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Abstract

We consider the problem of risk-sensitive control of a stochastic network. In controlling such
a network, an escape time criterion can be useful if one wishes to regulate the occurrence of large
buffers and buffer overflow. In this paper a risk-sensitive escape time criterion is formulated,
which in comparison to the ordinary escape time criteria penalizes exits which occur on short
time intervals more heavily. The properties of the risk-sensitive problem are studied in the
large buffer limit, and related to the value of a deterministic differential game with constrained
dynamics. We prove that the game has value, and that the value is the (viscosity) solution of
a PDE. For a simple network, the value is computed, demonstrating the applicability of the
approach.

1 Introduction

In this paper we consider a problem of risk-sensitive control (or rare event control) for queueing
networks. The network includes servers that can offer service to two or more classes of customers,
and a choice must be made regarding which classes to offer service at each time. We study a
stochastic control problem in which this choice is regarded as the control, and where the cost is a
risk-sensitive version of the time to escape a bounded set. Hence, fixing ¢ > 0, and denoting by o the
time when the queue-lengths process first exits a given domain, we consider F,e~“ as a criterion
to be minimized. Such a criterion penalizes short exit times more heavily than ordinary escape
time criteria (such as E,o, a criterion to be maximized). There are at least two motivations for the
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use of such criteria when designing policies for the control of a network. The first is that in many
communication networks system performance is measured in terms of rare event probabilities (e.g.,
probabilities of data loss or excessive delay). The second motivation follows from the connection
between risk-sensitive controls and robust controls. Indeed, as discussed in [I4], the optimization
of a single fixed stochastic network with respect to a risk-sensitive cost criteria automatically
produces controls with specific and predictable robust properties. In particular, these controls give
good performance for a family of perturbed network models (where the perturbation is around the
design model and the size of the perturbation is measured by relative entropy), and with respect
to a corresponding ordinary (i.e., not risk-sensitive) cost.

In many problems, one considers the limit of the risk-sensitive problem as a scaling parameter
of the system converges, in the hope that the limit model is more tractable. We follow the same
approach here, and show that the normalized costs in the risk-sensitive problems converge to the
value function of a differential game with constraints. As is well known, the convergence analysis
is closely related to the large deviation properties of the sequence of controlled processes. An
interesting feature in the setting of stochastic networks is that the asymptotic analysis of a sequence
of controlled networks is in many ways simpler than the analogous asymptotic analysis of a sequence
of uncontrolled networks. For example, if one were to fix a particular state feedback service policy
at each station, then the calculation of the large deviation asymptotics is very difficult. In contrast,
it turns out that calculation of the large deviation asymptotics of the optimally controlled network
is quite feasible. This is largely due to the fact that a fized service policy invariably includes
some state discontinuities. For example, a priority policy switches drastically when the highest
priority queue empties. When the policy is left as a parameter that is to be optimized these sharp
discontinuities are not dealt with directly, since the control and the large deviation behavior are
identified simultaneously. The situation is analogous to one found in the control of unconstrained
processes such as diffusions. If a fixed nonsmooth feedback control is considered then large deviation
asymptotics are generally intractable, but when the combined large deviation and optimal control
problem is considered, much is possible [I5].

For simplicity, we restrict in this paper to a class of Markovian networks, and consider just one
simple cost structure. Much more general statistical models can be treated with similar arguments,
as can a more general cost. A more fundamental restriction is on the routing in the network.
We assume a re-entrant line structure, so that the input streams follow a fixed route through the
network-we do not allow either randomized or controlled routing. Relaxing the last conditions
leads to a problem that is significantly more difficult to analyze, and would require a considerable
extension of the results we prove.

The deterministic game that is associated with the limit stochastic control problem involves
two players. One player allocates service in a way analogous to the control in the stochastic control
problem, and the other player perturbs the service and arrival rates. The cost is expressed in terms
of the large deviation rate function for the underlying arrival and service processes, cumulated up
to the time the dynamics exit the domain. Heuristically, the first player identifies those classes it
is most worthwhile to allocate service to, so as to delay the escape as much as possible and thereby
maximize the cost. The player who selects the perturbed rates attempts to minimize the cost by
driving it out of the domain, while paying a cost for perturbing the rates.



Our main result states that as the scaling parameter of the system converges, the value for
the stochastic control problem converges to the value of the game. By way of proving the result,
we also show that the Hamilton-Jacobi-Bellman equation associated with the game has a unique
(Lipschitz continuous) viscosity solution.

Several works have considered problems of optimal exit probabilities in the context of con-
trolled diffusion processes, in the asymptotically small white noise intensity regime. Fleming and
Souganidis [T9] use viscosity solutions techniques to study a controlled diffusion where the control
enters in the drift coefficient. Dupuis and Kushner [I1] extend their results to the case where the
diffusion coefficient is possibly degenerate. Their technique relates the stochastic control problem
to the game in a more direct way, using time discretization, without involving PDE analysis. The
stochastic control problem studied in the current paper has the property that the jump rates in
certain directions (those that correspond to services, not to arrivals) can be controlled to assume
arbitrarily low values, including zero. It appears to be a more subtle problem than the ones in the
above cited papers, in that it is analogous to a controlled diffusion problem where the control enters
also in the diffusion coefficient, and where no uniform non-degeneracy condition is assumed. This
kind of degeneracy makes it difficult to apply the time discretization idea of [I1]. The main idea
of [I1]], in which one directly relates the control problem to the game, is still fruitful in the current
setting. Following this approach, we relate the limit inferior [resp., superior| of the asymptotic value
for the control problem to the upper [resp., lower] value of the game. However, showing that the
game has value and thereby obtaining the full convergence result for the control problem requires
a PDE analysis.

The PDE analysis uses viscosity solutions methods. There are three types of boundary condi-
tions associated with the PDE: Neumann, Dirichlet, and “state space constraint.” The first two
types of boundary conditions correspond in the game to the nonnegativity constraint on queue
lengths and to stopping upon exit from the domain, respectively. The third type of boundary
condition arises when there are portions of the boundary where exit can be blocked unilaterally by
one of the players, and it is optimal for it to do so. It is well known since Soner [25] that such a
scenario leads to the last boundary condition mentioned above. Combining techniques of [I] and
[25], we prove uniqueness of viscosity solutions for the PDE and show that the game’s upper and
lower values are viscosity solutions, thus establishing existence of value. The trivial but crucial fact
used in the uniqueness proof is that the Isaacs condition holds (equation (BF])).

As an example, we analyze a case where the domain is a hyper-rectangle, and where the network
consists of one server and many queues, each customer requiring service only once. We find an
explicit solution to the corresponding PDE, assuming the parameter c is large enough. This is only
an initial result in this direction, but it shows that explicit solutions can be found. The solution
turns out to be of particularly simple form (see equation (d)). The optimal service discipline
stemming from the solution corresponds to giving priority to class ¢ whenever the state of the
system is within a subset G; of the domain. The partitioning of the domain into subsets has a
simple structure too (see Figure B in Section B for an example in two dimensions). See [2] for
explicit solutions in the case of tandem queues, as well as identities relating the perturbed rates
with the unperturbed ones in a more general network.

There is relatively little work on risk-sensitive and robust control of networks. Ball et. al. have



considered a robust formulation for network problems arising in vehicular traffic [4, B, and have
explicitly identified the value function in certain instances. Although their model is similar to ours
in that the network dynamics are modeled via a Skorokhod Problem, many other features, most
notably the cost structure, are qualitatively different. In addition, the model they consider is not
naturally related to a risk-sensitive control problem for a jump Markov model of a network.

The organization of the paper is as follows. Section B introduces the network and the stochastic
control problem, describes a key tool in our analysis, namely the Skorokhod Problem (SP), intro-
duces the differential game, and states the main result. Section B establishes the relation between
the control problem asymptotics and the game’s upper and lower values. Characterization of the
upper and lower values of the game as viscosity solutions of a PDE, as well as uniqueness for this
PDE are established in Section El Section H presents an example, and the paper concludes with
Section B, which gives the proofs of several lemmas. Throughout the paper, numbering such as
Lemma a.b refers to the bth item of Lemma a.

2 Problem setting and the main result

The queueing network control problem. We consider a system with J customer classes, and
without loss assume that each class is identified with a queue at one of K servers. Each server
provides service to at least one class. Thus if C'(k) denotes the set of classes that are served by
E, then the control determines who receives service effort at server k from among i € C(k). In
particular, the sets C(k), k = 1,..., K are disjoint, with UxC'(k) = {1,...,J}. The state of the
network is the vector of queue lengths, denoted by X. After a customer of class 7 is served, it turns
into a customer of class (i), where ¢ = 0 is used to denote the “outside.” We let e; denote the unit
vector in direction j and set g = 0 so that following service to class j the state changes by e,(;) —e;.
The control will be described by the vector u = (uq, ..., uy), where u; = 1 if class i customers are
given service and u; = 0 otherwise. Since service can be given at any moment to only one class at
each station, the control vector must satisfy > ;cc ) i < 1 for each k. We next consider the scaled
process X™ under the scaling which accelerates time by a factor of n and shrinks space by the
same factor. We are interested in a risk-sensitive cost functional that is associated with exit from
a bounded set. Let G be a bounded subset of ]Ri that contains the origin (additional assumptions
on G are given in Condition [l). Define

o" =inf{t: X"(t) € G}.

Then the control problem is to minimize the cost E,e ™", where E, denotes expectation starting

from z, and ¢ > 0 is a constant. With this cost structure “risk-sensitivity” means that atypically
short exit times are weighted heavily by the cost. A “good” control will avoid such an event with
high probability. The significance from the point of view of stabilization of the system is clear. (See
also [I5] for the robust interpretation).

A precise description of the stochastic control problem is as follows. Let G = n~'Z i NnG.
Define

U=qu)i=1,....0: > w<Lk=1... Ku>0i=1,...,J
ieC(k)



Foru €U and f: Z’ — R let
J

J
Lof(@) =Y N [f@+ep) = F@)]+ D uiniligisezsy [f(x +5;) = f(2)], (1)
j=1

i=1

where U; = e,(jy — e;. It is assumed that for each i, A; > 0, while y; > 0. For each n € IN consider
the scaling defined by . .
£r (@) = nlig(na), (2)

where f:n"'Z7 — R and g(-) = f(n™1). A controlled Markov process starting from z will consist
of a complete filtered probability space (2, F, (F;), P*"), a state process X" taking values in G™
that is continuous from the right and with limits from the left, a control process u taking values in
U, such that X™ is adapted to F;, u is measurable and adapted to F;, PR (X™(0) = z) = 1, and
for every function f:n'Z’ - R

¢

FOCT ) — [ L (X0 (s)ds
0

is an Fy—martingale. E7" denotes expectation with respect to P/»". For a parameter ¢ > 0, the

value function for the stochastic control problem is defined by
Vi (x) = —infn~tlog E¥"e "z e G". (3)
In this definition the infimum is over all controlled Markov processes.

A measurable function u(z,t), u : G" x [0,00) — U is said to be a feedback control. We will
make use of two well known facts: to each feedback control there corresponds a controlled Markov
process with u(t) = u(X"(t),t), and in the definition of the value function the infimum can be
restricted to feedback controls.

In the formulation just given we allow the maximizing player to choose a control from the
convex set U. This is a relaxed formulation, which allows the server to simultaneously split the
effort between 2 or more customer classes. An alternative control space that is more natural in
implementation consists of only the vertices of U, in which case the server can only server one class
at a time. In a general game setting, the distinction between such “relaxed” and “pure” control
spaces can be significant. However, in the present setting it will turn out that the value is the
same for both cases. This is essentially due to the fact that the game arises from a risk-sensitive
control problem, which imposes additional structure on the game, and will be further commented
on below.

Dynamics via the Skorokhod Problem. Our main goal will be to study the asymptotics of V",
and in particular, to show that they are governed by the value of a deterministic differential game.
In order to define the dynamics of this game we first need a formulation of the Skorokhod Problem
(SP). We give here the simplest formulation which covers our needs. The reader is referred to [17]
for a more general framework. Let

D ([0,00) : RY) = {w € D([0,00) : R”) : 4(0) € 1R_{} ,

where D([0, 00) : IR7) is the space of left continuous functions with right hand limits, endowed with
the uniform on compacts topology. When restricting to continuous functions we replace “D” with



“C”. Let a set of vectors {v;, i =1,...,J} be given and set I(x) = {i : x; = 0}. For each point =
on O]R‘J]r — the boundary of ]Ri — let
_ 1} |

The Skorokhod Map (SM) assigns to every path ¢ € D, ([0,00) : IR’) a path ¢ that starts at
¢(0) = 4(0), but is constrained to IRi as follows. If ¢ is in the interior of IRi then the evolution
of ¢ mimics that of 1, in that the increments of the two functions are the same until ¢ hits O]R;]r.
When ¢ is on the boundary a constraining “force” is applied to keep ¢ in the domain, and this
force can only be applied in one of the directions d(¢(t)), and only for ¢ such that ¢(¢) is on the
boundary. The precise definition is as follows. For n € D([0,00) : IR7) and ¢ € [0,00) we let |n]|(t)
denote the total variation of 7 on [0,#] with respect to the Euclidean norm on R”.

> aiv

i€l(x)

d(x) = { Z a;y; :a; >0,

i€l(x)

Definition 1 Let ¢ € D, ([0,00) : IR?) be given. Then (¢,1) solves the SP for 1) (with respect to
]Ri and v;,i = 1,...,J) if $(0) = ¥(0), and if for all t € [0, 00)

1. ¢(t) =(t) + (),

2. () € R,

3. Inl(t) < oo,

4 1nl(@) = Jio.n Lig(s)comy 2l (s),

5. There exists a Borel measurable function ~y : [0,00) — R such that d|n|-almost everywhere
~(t) € d(¢(t)), and such that

o) = J A)dns)

)

Under a certain condition on {v;} (known in the literature as the completely-S condition [22]), it is
known that solutions to the SP exist in all of D, ([0,00) : IR7). Under further conditions (namely,
existence of the set B — see [20, 12, [17] and also Lemma [ below), it is known that the Skorokhod
Map is Lipschitz continuous, and consequently the solution is unique. Denoting the map ¥ — ¢ in
Definition @ by T", the Lipschitz property states that there is a constant K7 such that

sup [|IT(41)(t) = T(w2)(0)]] < K1 sup [[n(t) —v2(t), 1,42 € D+([0,00) : RY).  (4)

t€[0,00) t€[0,00)

The SP that will be considered here is the one for which v; = e; — €,(;; = —0;. For this problem,
the following is well known.

Theorem 1 ([20, I7]) The SP associated with the domain R and the constraint vectors ~;,i =
1,...,J possesses a unique solution, and the Skorokhod Map is Lipschitz continuous on the space
D4 ([0,00) : IR]). Moreover, the Skorokhod Map takes C4([0,00) : R”) into C4([0,00) : RY), and
therefore T'(¢) is continuous if ¢ is.



We next define a constrained ordinary differential equation. As is proved (in greater generality)
in [T2], one can define a projection 7 : R’/ — IRi that is consistent with the constraint directions
{vi,i = 1,...,J}, in that 7(z) = z if z € RY, and if ¢ IR then 7(z) — x = ar, where a > 0
and r € d(r(x)). With this projection given, we can now define for each point » € 9IR:] and each
v € R’ the projected velocity

m(x,v) = 1&% ot AZ) —mle),

For details on why this limit is always well defined and further properties of the projected velocity
we refer to [, Section 3 and Lemma 3.8]. Let v : [0,00) — IR’ have the property that each
component of v is integrable over each interval [0,7], T' < oo. Then the ODE of interest takes the
form .

o(t) = m(o(1),v(t)), H(0) = do € R (5)
An absolutely continuous function ¢ : [0,00) — ]R;]r is a solution to (B if the equation is satisfied
a.e. in t. By using the regularity properties () of the associated Skorokhod Map and because of the
particularly simple nature of the right hand side, one can show that ¢ solves (H) if and only if ¢ is
the image of 1(t) = [} v(s)ds + = under the Skorokhod Map, and thus all the standard qualitative

properties (existence and uniqueness of solutions, stability with respect to perturbations, etc.) hold
(12, [16].

As mentioned above, the SP formulation will be our means of defining the dynamics of a
deterministic game. Before discussing this game, let us show how the same formulation is also useful
for the stochastic control problem defined earlier in this section. First, since 0; = e,(;) —e; = —v;,

it is easy to verify that for the particular SP considered here 7 (z,v) = vl z] forall z € Z i

T+veE
and v € {v; : j =1,...,J}. Therefore the generator L" of (M) can also be written as

flx+ej) — +Zuj,uj (x +7(x,05)) — f(x)].

||Mu

A measurable function u(t), u : [0,00) — U is said to be an open loop control. Note that this control
has no state feedback. When w is an open loop control, it is possible to write the corresponding
controlled process X as I'(Y). The process Y, which will be called the unconstrained controlled
process, is a controlled Markov process with a simpler structure. To be precise, let

J
=Y Nlf(@+ej) - +Z“J:“J (& +3;) = f(2)],

Jj=1

and let Zg“ be defined analogously to (). A controlled Markov process X™ on G™ [respectively,
Y™ on n~1Z’] is defined as before, but now using the generator (£™"f)(t) = (£™*“® f)(z) [resp.,
Ly f)(t) = (Ly () f)(z)]. The simplification that the SP introduces is that if u is an open loop
control, and if Y is a controlled Markov process corresponding to £{™ on (2, F, (F;), P™"), then
X" =T(Y") is a controlled Markov process corresponding to £™" on the same filtered probability
space. The role played by the SP in relating constrained and unconstrained processes is exhibited
here in a simple fashion, for introductory purposes. We will, in fact, use it in a slightly more
complicated setting later on in Lemma [d and Lemma B



A differential game. In this paper, we prove that the value function V" (z) for a stochastic control
problem associated with our queueing network model is approximately equal (for large n) to the
value function of a related differential game. In addition, the dynamics of this game are defined
in terms of an associated SP. Before introducing the game formally we explain why this is to be
expected. In a problem with no control, the exponential decay rate of quantities such as Ee™"" is
given in terms of the sample path large deviation rate function associated with the process, which
in turn can be expressed in terms of the rate function for the Poisson primitives that drive the
model. This is supported by the well known Laplace’s principle [I0)]. Heuristically, one thinks of
the rate function as a cost paid for changing the measure so as to make the rare event of exiting
on short time interval a probable event. Laplace’s principle asserts that the decay rate can be
expressed as the solution to a deterministic optimization problem involving the cost —co combined
with the cost of changing the measure: cf. [24, Eq. (5.20)—(5.23)]. When the stochastic model
involves optimal control, there is one more variable to optimize over in the limit, and this results
in a game. The game’s deterministic dynamics are the natural law of large numbers limit under
the changed measure. Boundary constraints and constraining meachanisms which are present in
the prelimit model are represented in the limit model by the SP. The cost for the game involves
the large deviation rate function for the Poisson primitives, the time till the dynamics exits the
domain, and the parameter c.

We thus consider a zero sum game involving two players. One (which we call the maximizing
player) selects the service allocation and attempts to maximize. The other (called the minimizing
player) chooses the perturbed arrival and service rates and attempts to minimize. Throughout, the
perturbed rates will be denoted by an overbar, as in \;, fi;.

Recall that for u € U, u; stands for the fraction of service effort given to class i. The control
space for the maximizing player is

U ={u:[0,00) = U ; u is measurable}.
Let I : IR — IRy U {+00} be defined as

- >
l(x)i{:Elng r+1 x>0,
400 x <0,

where 0log 0 = 0. Denoting M = [0,00)?/, the control space for the minimizing player will be

M={m= ..., s, fi1,..., i) : [0,00) = M; m is measurable, [ o m is locally integrable}.

(6)
For w € U and m € M define

J J
v(u, m) = Z )\j’l)j + Zuiﬂiﬁi,
7j=1 i=1

where v; = e, and as before v; = €,(;) — €;. Then the dynamics are given by

{ () = m(o(t), v(u(t), m(1))),
»(0) = x.



To define the cost for the game, let p: U x M — IRy U {+o0} be
J s J i;
p(u, m) = Z )\il - + Z ui,uil (—Z> .
i=1 o Hi

By convention, if A; = 0 and ); > 0 for some i, we let p = oo (recall that by assumption, p; > 0).
Let the exit time be defined by

o=inf{t: ¢(t) € G}.
With ¢ > 0 as in @), the cost is given by

O, u,m) = /0 "le + plu(t), m(t))]dt.

As in [I8] we need the notion of strategies. We endow both U and M with the metric p(wy,ws) =
S0 27(Jo! Jwi(t) — w2 (t)|dt A1), and with the corresponding Borel o-fields. A mapping o : M — U
is called a strategy for the mazimizing player if it is measurable and if for every m,m € M and
t > 0 such that

m(s) = m(s) for a.e. s € [0,1],

one has
a[m](s) = ajm](s) for a.e. s € [0,1].

In an analogous way, one defines a mapping 3 : U — M to be a strategy for the minimizing player.
The set of all strategies for the maximizing [resp., minimizing] player will be denoted by A [resp.,
BJ. The lower value for the game is defined as

V() = égg 21615 C(x,u, Blu]),

and the upper value as

VT (x) =sup inf C(z,a[m],m).
acAmeM

To avoid confusion, we remark that despite the terms “upper” and “lower” value, it is not in general
obvious that V- < V.

Main result. We make the following assumption on the domain G. Let

Jr={ie{l,....J}: )\ >0}
Condition 1 We assume that the domain G satisfies one of the following.

1. G is a rectangle given by
G={(z1,...,27): 0< ;< z,i € Ty; 0< x5 < 25,5 & Tt}

for some z; >0,1=1,...,J.



2. G is simply connected and bounded, and given by

a= ) G

1€J+
where for i € Jy, we are given positive Lipschitz functions ¢; : R'™1 — IR, and

Gi = {(ml,...,xj) EIRi : 0§xl <qﬁi(xl,...,xi_l,xiﬂ,...,x])}.

This condition covers many typical constraints one would consider on buffer size, including separate
constraints on individual queues (Condition [[11) and one constraint on the sum of the queues
(Condition [112).

The shape of the domain is simpler in Condition[l1, in that it is restricted to a hyper-rectangle.
On the other hand, it is also possible under this condition for the maximizing player to unilaterally
prevent an exit through a certain portion of 0G \ O]R;]r. Although it is in principle possible that
the dynamics could exit through this portion of the boundary, it will always be optimal for the
maximizing player to not allow it. Consider the simple network illustrated in Figure [l The
maximizing player can prevent exit through the dashed portion of the boundary simply by stopping
service at the first queue. As a consequence, there are in general three different types of boundary—
the constraining boundary due to non-negativity constraints on queue length, the part of the
boundary where exit can be blocked, and the remainder. These three types of boundary behavior
will result, in the PDE analysis, in three types of boundary conditions. We now define the three
portions of the boundary. Under Condition [ 1, let

0.G ={(z1,...,27) € G:xj =z, somej & T}
For notational convenience, we let 9.G = () under Condition [12. In both cases we then set
9,G =0G\G, 9,G=(GNIRI])\ I.G.

Note that in both cases, 0.G, 9,G and 0, G partition dG. Also, 0.G C G while 9,G C G¢. As
usual, we will denote G° = G'\ G and G = G UJG. 9.G is the part of the boundary were the
maximizing player can prevent the dynamics from exiting, and 9,G is the part where it can not.
Finally, it will be convenient to denote

O0coG' = 0,G U 0.G.
Our main result is the following.

Theorem 2 Let Condition [ hold. Then VT =V~ =V on G. Moreover, if x, € G*, n € IN are
such that x,, = x € G, then lim, oo V" (x,) = V(z).

Remark: A stronger form of the convergence statement in fact holds. Namely,

lim sup lim supsup{|V"(z) = V(y)| : 2 € G",y € G, |z —y| <€} = 0.

€0 n—o00

10
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Figure 1: A simple queueing network, a rectangular domain and three types of boundary. Full
line: 0, G, dashed line: 9.G, and dotted line: 9,G

This is an immediate consequence of Theorem P and the fact that for each n, V™ is Lipschitz on
G", with a constant that does not depend on n (Lemma ). B

The proof is established in two major steps. Step 1 will be an immediate consequence of the
main results of Section Bl and Step 2 will follow from Section Hl

Step 1. We define a version of the game, technically easier to work with, in which all perturbed rates

(\i, i1;) are bounded by b < oco. The corresponding upper and lower values, defined analogously,
are denoted by V®* and V»~. Then we show that for all b large enough (cf. Theorem B

Vo H(z) < liminf V™*(z,) < limsup V"*(x,) < V>~ (z).

n—00 n—o00

Step 2. We show that for b large, V?+ = V= on G. To this end, we formulate a PDE for which
we show that uniqueness of (Lipschitz) viscosity solutions holds (Theorem H), and also show that

both V% and Vb~ are viscosity solutions (Theorem ). Since V™(z) does not depend on b, neither
do V¥*(z). Theorem E follows.

3 The control problem and the game

We begin by stating some basic properties of the stochastic control problem and of the deterministic
game. The proofs of these properties are deferred to Section Bl

Consider the following generators, defined for any v € U and m € M, for constrained and
unconstrained controlled Markov processes:

L f(r) = jz::ln)\j [f (a: + %1@-) - f(a:)} + gnﬂzuz [f (95 + %77(377171')> - f(x)] ;
Ly f(z) = jz::lnj\j [f <:13 + %1@) - f(:n)} + gnﬂlul [f (m + %f}l> - f(a:)] .

The definition of the corresponding controlled processes will be made precise in Lemmas [ and

11



Owing to the logarithmic transform in (@), one expects V" to satisfy an Isaacs equation [19].
In fact, V™ satisfies

0 = sup,cy infrenm [LMV ™M (2) + ¢+ p(u, m)], x= € G" (7
V™ (z) =0, & G".

We comment that this is also the dynamic programming equation (DPE) for an associated stochastic
game that is related to the deterministic game via a law of large numbers scaling and limit, and
will not be further considered in this paper.

Lemma 1 The value function V" of @) uniquely solves the DPE (7).
The following lemma gives a key estimate on the value function.

Lemma 2 Under Condition [, V"(x) satisfies the Lipschitz property on (n_lzi) NG with a
constant that does not depend on n € IN. Consequently, sup,, ,eqn V" () < 0.

We comment that the above result is, in general, not valid for V" on n='Z i, since V™ changes
abruptly near the portion 0.G of the boundary.

For each fixed u € U, the mapping m — p(u,m), when restricted to fi; such that u; > 0,
is strictly convex with compact level sets. We conclude that the infimum over m in the DPE is
achieved, and denote such a point by m”™(x,u). Although part 1 of the following lemma is not used
elsewhere, it indicates why the Isaacs condition should hold in ().

Lemma 3 Let Condition [ hold. Then

1. m"™(xz,u) can be chosen independently of u, and

2. there is by < oo such that for all x,n and u, m"(x,u) < by.

We introduce two parametric variations of the game defined in Section Pl The first will be
associated with domain perturbation (parameterized by the symbol a), and the second with a
bound on the perturbed rates (parameterized by the symbol b).

For some fixed ag > 0, consider perturbations G, a € (—ap,ag) of the domain G defined as
follows. If G satisfies Condition M1, then G, is defined as G, but with z; replaced by z; + a,
i1=1,...,J. If Gis as in Condition[l2, then G, is defined as G, but where ¢; is replaced by ¢; +a,
7€ j+.

For any b € (0,00), let M® = [0,5]>/. Analogously to the definition (@) of M, let

M ={m=(A1,...., s fi1,... ,fig) : [0,00) = M”; m is measurable}. (8)

12



Strategies and values for the game are then defined analogously to the way strategies and values
are defined for the original game, using M? in place of M. It will be convenient to set M = M
and M = M, and to refer to the original game of Section Bl as the case b = co.

The cost, sets of strategies, lower and upper values of the games resulting by the introduction
of the parameters a and b will be denoted as Cy(x,u,m), A®, B®, V>~ and V»*. When a = 0
[resp., b = oc], the dependence on a [b] will be eliminated from the notation, as in V=, Vo,

Let by be as in Lemma Bl Denote

b* = max{bg, \i, pi,i =1,...,J} + 1. 9)
Lemma 4 Assume Condition [l Then

1. dist(0eoGa, 0coG) = inf{|x — y| : & € 0eoGa,y € FeoG} > 0 if 0 < |a] < ap;

2. the values VO are bounded on G, uniformly for b € [b*, 00|, and there is a constant cq such
that for any x € G, |a] < € (where ¢ depends on x), and b € [b*,00], one has |V>~(x) —
Vo= (2)| < cola| and |[VET(z) — VOH(2)| < colal.

The following lemma shows that any nearly optimal strategy for the minimizing player will
satisfy a uniform upper bound on the integrated running cost. Moreover, there is a finite time Ty
such that for each such minimizing strategy, any open loop control used by the maximizing player
leads to exit by Tp. Similarly, given any strategy for the maximizing player the minimizing player
can restrict to open loop controls that force exit by 1.

Lemma 5 Fiz b € [b*,00]. Given 8 € B?, write (N(-), fii(-)) = Bu](:). For z,T > 0 let B>T
denote the set of B € B® which satisfy

/OT Z[Ail(xi(t)/ i) A i (8) el (s (8) /)] dt <

for allu € U. For a € Ab, let M(a,T) denote the set of m € M for which o(z,a[m],m) < T.
Then there are constants zg, Ty > 0 such that

_ . oATo
V@)= nt o sup [T ek pte), Blul(0)

and

V*(z) =sup inf /UATO [c + p(alm](t), m(t))]dt.
acAmeM (a,Tp) JO

In the rest of the section the strategies 3 will be assumed (without loss) to be in B0 where
20, Ty are as in Lemmafd, and are fixed throughout. Also, m € M will be assumed to be in M («a, Tp)
whenever it is clear which « is considered. With an abuse of notation, we denote B*70 by B.
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Lemma 6 Under Conditiond, V¥~ and V»T are Lipschitz on G, uniformly for b € [b*, oc].

We are now ready to prove the following result.

Theorem 3 Let Condition [ hold, and let b € [b*,00). Then for any x € G and any {z,} converg-
ing to x (with x, € G"™),
VOF(z) < liminf V*(z,) < limsup V™ (z,) < V>~ ().

n—0o0 n—o00

Proof of Theorem The result is established by considering a sequence of stochastic processes,
defined using the constrained ODEs, but for which the controls uw and m are governed by, on one
hand, a nearly optimal strategy for the game, and on the other hand, a nearly optimal control for
the stochastic control problem. The technique uses standard martingale estimates, and is based on
the construction (deferred to Section ) of an auxiliary controlled Markov process that is controlled
by the selected strategy and stochastic control.

Upper bound

Fix b € [b*,00). The dependence on b will be suppressed in the notation for V=, V.=, etc. We first
show that
limsup V" (zy,) < V7~ (x). (10)

n—oo

According to Lemma H.2, it is enough to show that for all a > 0

limsup V" (zy,) <V, ().

n—oo
Let 8 € B? and a > 0 be given, and set Cy(z,8) = sup,eg Calx,u, Blu]). It is enough to show that
limsup V" (zy,) < Co(x,B), a>0. (11)

n—oo

We therefore fix 5 throughout, and turn to prove ([[Il). We can assume without loss that
Co(z,B) < 0. (12)

Note that in the DPE () the supremum is with respect to u in a compact set U, and that the
function being maximized is continuous in u (for each y). Let u"(y) denote a point where it is
achieved. Then for any m € M and y € G",

0 < LM WY (y) + ¢+ p(u"(y), m). (13)

Lemma 7 Let n be fized, and let b € [b*,00), B and z, be as above. Then there is a filtered
probability space (Q, F,(Fy), P), and Fi-adapted RCLL processes X™, Y™ and m™ such that with
P-probability one m™(t) = Bla™](t) a.e. t, u"(t) = u™(X"(t)), X" =T(Y™), X"(0) = Y"(0) = xp,
and for any f

FORN0) = [ Lm0 O § (X0 s)ds
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SO o) — [ pr s

are_(Ft)—martmgales. Moreover, with Ty as in Lemma[3 let N, denote the total number of jumps
of Y™ on [0,Tp]). Then
EN, <2JTybn. (14)

Proof: See Section A

Returning to the proof of (), let @"(t) = u™(X"(t)) and let " be the first exit time of X"
from G. Combining ([3)) and Lemma [, for any bounded stopping time S < ",

_ _ S
VrGan) < By [0S0 + e a0 8] (19
Denoting B[a”](t) = {(N*(t), i (t))}, define ¢™ as ¢ = T'(y"), where

V() = 7+ /Ot o(@”, Bl )ds,

and let
or =inf{t: ¢"(t) € G,}.
Then the definition of C,(z, 3) implies

~m

/0 e+ p(@(s), Bla")(s))]ds < Calw, B).

Apply ([[@) with S = 64 NG" ANT. If T is sufficiently large, then ([[2) and the fact that ¢ > 0 imply
7 <T. Thus, using E,, V™*(X"(a"))) =0,

~M

V' (2n) < Eg, lV"(X"(ffZ))l{&g@n} + /OU“ [e+ p(a"(s), Blu"](s))lds | -

Again using the uniform boundedness of V" (z) (Lemma B), there is a constant by < oo such that
for all n
V™ (x5) < baPy, (6 < ") + Ca(z, B). (16)

n,uU,m .

In what follows, we show that P, (67 < ") tends to zero. To this end, note that £y id(y) =
> i Aivi 4+ > uifiiv;, where id is the identity map. Therefore, using again Lemma [1

B e J
Y™M(t) —an = [Z N (s)vi+ ) ai ()i ()0 | ds + 0" (2),
0 Li=1 i=1
where n™ is a zero mean martingale. To prove that
sup |n"(t)] — 0 in distribution, (17)

te[0,7

it is enough, by Doob’s maximal inequality, to show that

Eln"(T)] = 0.
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Let [z](t) = X0 |Az;|2. By the Burkholder-Davies-Gundy inequality (see [9], VI1.92),
Eln*(T)]* < el El")(T),

where c; is a constant. Since each jump is bounded by can™! (2 a constant) and the total number
of jumps N,,(T) satisfies ([,

Eln™(T)|? < esn 2EN,(T) < eqn™1,

which proves (7). This implies that sup ]Y”( ) —¢"(t)] — 0 in distribution, and therefore the
continuity of I' implies supyg 7 |X (t) — ( )] = 0 in distribution. By LemmaHl1,

Py, (64 <0")

IN

Py, (X"(64) € G,9"(64) € OeoGa)
Py, ( sup |X"(t) — ¢"(t)] > bl) :

te[0,7

IN

where b; > 0 depends only on a. Hence by ([Q), P, [67 < "] — 0 as n — oo. Therefore (T
implies
lim sup V"(n) < Ca(z, ).

n—o0

This gives ([l and completes the proof of ([IT).
Lower bound

Next we prove
liminf V"(x,) > VT (2). (18)

n—oo

By Lemmall2, it is enough to show that for all a < 0
liminf V" (z,) > V. (z).

n—o0

Let o € A be given, and set C,(x, ) = inf,, oo Co(x, a[m], m). Then it suffices to show
lim inf V™ (xp) > Co(z,a), a<D0. (19)

Fixing «, we now prove ([[9).

Interchanging the order of infimum and supremum in equation [@) (see [23], Corollary 37.3.2),
and noting that the infimum over m is of a continuous function with compact level sets, we denote
by m"(y) a point where the infimum is achieved. By Lemma Bl the components A?(y) and i(y)
of m"(y) are all bounded by by. For v € U and y € G",

0> L™ WV (y) + ¢+ plu,m"(y)). (20)

Lemma 8 Let n be fized, and let o and x,, be as above. Then there is a filtered probability space
(Q,F’ (F}), P), and Fi-adapted RCLL processes X™, Y™ and u™ such that with P-probability one
u™(t) = alm®|(t) a.e. t, m"(t) = m"(X"(t)), X" =T(Y"), X*(0) = Y™(0) = z,,, and for any f,

FX (1)) — /0 LM £ (s))ds
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are (Fy)-martingales.

Proof: See Section @
Let m™(t) = m"™(X"™(t)) and let 6" be the first exit time of X" from G. By (20) and Lemma 8,
for any bounded stopping time S < ",
V(@) > lvn (X"(S +/ ¢ + plafm™](s), m"(s))]ds | - (21)

Denoting m™(t) = (A2 (t), i (t)), define ¢" as ¢™ = I'(y"), where

Yt =z + / v(a",m")ds,
0

and let
o =inf{t: ¢"(t) € Gu.}.
Then the definition of C,(z, ) implies

~mn

/0% [+ pla[m™](s), m"(s))lds = Ca(z, ).

Apply @) with S =6 Aa™ AT, with large enough T, using the fact that V"™ > 0 to get

6T AGTAT
Vi(z) > By, [ / [c+p<a[m"1<s>,m"<s>>1ds]

Gp AT

a

> B, (Lo | [c+p<a[m"1<s>,m"<s>>]ds]
> Py, (67 <) C4y(x, ).

The proof that P, (67" < &™) tends to one is analogous to the proof of the that P, (67 < &") — 0
in the upper bound. It is therefore omitted. Hence

linnl)gf V™ (xy) > Colz, ).

This gives (@), and the proof of () is established. W

In fact, the value of the game is independent of b for large b, so that the game has a value with
the unbounded action space M. As the result depends on Theorems Bl B, 6l we postpone the proof
to Section Bl

Theorem 4 For all b € [b*,00], VO =Vt =Vb= =V,

Proof: See Section [B
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4 The PDE

In this section we show that the upper and lower values of the game are the unique Lipschitz
viscosity solutions of the PDE (Z3]). Throughout, the parameter b € [b*, 00) is fixed. Let

H(q) = infsup{(g, v(u,m)) + p(u,m) + c]. (22)

It will be useful to note that the infimum is over the compact set M®, and the map (q,u,m)
[{q,v(u,m)) + p(u,m) + ] is continuous. The PDE of interest is

H(DV(x))=0, zeG°,
(DV(x),v) =0, i€ I(x), x € 0+G, (23)
V(z) =0, x € 0,G.

Here, ~; are the directions of constraint that were introduced in Section 2.

Definition 2 Let a Lipschitz continuous function v : X — IR be given (where X C G). We say
that w is a subsolution [respectively, supersolution] to (Z3) on X if the following conditions hold.
Let 6 : X — TR be continuously differentiable on X. Let y € X be a local mazimum [minimum] of
the map x — u(x) — 0(z). Then

H(Db(y)) v iggf@<)<D9(y),’n> >0, (24)
[ H(Dé(y)) A min (DO(y),7) <0, ] (25)
i€l(y)
and
V(z) <0, z€XnNo,a, (26)
[ V(z)>0, 2€XnJG. | (27)

We say that V' is a wviscosity solution to (Z3), if it is both a subsolution on G and a supersolution

on G\ 0.G.

Remark: In case that .G # (), a viscosity solution is often called a constrained viscosity solution
(cf. Soner [25], Capuzzo-Dolcetta and Lions [§]). The requirement that V' is a subsolution up to
the boundary d.G—the part of the boundary where exit can be unilaterally blocked—serves as
a boundary condition on this part of the boundary. Note that in the current paper, the term
‘constrained’ refers to the part 0;G of the boundary, where it is the mechanism associated with
the Skorokhod Problem that constrains the dynamics to G. B

First, we address uniqueness of solutions to (Z3).
Theorem 5 Let u be a subsolution and v a supersolution to (Z3). Then u < wv on G.

The proof combines ideas from two sources, namely [I] (which is based on [I3], and discusses
how to deal with the constrained dynamics on 0, G), and [25] (to accommodate the fact that under
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Condition M1 part of the boundary (9.G) can be thought of as imposing a state-space constraint
on the maximizing player).

The following lemma will be used in proving Theorem Bl In the interest of consistency with
previous publications, we use B in Lemma B below to denote a certain subset of IR’ (although
everywhere except in this section, B denotes a set of strategies). Part 1 states that the “Set B”
Condition holds, namely a condition under which it was proved in [I2] that the SM enjoys the
regularity property (). The proof that this condition holds in the current setting can be found in
[I7]. The existence of a smooth version of the set B is proved in [I] (before Lemma 2.1). For Parts
2 and 3, see Lemmas 2.1 and 2.2 of [I] (note that the condition that «; are independent holds).

Lemma 9 1. There exists a compact, convez, and symmetric set B C R’ with 0 € B°, such
that if z € OB and if n is an outward normal to B at z, then for alli € {1,...,J}
(z,e;) > —1 implies (v;,n) > 0 and (z,¢;) < 1 implies (v;,n) < 0.

In addition, the unit outward normal n(x) to B at x € OB is unique and continuous (as a
function on 0B ).

2. Let 0 be the extension of n to RY satisfying n(x) = n(y) whenever ax = y € OB, some
a € (0,00) (and define n(0) arbitrarily). Let Z: IR’ — IRy be defined via

E(r)=a & z€0(aB)

for all a € [0,00), and let £(x) = (E(x))%. Then there exist constants m, M € (0,00) and a
function o : R” — [m, M] such that the C*(IR”) function ¢ satisfies m|z||? < &(z) < M||z||?,
and D&(z) = o(z)2(x)n(x).

3. There exists a constant my € (0,00) and a continuously differentiable function u : ]R;Ir —
[0,m1] such that ||Dul| < my on R, and

(Du(zx),v) <0, z€R], i€l(z).

In what follows, we keep the notation of Lemma [ for B, n,=, &, o and pu.
Proof of Theorem Bt For a > 0, let
U(z) = u(z) — ap(),

V(z) =v(x) + ap(x).

Let 6 > 0. Then it suffices to show that for all small @ > 0, § > 0, one has U < (1 + )V on G.
Arguing by contradiction, we assume that this is not true. Then there are a and § arbitrarily small
such that

p= EEE[U(@ —(1+0)V(x)] > 0.

Below we let ¢;,7 = 1,2, ... denote positive constants. Consider Condition [[l1 first. Let

B(r,) = U(r) ~ (1 + OV (y) — ~&lx —y — & Py). (28)
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Let (Z,9) € G? achieve the maximum of ® in G x G. By continuity of U and V, there exists z € (¢
so that p =U(2) — (1 + )V (2). Note that

1+ zed. (29)
Hence by the Lipschitz continuity of V,
o _ Z
o(z,y) = @ <27 m)
_ z
> p— 0161/2. (30)
By Lipschitz continuity of U and the lower bound on £ given in Lemma [,
_ _ N D _
O(7,9) = U@ —1+)V(H) - &5y
m
< U@ +olr—gl-(1+0)V() - —lr—g -y
_ 3, _ _
e e e (31)

By () and (&),
- C3,_ _
eff — gl +ad? > 2z gy (32)
C4 - _ _
> g5 — gl
Since # and ¢ are bounded, (B2) implies |Z — §|? < cse and so
1z — | < cge'/?. (33)
Using this in (B2) we have
1z — 5 — /2] < ere¥/t (34)

By B3), z—9y — 0 as € | 0. Also, we claim that for all € > 0 small, & and g are bounded away from
0,G. To see this, assume the contrary. Then along a subsequence, both Z and § must converge
to the same point on 9,G. Using the continuity of v and v, [Z6)-(21), and the non-negativity of
¢, limsup ®(z,y) < limsup [u(z) — (1 + d)v(y)] < 0, where the limit superior is taken along this
subsequence. However, by ([B0), for all small €, ®(z,y) > p/2 > 0, which gives a contradiction.
Let ]
0(x) = —¢(x — 5 — ') + ap(a),

and note that the map x — wu(z) — 6(z) has a maximum at z € G. Since u is a subsolution, (24I)
must be satisfied at Z. Denoting

¢ =o0@—7— €2z — i — Ppaz —y— /%), (35)

we have from Lemma @2 that )
Do(z) = Eqﬁ + aDu(z).
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Suppose i is such that Z; = 0. Then (Z — § — €'/27,e;) < 0 and so by Lemma [1,
(i, n(E — g — €'/9)) < 0.
Since by Lemma [13, (v;, Du(z)) < 0, it follows that (v;, DO(z)) < 0. It follows from (24]) that
H(DO(z)) >0,

namely,
H (%q + aD,u(:Z")) > 0. (36)
On the other hand, let
aly) = —ap(y) - ﬁé(fc —y—ePy).
Note that s
Da(y) = —aDp(y) + c(1+0) q

and that the map y — v(y) — a(y) has a minimum at . Since z € G, ([B4) implies that § € G\ 9.G
for all small e. Since v is a supersolution, (2H) is satisfied at y. An argument as above shows that

H(Da(y)) <0,

(/2
H <1i5 (HE qﬁ—a(1—|—5)D,u(g7)>> <0.

It follows from the definition of H, using p(u,m) > 0, that

1 1 5
H(——p)>——H
(1+5p) z 15 H0) + 50

and therefore

and therefore ! !
H (qu o —a(l+ 5)D,u(y)> e <0, (37)

Now Dy is bounded, and by (B4l), boundedness of n and g, and the Lipschitz continuity of =, it
follows that e~ /2¢¢ converges to zero as € — 0. Note that by ([2) and the following comment, H is
uniformly continuous on IR7. Therefore, B8] and (B7) give a contradiction when a > 0 and € > 0
are small and § > 0 fixed.

Under Condition [[12 the above argument is not valid, since ([Z9) may not hold. However, in
this case the minimizing player can force exit from any point on dG\J;+G, and the additional
complications due to the “state-space constraint” used under part 1 are no longer needed. In other
words, instead of (28] we can consider

Ba,y) = Ule) = (1+8)V () — < — ),

and a review of the above proof shows that (B8) and (&) still hold if the expression €'/? is replaced
by zero everywhere in ([BH) and ([BZ). A contradiction is then obtained analogously. B

We next consider the upper and lower values of the game, and remind the reader that in this
section the rates m are assumed bounded.
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Theorem 6 V™ and V' are solutions to (Z3).

Recall that from Lemma B V* are Lipschitz.

Proof of Theorem [B: We use the specific form of v(u, m) and p(u,m). These can be written as

J

v(u,m) = bg(m) + Zuibi(m),
i=1

J
p(u,m) = co(m) + Zu,cz(m)
i=1

We have 3 ;cor)wi < 1. The b; are linear, and the ¢; are convex. Hence, as a direct consequence
of |23, Corollary 37.3.2], the Isaacs condition holds, namely

H(q) = infsup{(g, v(u,m)) + ¢ + p(u, m)] = supinf((g, v(u,m)) + ¢ + p(u, m)]. (38)

Another fact that we will use is that for any y € G'\ 9.G there is 69 = do(y) > 0 which serves as a
lower bound on the exit time. Namely, if ¢ solves ¢ = 7(¢,v(u, m)), #(0) = y, then

o=inf{t >0:¢(t) G} >0, ucU,m¢cM. (39)
The bound is an immediate consequence of the u and m being uniformly bounded.

By definition, V*(x) = 0 for # € 9,G. Thus we only need to establish (24)-(@H). The proof
consists of four parts.

Proof that V= is a supersolution on G\J.G.

Standard dynamic programming arguments show that for § > 0,

oA
vt =g | [ ot sty Vot 1) (40)
w |Jo
where ¢ is the solution to ¢ = m(¢, v(u, S[u])), with ¢(0) = z. Let  be smooth, and let y € G\ 8.G
be a local minimum of V'~ — §. We can assume without loss that V™ (y) = 6(y). We need to show
H(DO()) A i (DO(3).74) <0 (a1)
el (y

We shall assume the contrary and reach a contradiction. Thus, there exists a > 0 such that
H(D8(y)) = a, and
(DO(y), i) > a, i€l(y). (42)

From the definition of H and (B5),
sup inf[(DO(y), v(u, m)) + ¢+ p(u,m)] = a,
and therefore there exists a wug such that for all m,

(DO(y),v(ug, m)) + ¢+ p(ug,m) > a/2.
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For any strategy 3, if @(t) = uy,

(DO(y), v(u(t), Blul(t))) + c + p(a(t), Blul(t) = a/2 (43)

for all t. Let ¢ denote the dynamics corresponding to w and a generic 5, starting from y. Note that
the mapping z — I(z) is upper semi-continuous, in the sense that for any z there is a neighborhood
of z on which I(-) C I(z). Using the boundedness of m this implies that for any 8 € B, one has
I(¢(r)) C I(y) for r € [0,0], if 6 > 0 is chosen small enough. We now use that ¢ is a solution to the
SP. Choosing such a § > 0, for any r € [0, 0] there exist a; > 0 (that may depend on r) such that

o(r) = v(a(r), Blal(r) + > ari.
i€l(y)

Using the continuity of Df and taking ¢ > 0 smaller if necessary, [#2)) and [{3]) imply, for ¢ € [0, J],

Do) = (DO(). (1))

dt
—c— p(a(t), Blul(t) + a/4.

v

Taking 6 even smaller if necessary (so that it is at most dp), we have from (B9) that

é
0(4(9)) — 0(y) = —/0 (c+ p(u(t), Blu](t)))dt + ad /4.

From (), one can find a /3 such that

V) = sup [ [ (et ot Sty + V= (60)) ~ 0|

Letting u = @, the last two displays give (using 6(y) =V~ (y))

0(¢(6)) = V™ (6(6)) + ad/8,

so that V7 (¢4(d)) — 0(4(d)) < 0 for all 6 > 0 small, contradicting the assumption that y is a local
minimum of V'~ — 6. This proves that V'~ is a supersolution on G\9.G.

Proof that V'~ is a subsolution on G.

Let 6 be smooth and y € G a local maximum of V~ — 6. In case that y € 0.G, let Uy,@(s be
the set of controls u € U for which the trajectory ¢ determined by u and S[u] and starting from
y does not exit G on [0,8]. Given y € 9.G, it is clear that U, g5 is not empty for all § small and
all 8, by considering the control u = 0. Moreover, for all § small enough, [H0) is valid where the
supremum extends only over u € Uyﬁ,g. Indeed, given u & Uy,@(g, consider v’ that agrees with u on
[0,0] and v’ = 0 on (o,d]. Then the expression in brackets in #0) is identical under u and under
o, but v € Uy .

Assume without loss that V'~ (y) = 6(y). We would like to show that
H(DO(y)) v max (D6(y), ;) > 0. (44)

i€l (y)
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Assuming the contrary, there exists a > 0 such that H(D6(y)) < —a, and
(DO(y),vi) < —a, i€l(y) (45)
Using the definition of H and (BY]), for all u there exists m,, such that
(DO(y),v(u,my)) + ¢+ p(u,my) < —a/2. (46)

Note that it is possible to choose m,, so that it depends continuously on u. Define § as B[u](t) =
My for all ¢. Since B[u] is measurable if u is, 3 maps U into M. Let ¢ be the trajectory
corresponding to 3 and a generic u € U, (or a generic u € Uy g5 if y € 0.G) starting from y.
Arguing as before by upper semi-continuity of I(+), if ¢ is small enough, then

o(r) = v(u(r), Blul(r) + Y ami, r€0,0],

i€l(y)

where a; > 0 may depend on r. By possibly taking § smaller, and smaller than dy, we have, using
the continuity of D6 and ({Hl), G that

Loy = (DO(). (1))

dt i
< —c- plu(t), Blal(®) ~ /4,
and s
0(6(6)) — 8() < = [ (c+ plult). Blul(t)))dt — as/4.

Now, () implies that for any g there is u such that

V() < [ (oot plu STt + V= (909)) + ads

Specializing to 8 = 3, the last two displays show that V= (¢(5)) — 8(¢()) > 0 for all § > 0 small.
This contradicts the assumption that y is a local maximum of V™~ — 6, and as a result, V'~ is a
subsolution.

Proof that V't is a supersolution on G\O.G.

The proof is analogous to the proof that V'~ is a subsolution. Most details are therefore skipped.
The dynamic programming principle states that for 6 > 0,

VT (x) =sup i%f l/oomi(c + p(afm],m))dt + VT (é¢(a AD))| , (47)

e

where ¢ is the dynamics corresponding to « and m, starting from z. Taking a smooth 6, and leting
y € G\ 9.G be a local minimum of V* — 6, showing

H(DO(y)) A ig}i@)@@(y)ﬁ» <0

can be obtained by an argument analogous to that used to prove (), using @) in place of Q).
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Proof that V't is a subsolution on G.

We need to show that
H(DO(y)) v max (DO(y), i) > 0, (48)
1€l(y)
where 6 is smooth, and y € G is a local maximum of V' —#. In the special case where y € 9.G, we
can assume without loss that the supremum in (7)) extends only over a € A, 5, the set of strategies
under which, for any m € M?, the dynamics associated with o and m, and starting from vy, does
not leave G before 6. The proof of [J) is analogous to the proof of #Il), and is skipped.

This completes the proof that V'~ and VT are solutions to (23]). B

5 A competing queues example

Consider a queueing network with only one server, providing service to J classes. Each customer
requires service once. In this example all arrival rates are positive: A; > 0 for all 4, hence J, =
{1,...,J}. This network, “the k competing queues,” has been studied extensively, in discrete and
continuous time (see [3, 26] and references therein). When the criterion (to be minimized) is either
the average cost or the discounted cost, and the one-step cost is a positive linear combination
>, ciz; of the queue sizes z;, the optimal policy is the p-c rule, which is a priority discipline, giving
absolute priority to the non-empty queue for which p;c; is maximal. Under the cost studied here,
the optimal policy is quite different.

Proposition 1 Consider the case where G is a hyper-rectangle, given as G = {z : 0 < x < z;},
where z; > 0 are constants. Assume that \; > 0 for olli=1,...,J. If ¢ is large enough, then the
viscosity solution to the PDE ([Z3) is given as

V(z) = miin a;i(zi — x;), (49)

where a; > 0 are constants depending on c.

We remark that the constants a; are uniquely defined by (&1l) below. In the totally symmetric case,
where p; = u, Aj = A\, z; = z for all 4, the solution takes the form V(z) = amin;(z — x;). In this
case, the optimal service discipline can be interpreted as “serve the longest queue.” An asymmetric
two dimensional example is given in Figure B, where the domain G is divided into two subdomains
G1 and G4 in accordance with the structure (@), and the optimal service discipline corresponds to
giving priority to class ¢ when the state is within G;, ¢ = 1,2. Thus the optimal control under our
escape-time criterion is very different from the optimal controls for the average or discounted cost
criteria.

Proof: The constraint directions are given by v; = e;. The Hamiltonian is given by

H(p) = supinf H(p,u,m),
u m
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— O

Figure 2: Priority to class ¢ when the state is in G;, i = 1, 2.

where _
_ >\z [L;
H(p,u,m) =c+ > |pi(Ni — wifis) + Al <)\_> + uipil (Z_ﬂ :

Using strict convexity and smoothness of the map m — H(p, u, m), the minimum over m is attained
at \; = \je P, i; = pePi. Thus

H(p,u) = inf H(p,u,m) = c + Z[)"'(l — ePi) (1 — b))

For the proposed solution, DV (z) € —IR;]r wherever the gradient is defined. For p € —IRJJF,
maximizing H (p,u) over u clearly gives

H(p) = sng(p,u) =c+ Z)\i(l —e P+ mzax,u,-(l —ePi). (50)

7

We use the well known fact that the definition of viscosity solutions can be equivalently stated in
terms of sub- and superdifferentials (see [6], Lemma II1.1.7). Note that (0] and (1) hold, since
V =0 on 0,G. Hence it suffices to verify that 4] [resp., ([23)] holds where Df(y) is replaced by
any superdifferential [subdifferential] of V at y.

We show first that the equation H(DV (x)) = 0 holds wherever DV is defined. The proposed
form #Y) satisfies DV (x) = —aje;, wherever the gradient is defined, with ¢ = i, depending on z.
By the special form of the gradient, the equation H(DV (z)) = 0 takes the form

H(DV(z)) =c+ N(1 — %) 4+ pi(1 —e %) =0, (51)
where i = i,. Denote ¢; = ¢/(\; + p;). Then equivalently, 1+ ¢; — F;(«;) = 0, where

A€ 4 pe”

o) = ——"7

The function Fj is strictly convex, F;(0) = 1, and F;(«;) — oo as a; — oo. Since ¢; > 0, it follows
that there are unique positive constants «; where Fj(a;) = 1+ ¢;, i = 1,...,J. These are the
constants in (). In particular, (&) holds for i = i,, and H(DV (z)) = 0.

Next consider any interior point x at which the gradient is not defined. Clearly there are no
subdifferentials at that point, and any superdifferential is given as a convex combination of —aye;,
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i =1,...,J. Let B(e;,€) be the open ball of radius ¢ about e;. Denote S = {v € R’ : v; >
0,> vy, =1}, S ={v € R’ v > 0,0y < 1}, Se = SNU;B(ej,e€), and S¢ = S — Se. Let
qg = — >, viaye;. Tt suffices to show that H(q) > 0 for v € 5’, but since we later need a stronger
statement than that, we show that in fact H(q) > 0 holds for v € S. By (E0),

H(q) =c+ Z)‘i(l — e’i%) 4 mlax,ui(l — e i),

Define
HY(q) =c+ Z)‘i(l — ") + py (1 — e 1),

H(q) = e+ Y1 = %) 4 (1 - )]
By B, ¢+ Ai(1 —e®) 4+ p; > 0 and ¢+ A\;(1 — e*) < 0, and it follows that there are constants
Ay, Ay, As and A4 such that for all candi=1,...,J,
A+ log(c + Ag) <a; <As+ 10g(C + A4) (52)
We first consider small perturbations v of e;. To show that H(q) > 0, it suffices to show that
H'(q) > 0. Note that (Bl implies H'(q)|,=¢, = 0. Also,

VoHY (q)yme, = (—A11€" + praje ®)e; — Z)\iaiei.
i#1
Hence, for v = e; — e; (where i # 1), using ¢+ A1 (1 —e*') <0, (&) and (B2,
VoH Q) ly=e, -7 = Mone™ — praje™™ — a;);
a1(2)\16°‘1 — U1 —C— )\1) — ai)\i

> ai(c—p) — )
> [Ay +log(c + A2)](c — 1) — [Az + log(c + Ag)|Ni
> 1,
for all ¢ large. Analogous calculations give V,H'(q)|y=¢, - v > 1 for v = —e; as well. As a

result, the directional derivatives (9/07)H'(q)|,=e, in the direction 7, where 7 are of the form
7= (y—e1)/lly —eil, y €S, are bounded below by 1/2. Hence H'(q) > 0 for v € S within a
neighborhood of e; and ¢ large. Consequently, a similar statement holds for H(q). Since the same
argument holds for neighborhoods of ¢;, ¢ = 2,...,J, we conclude that there is ¢ > 0 and ¢y such
that H(q) > 0 for v € S¢ and ¢ > ¢p.

Next consider v € S¢. We first provide a lower bound on (9/d¢)H (q). Differentiating (EIl) with
respect to ¢, &; = da;/0c = (\je® — =)L, Using B, for all ¢ large, 0 < dy < (\e® — 1)~
Using this, the fact that v is bounded away from U;{e;}, and by taking ¢ large, one has

%H(q) > 1— ; Vi)\idieuiai
> 1- Zl/i[e(l_”")o‘i — 1]t

1

5"

v
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Note that the above bound holds for all ¢ > ¢; and all v € S¢, where ¢; is a constant. It follows
that there is cp such that for all ¢ > ¢5 and all v € S¢, one has H(q) > 3", y;. Since H > H—3", u;,
H(q) > 0. We conclude that H(q) > 0 for all v € S. In particular, H(q) > 0 where ¢ is any
superdifferential of V' at any interior point.

Finally, consider a point z € G N O]Ri. Any superdifferential of V at = is given as ¢ =
Yici(x) M€ — Z}-le vjajej, where n; > 0. If max;er(;)(q,7) > 0, then (4] holds. Otherwise,
{(q,vi) <0 for all i € I(x). Consequently, any ¢ of the form above is given as — Z}-’zl viajej, with
v' € 8. As we have shown, in this case, H(q) > 0. Therefore (24]) holds.

Similarly, any subdifferential of V at x € G N (‘?IR;]r is of the form — 3 ;c 7,y miei — ijl viaie;.
In particular, (g, e;) <0 for all ¢, and (£5) holds. B

6 Proofs of lemmas

Proof of Lemma [Ik Let
W"(z) = inf EX"e ",

Since ¢ > 0, W™ is well defined. Standard iterative methods can be used to construct a solution to
the DPE 3
0= lIellfj {E”“W”(m) - ncW"(:n)} ,xeG" (53)

and the boundary condition W"(z) = 1 if # ¢ G™. We claim that this solution coincides with the
risk-sensitive cost. To see this, consider a controlled Markov process (X", u) that starts at . Then

Y(t) = WMX"(t) - W"(x / L) W"™(X"(s))ds

is a martingale. Equation (&) implies £ W™ (X™(s)) > neW™(X"(s)), and so

_ _ t ¢

WX (1)) — W™ (x) — / neW™ (X7 (s))ds = / Z(s)ds + Y (t)

0 0
for some nonnegative process Z. Using Gronwall’s lemma we obtain that for each ¢ < oo
E;L,uWn(Xn(t A Un))e—nc(t/\a") > Wn(:p)’
and by the Lebesgue Dominated Convergence Theorem
E;L,ue—ncan > Wn(x)

If we define u in terms of the feedback control that minimizes in (B3]) then all the inequalities above
become equalities, thus showing that W" = W™,

The definition of W implies W"(x) = exp [-nV"(z)] . If we insert this into the DPE of W"
and multiply by exp [nV"(z)] then the equation

— unel[f] {Z n; (exp [—nV” (m + %'Uj) +nV" (x)] — 1)
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J
1
Ui —nV" —m(z, v; v -1)-
+ ;nu u (exp { n (a: + nﬂ(az 0 )) +n (az)} ) nc]
results. Recall the definition [(x) = xlogz — x + 1 for > 0. We now divide throughout by n and
use the convex duality relation
[e¥ — 1] = sup[zy — I(x)]
x>0

to represent the terms in the previous display. For example, in the sum on j we take x = 5\j /A
and y = — {nV" (m + %vj) —nVm (x)} Representing each term in this way and multiplying by —1
produces the first line in ([fl). The boundary condition that is the second line in ([7) follows directly
from the relation between W™ and V™. i

Proof of Lemma We reduce the Lipschitz property on (n='Z i) N G to a Lipschitz property
near the boundary. To this end we use the following coupling. For z € G", let u"(z) be a minimizer
in (B3). Given a point x on the lattice, let X* denote the process corresponding to the generator
LY and starting at = (see the discussion following (). To simplify the notation we will not
explicitly denote the dependence of quantities such as X* on n. Let u(t) = v"(X*(t)), and let F;
be the filtration generated by X*.

Fix a point y # x and let X¥ denote the queueing process on this probability space that starts
at y and uses the control w. In other words, XY is the image, under the Skorokhod map, of
y + X*(-) — . The evolution of the processes X* and XV are identical, save that jumps which
would cause XY to leave Z i are deleted. Automatically, u is suboptimal for the control problem

starting from y. Define
V(y;u) = —n " tlog B 0" (54)

where ¢¥ is the exit time of X¥ from (G. Note that due to the coupling we may take expectations
with respect to E3" rather then with respect to Ej". Since (XY, u) is a (possibly suboptimal)
controlled Markov process, we have

V(@) = V™(y) < V"(x) = V" (y;u). (55)

Define 0 = min{o®,0¥}. By Theorem [l on the Lipschitz continuity of the Skorokhod map we
have
dist(X*(0),0G) < Kq|lz —y|, dist(XY(0),0G) < Ki|x —y|, (56)

since at least one of the processes has left G by o. In the last display, K7 is the constant appearing
in (@). We claim that
V*'x) = V™(y) <sup{V"(z):z€ S} (57)

where S = {2z € n™'Z{ NG : dist(z,0,,G) < Ki|z — y|}. To establish this, note that

Vi (z)—V™"(y,u) = —% [log EYme 7" _log E;""e_"c"y}
< —% [log E" [e_"CUE;"" (e_"c("z_") \Xx(a))} — log E;""e_"c"}
< Sup—l [log EY" [e_"CUE;,"" (e_"c("x_") | X (o) = z)} — log Eufj’"e_"c"}

zeS N
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1 @
= sup—— [log [E;,”‘ (e_"c(U —9)|X%(0) = z) Eufj’"e_"c"} —log E"e "0
z€§ N

= sy flog B2 (¢ X0 = 2]

However, by the strong Markov property,
1 u,n (,—nc(c®—o) x _ 1 u,n ,—nco®\ _ 1/n
- [logEx (e | X (o) = z)} < sup —— log (EZ e ) =V"(2)

and together with (BH) we have ().

To prove the lemma, one needs to show that |V,,(z) — V,(y)| < colx — y| for all n and all
vy € (n'Z i) N G, where ¢y does not depend on z,y and n. It suffices to prove this inequality
for ,y such that |z —y| = n~!. Since the roles of x and y are symmetric, and in view of (&), it
suffices to show that for {z € G : dist(z, 0,0G) < Kin~1},

Vi(z) = —n"1log inf Evne 0" < opt (58)
where ¢; > 0 is a constant.

Let us first treat the case where G is not a rectangle. In that case, Condition [[l implies that for
any z with dist(z, 9,0G) < Kin™1,

there is i € J, such that = +cdn"te; & G, (59)

where ¢ is a constant. Let such i be fixed. To show (B8], it is enough to show that for any z such
that dist(x, 0,G) < Kin~!, and any n and u,

EYme 7" > 5 > 0. (60)

Recall that A; > 0. Let S; denote the event that all service processes and all arrival processes,
except for the one corresponding to i, do not increase on [0, ¢]. Recall that the expected time till a
Poisson process of rate A hits level K is K/\. Then for any a € (0, 1)

—_ x _ x
E;f’"e nco > aP;f’"(e neo® a)

1
= aPp" (O‘m < — os;coz) .

Choosing tg = —(log a)/nc = 2¢/n\; and using P*"(0” < 2E0™) > 1/2,

EUne " > g PU (g% < to] Sy, ) P (Sy,)

> 6—206/)\1'1

= 203

where c¢g > 0 is the probability that a Poisson process with rate ncy has not jumped by time
to = 2¢/A;n. This proves (G), which implies (B8], and hence the statement of the lemma holds.

In the case where G is a rectangle, the bound (B7) does not suffice since V"(x) is discontinuous
near J.G. We therefore prove that a similar bound applies, where there supremum is over S = {z €
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(n1Z{)NG : dist(z,0,G) < Ki|z —y|}. To apply the previous argument we need to show that if
X*(t) is close to 9.G, then neither X* nor XY will exit (locally) through that boundary. This is
clear for X*: the only way for the process to leave G is due to a service to one of the queues, say,
queue 7, leading to an increase in queue i. However, allowing this service is certainly not optimal:
it is better to avoid this control, as our objective is to increase o*. To prevent XV from exiting
we need to modify the coupling argument as follows. The control v¥ used by XY avoids a jump
that leads X¥ to exit through 9.G (that is, queue j above will not be served if X/ (t) = z; — 1.)
Note that this is the only possible type of jump that leads the process out of G. Moreover, the
¢1 distance between X* and XY may only decrease due to this change in control: the control is
changed only if X7 (t) < X/(t), and following the service X7 increases by 1 so that | X7 () — X7 (t)]
decreases by 1, while X7 decreases by 1.

Condition [ still implies (Bd), but only for x such that
2 —x; <n~L for some i € Jy.

For such x, the argument in the last paragraph holds. However, for x near 0.G there is nothing to
prove, since the process never exits through such a boundary. B

Proof of Lemma Bt The first part is an immediate consequence of the fact that u; > 0 and both
LMy (x) and p(u, m) depend on u as Y, u;n;, where n; is a function of m;,xz,n but not of u.

For the second part of the lemma, one can explicitly solve for m'™ in terms of V", and get
m"(z,u) =m"(z) = (A} (2)), (1 (x))), where

NP (@) = N V@ eV ),

and
§V™M(x) =V +n"l) = Vi(x), &V (x) = V(@ +n w(z,5)) - V().
The result follows from Lemma B, since it shows that there is a constant by independent of z,n

where .
nézvn(iﬂ) 2 —bQ, nézvn(l‘) Z —bg.

Proof of Lemma H We fix b € [b*, 00| and suppress it from the notation throughout the proof.
Item 1 of the lemma is trivial under Condition Ml1. Under Condition M2, by continuity of the
functions ¢;, we only need to show is that 0.,G, and 0.,G do not intersect. Consider first a > 0,
and let © € 0,,G,. Then z; = a + ¢i(z1,...,Ti—1,Tit1,...,2 ) for some i € Jy, and therefore z
cannot belong to the closure of G. The proof for a < 0 is similar.

Let Bo[u](t) = myq for all u,t, where mq sets all \; = \; and fi; = 0. Then p(u(t), Bo[u](t)) is
bounded by a constant, and the dynamics, unaffected by u, follow X (¢) = = + >, \je;t and leave
the bounded set G within a finite time bounded by diam(G)/max; \; < co. Therefore

V7 (z) <supC(z,u,my) = C(x,5y) < c1 < 400.

Similarly,
V¥ (2) < sup C(x, a(mo),mo) < ¢1 < +oo.
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It is useful to notice that for all a € (0,a9) and y € 0,G there is i = i, € J; such that
y + 2ae;, ¢ Gy. Similarly, for all @ € (—ag,0) and y € 9,G, there is i = i, € Jy such that
Y+ 2ae;, € G.

First consider a > 0 and recall that o, (resp., o) is the exit time from G, (resp., G), so that for
any fixed v and [u] we have o < g,. Therefore, since ¢ and p are positive,

Vi) = infsup [ (e pla(s). Slul(5)ds

> infsup /0 (c + p(u(s), Blul(s))ds
= V7 (x).

Thus to prove the Lipschitz property a one-sided bound suffices. Recall that ¢(o) is the exit point
from G and for each 3 define the extension 3, by

5l — { 3lul(t) € [0.0),

m t € [o,00),

where 7 sets all fi; = 0 and \; = 1; Then for any /3

=ig(0)"
Vo (x) = i%f sup Cq(z, Blul, u)

< i%f sup Cy(z, By [u], w)

= i%f sup |C(z, flu],u) + /Ja(c + p(u(s),m)ds

< V7 (x) 4+ aa,

where the last line follows since p(u(s), ) is bounded and since by the previous paragraph, o,—0 <
2a. Note that ¢; does not depend on b € [b*,00]. For a < 0 the same argument shows that
V= (x) <V, (x) + c3lal, by interchanging the roles of G and G,.

For V.7 () note that an argument as above gives V" (x) > V¥ (z). For each m define m, by

. :{ m(t) tel0,0),

m t € [o,00),

where m is as above. Let a. be an e-optimal strategy. Then, since for any fixed u and m we have
o < 0g,
Vo' (x) = supinf Co(z,m,a[m))
[0

< inf Colz,m, ac[m]) + €

< I%f Ca(l', Mg, ae[ma]) + €,
since we are taking the infimum over a smaller class of controls. By the definition of C,,
Vi (z) < i%fC(a:, m, ae[m]) +/ a(c + plaelma](s),m(s)) ds + €

< sup iTanC($, m,alm]) + coa + €
(6%
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by the previous argument, where ¢o does not depend on z, € and b. Since € is arbitrarily small, the
proof for a > 0 and V" (z) is established. B

Proof of Lemma We suppress b from the notation, throughout the proof. It is obvious that
one can restrict the infimum over 8 € B to the class of strategies § for which C'(z,5) <V~ (x)+ 1.
Within this class, for every 8 and wu,

se < [l plut®), L@t < V(@) + 1,
0

and therefore one always has that ¢ < Ty = (V(z) +1)/c. Lemma [l asserts an upper bound on the
cost till time a fixed time Ty, and so we must define the strategy for times ¢ € [0, Ty]. Let m be an
arbitrary fixed element of M. Then the extended 3 is just

msz{ﬂwwt<a

m t> o,

With this definition one has that C(z,u, 8[u]) = C(z,u, B[u]). One can therefore further restrict
to strategies [ satisfying 8 = 3. For such 3, it follows that

To

| Pld), Blul(#))dt < erTh,

where ¢; does not depend on u, 5. The result regarding V'~ follows.

Regarding VT, let mg be a control which sets all 1; and \; to zero, except that \;, = 1 for some
19 € J+. Then for any @ € A and m for which

C(z,alm],m) < C(z,a[mp], mp), (61)

one has co(x,alm],m) < C(z,alm]|,m) < C(z,a[mp],mp) < ¢; < oco. Note that ¢; can be chosen
independent of «, since the dynamics and running cost under mg are independent of «. Clearly,
for each « it suffices to consider, in optimizing over m, only those m that satisfy (&1l). It follows
that it suffices to consider only those m for which o(z, a[m],m) < ¢;/c. This completes the proof
of the lemma. W

Proof of Lemma [B: Fix b € [b*, 00] which we omit from the notation. Recall from Lemma H that
V* are bounded on G. We first show that V'~ is Lipschitz. Assume first that Condition [[12 holds.
Recall that for z € G,

Vo (z) = ilﬁlf sup C(z, Blu], u).

Let 5% be an e-optimal strategy starting from z, i.e.,

sup C(z, B¢ [u],u) < V™ (z) + e
For any z € G let o, = inf{t : ¢, ¢ G}, where ¢, is the solution to ¢ = m(¢,v(u, 5*[u])), with
#(0) = z. Note that C(z,u, B¥[u]) = [7[c + p(u(t), 7 [u](t))]dt (with possibly o, = 00). Now let

y € G. Note that on [0,0, A 0], one has by the Lipschitz property of the Skorokhod map that
|p2(t) — &y(t)] < cilz — y|, where ¢; is some constant. Recall that we are considering the case
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of Condition M2. Therefore, at o, A oy, both ¢, and ¢, are within a distance of ¢;|z — y| of the
boundary 0,G. Because of the assumptions on the domain G, there exists a constant ¢, such that
at time o, A 0y, both ¢, + coe;x € G and ¢y + coe;+ € G, where ¥ € Jy and, moreover, cy is
independent of x,y,b > b* and i*.

Define 8% as B¢¥[u] = B¢lu] on [0,0;), and, if oy > 04, set BH¥[u] = mo on [0, 0,]. Here,
my sets all fi; and all \; to zero, except that it sets A\;= = A;=, where ¢* is as above. Consequently,
oy < 0y + |z —y| for some ¢ > 0, and there exists u, such that

V7(y) < sup C(y,u, B [u])

< /0% [c + p(ue(s), BY[uel(s))]ds + €

< /0% [c + plue(s), B [uel(s))lds + 1o, <a, /:y [c + p(ue(s), BV [uel(s))lds + €
< Oz, ue, B ue]) + eslz —y| + €

< sng’(m,u,ﬁf[u])+63|$—y|+e

< V7 (x)+ c3lx — y| + 2e.

Since z,y € G and € > 0 are arbitrary, and cg does not depend on them or on b, V~ is Lipschitz,
uniformly for b € [b*, o0].

In case that Condition 11 holds, the same argument shows that V" (y) < V™ (z)+cs|z —y| +2¢,
where a = ¢1]|z —y|. By Lemmal, this implies that V'~ (y) < V™ (z) + c4]x — y| + 2¢, some constant
¢4, and therefore V'~ is Lipschitz.

Next, consider the upper value
VH(z) = sup i%fC(y, afm],m)
under Condition [[12. Let =,y € G. Note that there is an af such that
VT(z) < i%f0($, aZ[m],m) + e.
and an m, = m¢(x,y) for which

Vi) = infC(y,af[m],m)

> Cly,al[me],me) — e

Let 0, = inf{t : ¢, & G}, where ¢, is the solution to ¢ = w(¢, v(a?[me], me)), with ¢(0) = z.
Let ¢* be defined in an analogous way to that in the first paragraph of the proof. Now define
me = me(x,y) as follows. If o, < gy, let me = me. If 0, < 04, let m, agree with m, on [0,0,) and
with mg on [0y, 0,]. Here, mq sets all fi; and all \i to zero, except that it sets \j= = \j=. Since m.
and m. agree on [0, 0y ), the restrictions to [0, 0,] of af[m.] and of o [m| agree a.e. on [0, oy], and
therefore,

C(y7 o [m6]7 mE) = C(y7 o [mE]v mE)'
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Arguing again by the Lipschitz property of the Skorokhod map and the definition of my, there is a
constant ¢4 for which (o, — 0yy)*T < cala — y|. Hence

Viy) > Cly,af[me,me) —e
> [ plaz{m) o) )~ oo, [ et pla () (s) m ) —
> C(x7a?[m5]7m5) - 05‘1' - y’ —€
> i&fC(a;,af[m],m)—cE,]a;—y]—e
> VT(z) - cslz —y| — 2e.

Since c5 does not depend on x,y, € or b, we have that VT is Lipschitz uniformly for b € [b*, oc].

Under Condition [M11, the same argument shows that V" (y) > V1 (z) — ¢5|z — y| — 2¢, where
a = c¢1|x — y|, and again one argues by Lemma [l W

Proof of Lemma [k The processes are constructed recursively using a sequence of standard
exponential clocks. Recall that £™%™ is given for every n, w € U, m € M by

J J
En,u,mf($) _ Z ’I’L;\J[f(ﬂf + ’I’L_lvj) — f($)] + Z n/_lz’LLz[f(l‘ + ’I’L_lﬂ'(l‘, 272)) - f($)]
j=1 1=1

Given n, x,, and 3, we construct a filtered probability space and three processes, X (t), @(t) and
m(t) (to simplify notation, we do not write the superscript n in the notation of X”, 4" and m™")
such that (a) X,u and m are (Fy)-adapted; (b) m(t) = B[u](t) a.e. t > 0, a.s.; (c) u(-) = u™(X(-))
a.s. (where u" is as in the statement before the lemma); and (d) for any f, the process

_ t PN _

FE@) — [ Lm0 f(X (s)ds
0

is an (F})-martingale. For (a—d) to hold, it suffices that (a-c) hold, and (e) on any finite interval

the process X jumps finitely many times—we denote the kth jump by 74 and let 79 = 0; (f) the

random times (73) are stopping times on (F}), and (g) denoting X = X (1), for any k,

where
kam TRHL o 1,
AT =n Xi(8)ds[f( Xk +n" v;) — f( X)),

k

BE = [ (s (X (7)) — ()

k

The construction is recursive. On a complete probability space (Q, F,P) we are given 2.J
independent i.i.d. standard Poisson processes, denoted a; and b;, i = 1,...,J. Let T#(k) [resp.,
T?(k)] denote the first time a; [resp., b;] equals k. For each w € 2 we construct recursively a
sequence of times (73) and the processes X, % and m up to time 7. Once these processes are
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defined, we will define (Fy), F;, C F, t > 0, and verify that items (a—c), (e-g) are satisfied on
(Q, F,(F),P).

We set X(0) = x,, and @(0) = u™(x,). Since m need only be defined almost everywhere on
[0,00), we do not define it at zero nor at any 7%, k = 1,2,.... Now assume that we have constructed

7;, 1 < k as well as the processes X and % on [0, 7] and m a.e. on [0, 7%]. Let Wk (t) = un (X (tATL)),
£ 0. Tet also ik = glat]. With a¥() = (a5(")) and k() = (W()), (2 (), et

7

pi(t) = n/ot Ni(s)ds,  qf(t) = n/ot i (s)ak(s)ds,  i=1,....J, t>0.
Denoting Az(s) = z(s) — z(s—), let also
Tpy1 = inf{t > 75, : either Aa;(p¥(t)) > 0 or Abi(g¥(t)) > 0 for somei=1,...,J},
where inf ) = +o00. We first consider the case that 7411 < +00. In this case,
there is i such that either Aa;(pF(7ry1)) > 0 or Ab;(¢F(Tr41)) > 0. (62)

In the former case we let ©F = v;; otherwise we let OF = ¥;.

The three processes are defined on the next interval as follows. Let X(t) = X(73) for t €
(Ths Thg1), and X (1pa1) = X(1) + n = w(X (1), 9F). Let a(t) = u™(X(t)) for t € (14, Tpy1]. Let
a(t) = u(X(t A 7ky1)) and define m(t) = Blu](t), t € [0,7x+1). Note that since 3 is a strategy,
this definition of m is consistent with its definition up to 73 since so is the definition of 4. For the
same reason, for a.e. t < 7,1, m(t) = mF(t). In particular, the equations for p¥, ¢¥ still hold if we

replace hats by bars, namely,

t t
pit) = n/ Ni(s)ds, qF(t) = n/ fi(s)ui(s)ds, i=1,...,J, 7 <t < Tpq. (63)
0 0

Note that the above relations are consistent in the sense that for a given k, they hold not only
for t € [1g, Tk41], but in fact for ¢ € [0,741]. Hence, on the event 7, — 0o, one can equivalently
consider the processes

L ¢
pi(t) = n/ Ai(s)ds,  qi(t) = ”/ pi(s)ui(s)ds, i=1,....J, t>0. (64)
0 0
This completes the definition of the three processes on [0, 7%11].

In case that 7,1 = 400, the definitions above of X, @ and m all apply on (74, 7%,1) and there
is nothing else to define.

To complete the construction of the three processes on 2 x [0, +00), we must consider the set Qg
of w € Q for which T = sup 7y, is finite. We show that this set is P-null owing to the fact that the
range M? of B consists of bounded functions. Suppose T is finite. The construction above defines
X, 4 and m on [0,T). Let @' (t) = @(t) for t < T and define @(t) arbitrarily on [T, +occ) but such
that 4’ € U. Then m’ = B[u'] agrees with m a.e. on [0, T]. Since each component of m/ is bounded
by b,

nt rgfélx[pi(f) V qi(T)] < 2JTb < +oc. (65)
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However, by construction, T' < oo implies that either a;(p;(t)) — oo or b;(q;(t)) — oo as t 1T, for
some i. Hence T' < oo must be a null set. We let X, % and m be defined arbitrarily on €.

The definition of the process _Y is similar to that of X, but where 7(x,v) is replaced by v
throughout. The relation X =I'(Y") is clear from the construction.

Define for each t > 0 F; to be the o-field generated by {Y(s),s € [0,¢]}. Note that it is
equivalently defined as the o-field generated by {a;(p;(t)),bi(¢:(t)),s = 1,...,J}, where p;,q; are
as in (). By construction, @(t) = u™(X(¢)), t > 0 and item (c) holds. Item (b), namely that
m = fBu], also holds by construction. X and u are therefore (F})-adapted, and since 3 is a strategy,
so is 7, and item (a) holds. Ttems (e) and (f) are trivial. Concerning (g), let i* € {1,...,2J} denote
the index i satisfying (62)) in case that Aa;(p¥(t)) > 0 holds, and let it denote i + J in the case
A (g (t)) > 0. Tt suffices to show that for every i € {1,...,2J},

_ _ { BT pi(s)ds|Fr /2, i <,

B[] Gi—g(8)ds| )/ Zy i >,

T

where Zj, is a normalization factor (not depending on 7). For k = 0 (7, = 0), this is a well known
property of exponential clocks. For k > 0, the same argument holds, merely because conditional on
Fr, the processes [ pi(s)ds, [/ gi(s)ds are independent, and moreover, a;(- — 7x) — a;i(7y), bi(- —
T) — bi(7y) are still independent Poisson processes (which is a statement on the lack of memory for
exponential random variables).

The proof of the claim regarding the martingale associated with Lo is similar (only simpler).
This completes the proof of the first part of the lemma.

Clearly,
max p;(Tp) V ¢;(Tp) < nTjpb,

where Tj is as in Lemma B Thus, if N,, = max{k : 7, < Ty}, then

N, < Z a;(nTob) + b;(nTob),

and (4 follows. &

Proof of Lemma The proof is completely analogous to that of Lemma [, and is therefore
omitted. B

Proof of Theorem B By TheoremsBandB, V®~ = Vb for all b € [b*, 00). As a result, Theorem
B, implies that V" — V%~ for all b € [b*,00), as n — oco. In particular, Vb~ does not depend on
b € [b*,00). It remains to show that for all z, V¥~ (z) — V'~ (z) and Vo (z) — VT (z) as b — oo.

Proof that V%~ — V. It is immediate from the definitions that V= < Vb,

Let B € B, and let o = o(x,u, ) be the exit time of ¢ from G where ¢ = n(p,v(u, Bu])),
¢#(0) = z. Let [ be defined by

Blul(t) = { min{b, Su](t)} ¢ <o,

m t > o,
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where m sets all i; = 0 and 5\]- =1, and the minimum is componentwise. It is clear that 3

=ig(o)" .
Is a strategy. Let @ be any extension of u to [0,00), and denote by ¢ and & the dynamics and exit
time corresponding to z, 3, 4. Recall that by (@) b is greater than all A; and p;. Thus

o

Clz,a, Bla]) — /0 " (e + plu, Blu))ds + 1psq /U (c + pli, 7)) ds
C(z,u,plu]) +c1(6 — o).

Moreover, by the Lipschitz property of the Skorokhod map, and denoting Slu] = (A, fi;),

(7~ )" < cldlo) — 6(0)| < o [ STICK — B + (i — )1

IN

Since it is enough to consider § for which (for any w) \; and w;p; are uniformly integrable over [0, o],
we have that (6 —o)t < 6(b), where §(b) — 0 as b — co. This shows that limy_,., VO (z) < V().

Proof that V%t — V+. It is immediate that VT < Vo7,

To show that V*(z) > limy_,o V®T(z) it is enough to show that for b > b* and a small,
V*H(z) > V" (x). For any m € M let m® denote the pointwise and componentwise truncation of
m at level b. For any a € A, let a® € A be defined by a’[m] = a[m®]. We will write m € M(«,a)
if m, o, a satisfy Cy(z, a[m],m) < V¥ (z) + 1. In the expression for V,(z),

sup i%f Cy(z, a[m],m),

it is enough to consider a € A and m € M(«,a) (including for a = 0). For such a, m, the functions
\i, u;ifi; are uniformly integrable over [0,7]. Let a € A and m € M (a®,0). Consider a truncation
of \; and fi; at b. Denote by ¢ [resp., ¢] the dynamics that correspond to (z,a’ m), [resp.,
(x,a®,mP)]. Then the effect of the truncation on ¢ is such that for all @ > 0 there is b such that
supjo 7] |¢ — ¢°| < a (by uniform integrability). In particular, |¢°(c) — ¢(0)| < a. Hence, using the
b
[

monotonicity of the running cost for large values of the rates, and that a’[mb] = a’[m],

C_a(z,a’[mP),m®) < C(z,a’[m], m).

We thus have
C_ol, almt], m?) < C(z, a*m], m).

Since m € M(a’,0) implies that m® € M(a®, —a),

inf C_y(z,alm],m) < inf  C_q(z,afm’],m
mléll\;[b (x Oé[m] m) B m:mbell\%(ab,—a) (33 a[m ] m )
< inf  C(z,a’[m],m)
meM (ab,0)
= inf C(z,a’[m],m).
meM

Hence

sup inf C_,(z,a[m],m) <sup inf C(z,a[m],m).
ac AmeM® acAmeM

Taking a — 0 by letting b — oo, we have from Lemma B that lim, V®*(z) < V*(x). B
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