost every ¢ € (a,b], thanks to Remark 4.5 and the assumption that I.(¢) is
finite. Therefore for j ¢ B the claim holds. Now we consider those j € B. Fix
arbitrarily € > 0 and let

t* =inf{t > a: (¥(t)); < (¢¥(a)); — ¢ for some j € B} Ab.

It suffices to show that ¢t* = b always holds. Indeed, if this is the case, we have
(1(b)); > (¥(a)); —¢ for every j € B. Since ¢ is arbitrary, we arrive at the desired
inequality for j € B.

We will argue by contradiction and assume t* < b. It follows that (¢(t*)); >
(¢(a)); — € for every j € B, and there exist j* € B and a sequence ¢, | t* such
that

(W (t);- < ((a)j- <. (A.2)
In particular, (¢(t%));+ = (¢(a));~

We claim that (¢(t%)); = (¥(a )) i — ¢ holds for every j € B. If this is not the

case, then there exists (abusing the notation) j € B such that

(W(t7); > (¥(a)); —e.

Since j,j* € B = w(¥(a)) we have (¥(a)); = (¥(a));+, and whence (¥(t*)); >
(1(t*));+. Therefore we can find a small interval, say [t*,t* 4 0) such that for any
t in this interval we have (¢(t)); > (¢(t));+, which in turn implies j* & w((t)).
Thanks to the finiteness of (1)) and Remark 4.5, (4(t));« > 0 for almost every ¢ €
[t*,t* +0). In particular, ((t));+ > (Y(t*));+ = (¥(a));- —e for all t € [t*, t* +0),
which contradicts equation (A.2) for large n. Therefore (¢(t*)); = (¥(a)); — ¢
holds for every j € B.

Since B = w(¢(a)), it follows that (i(t*)); takes the same value for every
j € B. This contradicts the assumption that w(¢)(t*)) is a strict subset of B. We
complete the proof. (I

Lemma A.7. Suppose that I, (1) < oo and there exists an interval [a,b) C [0,1]
such that w(1(t)) is a strict subset of w(1(b)) for every t € [a,b). Let B = (¢ (a)).
If |m((t))| < |B| for every t € [a,b), then (¥(a)); < (¥(b)); for all j ¢ B and
J#0.
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Proof. As in the proof of Lemma A.6 we assume without loss of generality that
cr=cg=---=cqg=1.Let A= n(y(b)). For j & A, (4(t)); > 0 for almost every
t € [a,b) since j & 7(¢p(t)). Thus the claim holds for j & A. It remains to show for
those j € A\ B such that j # 0. We will argue by contradiction and assume that
there is a j* € A\ B such that (¢(a));- > (¢¥(D));-.

For each i € B let t; =inf {t > a: (¥(t)); < (¥(a));~}. Note that (¢¥(a)); >
(¢¥(a));~ since i € B = w(¢¥(a)) and j* ¢ B, whence t; > a. Similarly, since
j e A=mn(®)), D)) < (D)) < (¥(a));~, whence t; < b. It follows that
(0(t:)): = (b(a);--

We claim that i € w(¢(t;)) for all i € B. Otherwise, there exists a small
positive number ¢ such that i € w(y(t)) for t € (t; — d,t; + ). Thanks to the
assumption that I, (¢) is finite, (¢)(£)); > 0 for almost every t € (t; — 6,¢; + ).
particular, (¢(t; —9)): < (¥(t:))i = (¥(a));-, which contradicts the definition of
t;. Therefore, i € w(y(t;)) for all i € B. An immediate consequence is that for any
i,k € B, (W(t:)e < (¥(t:)): = (¢¥(a));+, whence ti, < t; by definition. Therefore,
foralli,k € B, t; =t =t* and B C w(y(t*)). However, since |7(¢(t*))| < |B| by
assumption, we have necessarily B = w(¢(t*)).

Since j* ¢ B = w(¢(t*)), we have (¢(t*));+ < (¢(a));«. Define

s=sup{t € [a,t") : (¥V(t))j+ > (Y(a));+} Nt".

Clearly s € [a,t*) and (¢(s));+ = (¥(a));+. By the definitions of s and ¢; and that
t* =t, for all i € B, we have, for any ¢ € (s,t*) and any i € B,
)

(@) < (¥(a))j= < (&(1)):i-

(¥
Therefore, j* ¢ m(¢(t)) and whence (1h(t));« > 0 for almost every t € (s,t*).
In particular, (¢¥(a));« = (¥(s));» < (¥(t*));+ < (¥(a));~, a contradiction. We
complete the proof. O

We are now ready to show that I,(¢7) < I,(¢) + 6 for o small enough. Let
M be the Lipschitz constant for ¢, and define

C= max sup{LA(B3) : B € dom(L™Y), ||| < M}.
c
That C is finite follows easily from Lemma 4.3 and the definition of ¢.

We now analyze the intervals in {FE;}. If E; = [2;,d;), then by Lemma A.5
and Lemma A.4, 7(¢?(t)) = w(¢(z)) = B for all t € (z;,d;). Since

1/}0(0 1/’(dz) — 1/’(2’1) =

it follows from Lemma A.7 and Remark 4.5 that v € dom(L?). Therefore

di—Zi ’

di )
/ L(y7 (), 47 (t)) dt = (d; — 2)LP (v) < C(d; — 2). (A.3)

The same inequality holds for the case E; = (z;, d;], where Lemma A.6 is invoked
in place of Lemma A.7.
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By (A.1), (A.3), the non-negativity of L, and Lemma A.4, we have
1 1
| rwrairoya < [ o) as e -z

< / L(¥(t),4(t)) dt + Co.
0

Choose 0 < 0/C and we complete the proof. O
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