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DIFFUSION APPROXIMATIONS FOR CONTROLLED WEAKLY
INTERACTING LARGE FINITE STATE SYSTEMS
WITH SIMULTANEOUS JUMPS!

BY AMARIJIT BUDHIRAJA AND ERIC FRIEDLANDER
University of North Carolina at Chapel Hill

We consider a rate control problem for an N-particle weakly interacting
finite state Markov process. The process models the state evolution of a large
collection of particles and allows for multiple particles to change state simul-
taneously. Such models have been proposed for large communication systems
(e.g., ad hoc wireless networks) but are also suitable for other settings such
as chemical-reaction networks. An associated diffusion control problem is
presented and we show that the value function of the N-particle controlled
system converges to the value function of the limit diffusion control problem
as N — oo. The diffusion coefficient in the limit model is typically degen-
erate; however, under suitable conditions there is an equivalent formulation
in terms of a controlled diffusion with a uniformly nondegenerate diffusion
coefficient. Using this equivalence, we show that near optimal continuous
feedback controls exist for the diffusion control problem. We then construct
near asymptotically optimal control policies for the N-particle system based
on such continuous feedback controls. Results from some numerical experi-
ments are presented.

1. Introduction. We study a pure jump, weakly interacting, Markovian par-
ticle system in which jump rates can be dynamically modulated by a controller.
The stochastic system of interest describes the state evolution of a collection of
N particles where each particle’s state takes values in a finite set X. By a weak
interaction, we mean that the jump rates for a typical particle depend on the states
of the remaining particles through the empirical distribution of particle states. Sys-
tem dynamics will allow for multiple particles to change states simultaneously, but
there will be a fixed finite number of jump types. Such jump-Markov processes
have been proposed as models for ad hoc wireless networks [1] of the following
form. Consider a system of NV finite capacity servers (particles/nodes). Jobs of K
different types, each with their own capacity requirement, arrive at each node at
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rate Ay, k=1, ..., K and are admitted if there is enough available capacity. All the
jobs in the system of type k have exponential residence time with mean I, After

an exponential holding time with mean ykfl , ajob of type k will attempt to switch
to another server which is chosen uniformly at random, and is admitted if there is
available capacity; otherwise, the job is lost. The state of a particle describes the
number of various types of jobs being processed at the server. Under conditions,
by classical results, the stochastic process of particle state empirical measures con-
verges to the solution of a d-dimensional ordinary differential equation (ODE) (cf.
[16]), where d = |X|. This ODE captures the nominal behavior of the system over
time as N becomes large.

Taking a different perspective, the analysis of such ODE is a natural starting
point for system design. By studying the mapping between system parameters and
solution sets of the ODE, one can identify parameter values that lead to desirable
system behavior over time, at least in the law of large number limit as determined
by the solution of the ODE. However, even when the system has been designed
to reproduce a certain targeted nominal behavior the actual stochastic process of
interacting particles may deviate significantly from the behavior determined by
the ODE. It then becomes of interest to study dynamic control algorithms that
modulate controllable system parameters to nudge the stochastic process closer
to its desired nominal behavior. In general, adjusting system parameters incurs a
cost, and thus there is a tradeoff between this and the cost for deviating from the
nominal behavior. A natural approach for analyzing this tradeoff is through an
optimal stochastic control formulation where the controller seeks to minimize a
suitable cost function which accounts for both types of costs noted above.

The goal of this work is to develop a systematic stochastic control framework
for studying optimal regulation of large, weakly interacting, pure jump Markov
processes that arise from problems in communication networks. Since the jump
rates in the system are of O(NN), and in a typical system N is large, an exact anal-
ysis of this control problem becomes computationally intractable, and thus one
seeks a suitable approximate approach. The basic idea is to consider a sequence of
networks indexed by N such that the given physical system is embedded in this se-
quence for some fixed large value of N. A suitable asymptotic model, as N — oo,
is used as a surrogate for the control problem in the Nth network. The asymptotic
model taken here is based on diffusion approximations which give the limit be-
havior of fluctuations of the empirical measure process from its LLN limit. In an
uncontrolled setting, such diffusion limits can be derived from classical martingale
problem techniques [14, 17] that are also the starting point here for developing an
asymptotic framework for the study of the optimal stochastic control problem. Dif-
fusion approximation methods have been used extensively in stochastic network
theory, in particular they have been very useful in the study of critically loaded
stochastic processing networks (see [2, 3, 7, 8, 10, 13, 19, 23] and references
therein). In this context, diffusion processes arise as approximations for a fixed
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number of centered renewal processes with rates approaching infinity. Limit theo-
rems and the scaling regime considered in these works (number of nodes is fixed,
traffic intensity approaches 1) is quite different from the one where the number
of nodes (particles) approaches infinity that is considered here. In communication
systems that motivate study of such interacting processes, jumps correspond to ei-
ther an admission of a job to one of the N nodes in the system, transfer of a job
from one node to another node, or the completion/rejection of a job (and thus exit
from the system). We consider a formulation in which controls can make “small”
adjustments to the rate values in order to nudge the system toward its nominal state.
Specifically, the overall rate of jumps in the system is O(NN) whereas the allowable
rate controls will be O(+/N). Although the magnitude of control becomes negligi-
ble compared to the overall rate as N becomes large, in the diffusion scaling such
a control can lead to an appreciable improvement in performance (see Section 7
for some numerical results). In the law of large numbers limit the controlled and
uncontrolled systems both converge to the same nominal behavior as expected, but
the diffusion limit of the two systems will in general differ in the drift coefficient.
In particular, under suitable feedback controls the centered and normalized con-
trolled process will converge to a diffusion with a nonlinear (in state) drift term
whereas the uncontrolled process will converge to a time inhomogeneous Gauss—
Markov process. In terms of cost, one can consider various types of criteria, but
for simplicity we restrict ourselves to a finite time horizon cost where the running
cost is a sum of two terms. The first term is a continuous function, with at most
polynomial growth, of the state of the centered and normalized empirical measure,
and the second is a finite convex function of the (normalized) control.

Rather than attempting to look for an optimal control for the stochastic control
problem for a fixed value of N, that is, for the Nth system, we instead focus on the
more tractable goal of asymptotic optimality. More precisely, we are interested in
constructing a sequence of control policies (indexed by N) such that the cost asso-
ciated with the Nth system under the Nth control policy converges to the smallest
possible value as N — oco. Analogous notions of asymptotic optimality are rou-
tinely used in heavy traffic analysis of queuing networks [2, 3, 7, 8, 10, 13, 19],
but in the current work they are introduced in a very different asymptotic regime.
The key ingredient in the approach is to formulate and analyze a closely related
stochastic control problem for diffusion processes. Roughly speaking, the state
process in the diffusion control problem is the asymptotic analogue of the cen-
tered and normalized empirical measure process as N — oo. The control enters in
the drift of the diffusion process whereas the diffusion coefficient is a nonrandom
function of time. Our main result, Theorem 2.8, shows that the diffusion control
problem is a good approximation of the control problem for the Nth system, when
N is sufficiently large. Specifically, this theorem says that the value function asso-
ciated with the control problem for the Nth system converges to the value function
of the limit diffusion control problem. The key ingredients in the proof are Theo-
rems 4.1, 5.5 and 6.3. Theorem 4.1 gives the lower bound, namely it shows that the
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value function of the Nth system, asymptotically as N — oo, is bounded below by
the value function of the diffusion control problem. The key steps in the proof are
to establish suitable tightness properties of the sequence of scaled state and con-
trol processes and the characterization of the weak limit points. For the first step,
it is convenient to work with the relaxed control formulation (cf. [6, 19]) through
which one can view controls as elements of a tractable Polish space. The second
step proceeds via classical martingale problem techniques (cf. [11, 14, 22]). Theo-
rems 5.5 and 6.3 give the main steps needed for the complementary upper bound.
For this bound, the main idea is to show that for any fixed ¢ > 0, there exists an
g-optimal continuous feedback control for the diffusion control problem (Theo-
rem 6.3), and that any such feedback control can be used to construct a sequence
of control policies for the interacting particle system such that the associated costs
converge to the cost under the feedback policy for the diffusion control problem
(Theorem 5.5). We begin, in Theorem 6.1, by arguing that for the diffusion control
problem the infimum over all admissible controls is the same as that over the class
of feedback controls. Proof of this proceeds via certain conditioning arguments
and PDE characterization results (cf. [6]) that allow the construction of a feedback
control associated with any given admissible control such that the cost correspond-
ing to the feedback control is no larger than that of the given admissible control.
The result says that one can find an e-optimal control in the space of feedback
controls. Although any such control corresponds to a natural collection of control
policies for the sequence of N-particle systems, in order to prove the convergence
of associated costs, which once more is based on martingale problem methods,
we require additional regularity properties of the feedback control. The key step is
Theorem 6.3 that shows that for any feedback control g there exists a sequence of
continuous feedback controls {g,} for the limit diffusion control problem such that
the associated sequence of controlled diffusions converge weakly to the diffusion
under the feedback control g. The proof requires some estimates based on an ap-
plication of Girsanov’s theorem which, in turn, relies on the nondegeneracy of the
diffusion coefficient. Although the controlled diffusion that describes the asymp-
totic model is degenerate, we show that there is an equivalent formulation in terms
of a (d — 1)-dimensional controlled diffusion which is uniformly nondegenerate
under suitable assumptions. This equivalent representation, in addition to provid-
ing a feedback control of the desired form, is also key in proving weak uniqueness
for stochastic differential equations (SDE) describing limit state processes associ-
ated with feedback controls.

In Section 7, we will illustrate our approach through a numerical example. This
example is the controlled analogue of a model introduced in [1], and one can ap-
proach more general forms of this model along similar lines. The running cost
function we consider is quadratic in the normalized state and control processes.
The corresponding limit diffusion control problem in this case becomes the clas-
sical stochastic linear quadratic regulator (LQR) with time dependent coefficients
(see [12]). The optimal feedback control for the diffusion control problem can be
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given explicitly by solving a suitable Riccati equation. Our numerical results show
that implementation of the control policy based on the optimal feedback control
for the limit LQR to a system with N = 10,000 leads to an improvement of up to
15.5% on the cost for the uncontrolled system. A more detailed numerical analysis
of the implementation of such diffusion approximation based control schemes will
be presented elsewhere.

The paper is organized as follows. Section 2 presents the precise system of
weakly interacting pure jump processes considered here. We will also present key
assumptions and the main result of this work. Sections 2.1 and 2.2 describe the un-
controlled and controlled systems, respectively. Assumptions which ensure conver-
gence of the system to its fluid limit are introduced for both cases. Section 2.2 also
introduces the cost criteria that is considered in this work. Section 2.3 presents the
diffusion control problem that formally corresponds to the limit as N — oo of the
control problem for the Nth system. The section also introduces the key nondegen-
eracy assumption (Condition 2.6) that is needed in order to obtain weak uniqueness
of SDE with feedback controls and existence of near optimal continuous feedback
controls. We also introduce our main assumptions on the controlled rate functions
(Conditions 2.4 and 2.5). In Section 2.4, we present our main result, namely The-
orem 2.8. Section 7 presents results from a numerical study. The remainder of this
work is devoted to proof of Theorem 2.8. In Section 3, we present a key tightness
result which is used both in the proof of the upper and lower bound. In Section 4
(see Theorem 4.1), we prove the lower bound that was discussed earlier in the In-
troduction. In preparation for the proof of the upper bound, we introduce the class
of feedback controls in Section 5. Sections 5.1 and 5.2 describe such controls for
the prelimit system and the limit diffusion model, respectively. Section 5.3 con-
structs a sequence of prelimit control policies from an arbitrary continuous feed-
back control for the diffusion control problem such that the cost for the particle
systems under the sequence of control policies converges to the cost of the corre-
sponding controlled diffusion. Finally, in Section 6, we show that the infimum of
the cost for the limit diffusion over all admissible controls is the same as that over
the class of feedback controls and that there exist continuous feedback controls
which are e-optimal. The results from Sections 4, 5 and 6, (namely Theorems 4.1,
5.5 and 6.3) together give our main result, Theorem 2.8.

1.1. Notation. The following notation will be used. We will use the notation
{X,} and {X (¢)} interchangeably for stochastic processes. The space of probability
measures on a Polish space S, equipped with the topology of weak convergence,
will be denoted by P(S). For S valued random variables X, Xy, N > 1, conver-
gence in distribution of Xy to X as N — oo will be denoted as Xy = X. The
Borel o-field on a Polish space S will be denoted as B(S). The space of func-
tions that are right continuous with left limits (RCLL) from [0, T] to S will be
denoted as D([0, T'] : S) and equipped with the usual Skorohod topology. Sim-
ilarly, C([0, T] : S) will be the space of continuous functions from [0, T'] to S,
equipped with the uniform topology.
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We will usually denote by «, 1, k2, ..., the constants that appear in various
estimates within a proof. The values of these constants may change from one proof
to another. Cardinality of a finite set A will be denoted as |A|. We will denote by
B(r) the L' ball of radius r centered at the origin in some Euclidean space R?.
The Euclidean norm of a d-dimensional vector or a d x d matrix will be denoted
as || - ||. The linear span of a set A C R4 will be denoted as Sp A. The space of
continuous (resp., continuous and bounded) functions from metric space S; to S
will be denoted as C(S; : Sy) [resp., Cp(Sy : Sp)]. When S, = R we sometimes
abbreviate this notation and write C(S;) and Cp(S;). For a bounded function f :
S = R, [ fllooc = sup,cs|f(x)|. The space of real valued continuous functions
defined on R? whose first k € N (resp., all) derivatives exist and are continuous will
be denoted CK(RY) [resp., C®°(R%)]. We denote the subset of C¥(R?) of functions
with compact support as (C’C‘ (RY). Similarly, C12([0, T] x R?) denotes the space
of functions from (0, T) x R to R that are once continuously differentiable in the
time coordinate, twice continuously differentiable in the space coordinate, and are
such that the function and its derivatives can be continuously extended to [0, T'] x
R¢. The space of m x n-dimensional matrices whose entries take values in a set S
will be denoted M">*"*(S). For M € M">*"(S), M; ; will the denote that entry of
M which is in the ith row and jth column. The transpose of a matrix M will be
denoted as M’ and trace of a square matrix M will be denoted as Tr(M). 1 and [/
will denote the matrix of 1’s and the identity matrix, respectively, the dimension
of which will be context dependent. For a Polish space S we denote by M (S) the
space of all locally finite measures on S. This space will be equipped with the usual
vague topology, namely, the weakest topology such that for every f € C,(S) with
compact support,

vr—>'/;f(u)v(du), v e M(S),

1s continuous.

2. Problem formulation and main results. In this section, we will describe
the basic control problem of interest and give a precise mathematical formulation.
We begin by introducing the uncontrolled pure jump Markov process in Section 2.1
and recall a classical law of large numbers result for such systems. Section 2.2
will present the controlled system that we study and also our cost criteria. In Sec-
tion 2.3, we will introduce our main assumptions on the controlled rate matrices
and based on these assumptions introduce a control problem for diffusion pro-
cesses that can formally be regarded as the limit of control problems considered in
Section 2.2. Finally, in Section 2.4 we present our main result. This result says in
particular that a suitable near optimal diffusion control can be used to construct a
sequence of control policies for the particle system in Section 2.2 that are asymp-
totically near optimal. For a numerical example that illustrates the application of
the result, we refer the reader to Section 7 where we present a model from com-
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munication networks that is a controlled version of some models introduced in [1]
and which falls within the framework considered here.

2.1. Weakly interacting jump Markov process. Fix T € (0, 0o0). All stochas-
tic processes in this work will be considered on the time horizon [0, T']. Consider
a system of N particles where the state of each particle takes values in the set
X ={1,...,d}. The evolution of the system is described by an N-dimensional
pure jump Markov process Xy (f) = {lev ®,..., Xx ()} where va (1) represents
the state of particle i at time ¢. The system allows multiple particles to change state
at a given time, but restricts such jumps to K transition types; in particular the kth
transition type can only affect at most ny particles, k e K= {1, ..., K}. The jump
intensity is state dependent, however, the state dependence is of the following spe-
cific form: Denoting for x € XN the probability measure {% Zf\/:l Ly (m) bmex
on X by {¢x (x)}mex, the jump intensity at the instant 7 is a function of {y (X y (1)).
The set of jumps and the corresponding transition rates can be described in terms
of the subset My of M¢*?(Ny) consisting of all matrices with zeroes on the diag-
onal and with sum of all entries at most N, as follows. To any k € K, we associate
amap WX : P(X) x My — R such that for x € XV, WK (¢y (x), ©) =0 if

d
(2.1) YO j>n or Y 0> Nyx), i=1,....d.
ij j=1

Roughly speaking, \IJ]’§,(§N (x), ®) will give the rate of type k jumps (associated
with ®) when the system is in state x € XV. A type k jump associated with ® e
My corresponds to ©;; particles simultaneously jumping from state i to state j,
foralli £ jandi, j=1,...,d. Thus the first inequality in (2.1) says that at most
ny particles change states under a jump of type k, while the second inequality says
that a jump of type k can occur only when there are enough particles to participate
in it. In terms of \lllli,, the overall rate of jumps of type k associated with ®, when
the system is in state x € X", is given as

Ngy (x) d
k <l > Om,j
Wy (ev (), 0) ] > O st
m=1\3 Om s Oma

and such a jump takes a state x € X" to a state ¥ € X" where

d d
Ny @ =N+ Oim— > Omj, m=1,....4d.
i=1 j=l1
A more convenient description of this system is given through the pure jump
Markov process {un (¢)} where puy () = v (X (2)) represents the empirical mea-
sure of the particle states. We will identify the space of probability measures,



CONTROLLED WEAKLY INTERACTING SYSTEMS 211

P(X), with the d-dimensional simplex, S = {(x,...,xq) € R4 |Zl 1 xi =1}
Similarly, we will identify Py (X), the space of all u € P(X) such that u{j} € %N
forall j € X, with Sy =8N N’ Let, for k € K,

kﬁ{(l,])eNngg:Zl =ZJx§nk,Z|Jx—Ix|>0},

xeX xeX xeX
and for v = (I, J) € AF let

Pw) =9, J)= [@ € My

d d
Z L,Y 0 j=1Jji j:l,...,d}.
j=1 i=1

The jumps of {upn(¢)} are described as follows. For eachkeKandv=(,J) €
k the empirical measure jumps from r — r + ev with rate

Nr'™ d
M= Y vk ]‘[ o ;6’"”' :
Ocd(v) 2 Om.j =
]=1 m’],...,®m’d

where r = (r’")i:1 € Sy, ey =) ex(Jy — I)ex and ey is the unit vector in
R? with 1 at the xth coordinate and 0 everywhere else. Thus a jump associated
with k € K and v € A¥ corresponds to I, particles in state x, x € X, simultane-
ously jumping to new states such that J, of the particles end up in state y, y € X.
A succinct description of the evolution of the Markov process wuy (¢) is through its
infinitesimal generator which is given as

22 LN =Y > i, v)|: (r—l——e )—f(r)], reSy.
keK pe Ak

We will make the following assumption on the asymptotic behavior of the rates.

CONDITION 2.1. For all k € K and v € AF there exists a Lipschitz function
r +— T¥(r, v) on S such that

1 -
(2.3) limsup sup |—T%& (r,v) = T*(r, v)| =

N—oo reSy

We now present a classical law of large numbers result that characterizes the
limit, w(t), of the pure jump Markov process uy(t) as N — oo. For a proof, we
refer the reader to Theorem 2.11 of [16].

PROPOSITION 2.2. Define
(2.4) Fry=> Y rfeve, res.

keKpeAk
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Suppose that y (0) — o in probability and Condition 2.1 holds, then uy(t) —
w(t) uniformly on [0, T, in probability, where 11(t) is the unique solution of the
ODE:

(2.5) [u(t) = F (1 (1)), n(0) =

2.2. Controlled system. In this work, we will study a controlled version of the
Markov process introduced in Section 2.1. Roughly speaklng, control action will
allow perturbations of the rate function F that are of O( J_) The goal of the

controller is to minimize a suitable finite time horizon cost. A precise mathematical
formulation is as follows. Let

(2.6) =Y |aN,

keK
A be a compact convex subset of R and Ay = «/LNA for N € N. Ay will be the

control set in the Nth system. Let {Ff\,(r, u,v):reSy,ucAy,kekK,ve Ak}
be a collection of nonnegative real numbers. More precisely, (v, u) — F;‘v (ryu,v)
is a map from Sy x Ay to R foreach N € N, k € K, v € A*. These correspond to
the controlled rates in the Nth system. We now introduce the controlled stochastic
processes associated with such controlled rates.

Fix N € N and let (QV, FN,PV) be a probability space on which are de-
fined unit rate mutually independent Poisson processes {N} ., k € K, v € A¥}. The
processes {Nk.,} will be used to describe the stream of jumps corresponding to
k € K,ve AF. Let UN be a A y-valued measurable process representing the rate
control in the system. Under control U”, the state process iy (-) is given by the
following equation:

1 t
Ch v = O+ 3 Y euNk,u( /O I (i (5), UV (5), ) ds).

keKypeAk

In order for such a control to be admissible it should satisfy suitable nonanticipa-
tive properties. More precisely, U" is said to be an admissible control if, with some
filtration {FN} on (QN, FN,PN), UV is {FN}-progressively measurable, .y is
{.EN }-adapted, and {M ,ﬁv nkeK,ve A} defined below are {F,N }-martingales

(2.8) i@ = %(N kv ( /0; Th (1w (s), UM (), v) ds)

t
—/0 FI;V(MN(S),UN(S),U)dS>

with quadratic variation processes (M,ﬁ\,’v, M,?,’ = 8(k,v),(k’,v/)# fot FII‘V(MN(S),
UN(s), v)ds where S, €quals 1 if @ = & and 0 otherwise. We note that in gen-
eral such a filtration will depend on the control. We denote the set of all such
admissible controls as Ay .
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Fora UM € Ay, define the process
(2.9) Viv(s) = VN (in(s) — pu(s)),

where, as above, uy is the state process under control U N We consider a cost
that is a function of the suitably normalized control action and the centered and
normalized state of the system given through the process {Vy(-)}. Specifically,
we consider for N € N, xy € Sy a “finite time horizon cost” associated with an
admissible control U" € Ay and initial condition xy as

T
(2.10) MUARTE Efo (ki1 (VN (5)) + k2 (VNUN (5))) ds,

where vy = /N (xy — o), ko € C(A) is a nonnegative convex function, and k; €
C(R?) is a nonnegative function with at most polynomial growth, that is, there
exists a p > 1 and Cy, € (0, 00) such that kj(x) < Cy, (1 + ||x]||?) for all x € R,
Define the corresponding value function to be
RN(UN) = inf JN(UN, UN).
UNeAy

Computing an optimal control for the above problem for a given N is, in general,
challenging and computationally intensive. It is therefore of interest to consider
approximate approaches. In the next section, we introduce some conditions on the
controlled rate matrices that will suggest a natural diffusion approximation for this
control problem.

2.3. Diffusion control problem. We now introduce our main assumptions on
the controlled rate matrices. The first two conditions make precise the requirement
that controlled rates are O(ﬁ) perturbations of the nominal values given through

{I'¥, k € K}. In particular, the first condition will ensure that the controlled pure
jump Markov process will converge to the same limit as the uncontrolled process
wun in Section 2.1 under the law of large number scaling.

CONDITION 2.3.  With {T*(r, v), k e K, v € A%, r € S} as in Condition 2.1

1
(2.11) limsup sup sup —I“]f\, (r,u,v) — Tk, v)| =0.

N—oo reSy uelAn

We next introduce a strengthening of Condition 2.3 that will play a key role in
the proof of tightness of the sequence {Vy} of controlled state processes.

CONDITION 2.4. There exists a C1 € (0, oo) such that for every N € N

1 1
(2.12) sup sup ~N|—T¥k (—y-i—é,u, U) —T*E,v)
uEAy SN () N "\UN

forallk e K,v e A¥, and y € B2V/N) CR? where Sy(y) = {6 € S : ﬁws €
Syl

<Ci(1+1vl)
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Taking y = 0 in (2.12) we see that Condition 2.4 implies that there exists a
C; € (0, 00) such that

1
(2.13) sup sup sup Nl"’;\,(r,u,v) <(C,

N>1reSyuelAy

for all k € K, v € A*. Note also that Condition 2.4 implies Condition 2.3.

The next condition will identify the drift term in our limit diffusion control
problem. Note that any u € A (or Ay) can be indexed by k € K and v € A¥ and
we will denote the corresponding entry by uy .

CONDITION 2.5. There exist, for each k € K,v € A¥, bounded functions
h&@,):S— Rand kv, ) : S — RY such that foru € A, £ € S, y € RY, with

H (v, §,u,v) = h{ (0, H)ugy +h5(0,) -,
we have for all compact A C R?,

(2.14) limsupsupsup sup |BY(y,&, u,v)| =0,
N—oo ueAyecAéeSy(y)

WhereforNeN,keK,andveAk,wedeﬁneﬂ,?](-,-,-,v):IR{dexA—>]Ras

B 6o = VR (T (fy+sf D) =)
— H (. &, u,v),

if £ € Sy(y) and O otherwise.
Define n: [0, T] x Rt — R and 8 : [0, T] — R?*4 as
n(tu)=y_ > (hj(v.u())ug,)e, and

keKvpeAk
(2.15)
Bw)=>" Y e[h5(v, u®)]"
keKpeAk
Note that
2.16) >3 HYy,n@),u.v)ey =nt,u)+pt)y,  t€[0,T],yeR?

keKypeAk

Leta: [0, T] — R?*4 pe defined as
a(t) = Z Z (Fk(u(t), v))eve,,.
keKyeak

The d x d matrix a(t) will be the square of the diffusion coefficient for the limit
controlled diffusion process. Note that a(¢) is a singular matrix since e, -1 =10



CONTROLLED WEAKLY INTERACTING SYSTEMS 215

forall k e Kand v e AF. Let Q =[q1 ... qal,qx € R?, be a d x d orthogonal
matrix (i.e., QQ' = Q'Q = I) such that g4 = ﬁl. Then, in view of the above

observation,

o (@0 0
@17) 0ano=("y" o).

where «(-) is a Lipschitz, nonnegative definite, (d — 1) x (d — 1) matrix valued
function. Let o!/%(¢) be the symmetric square root of «(z). Since t — «(t) is
continuous so is 7 — «/2(¢) (see, e.g., [9]). Define

ol 0],
(2.18) G(t)_Q|: 0 O]Q.

The main goal of this paper is to show that an optimal control problem for
certain diffusion processes can be used to construct asymptotically near opti-
mal control policies for the sequence of controlled systems in Section 2.2. We
now introduce this diffusion control problem. Let (2, F, P, {F;}) be a filtered
probability space with a d-dimensional {F;}-Brownian motion {W;}. We refer
to (2, F, P, {F}, {W;:}) as a system and denote it by E. Denote the collection
of F;-progressively measurable, A valued processes as A(E). This collection
will represent the set of admissible controls for the diffusion control problem.
The initial condition vg for our controlled diffusion process will lie in the set
Vg1 ={x e R%x -1=0}. For U € A(E) and v € V4_1, let V be the unique
pathwise solution of

(2.19) V(t)=v0+/tn(s U(s))ds+ftﬂ(s)V(s)ds+/Ia(s)dW(s)
o 0 0 ’

where n, B are as introduced in (2.15) and o is as in (2.18). Define the cost asso-
ciated with U € A(E) and vy € V;_1 as

T
(2.20) J(U,v) =E /0 (k1 (V) + ka (U (5))) ds.

The value function associated with the above diffusion control problem is

R =inf inf J(U, ,
(vo) EUeA(E)( Vo)

where the outside infimum is taken over all possible systems E.

Although the matrix o (¢) is singular for each ¢, the following condition will
ensure that the dynamics of V restricted to a certain (d — 1)-dimensional subspace
is nondegenerate.

CONDITION 2.6. There exists a A* C gk AF such that Spfe, : v € A*}
equals V;_1, and for every v € A* there is a k, € K such that v € AR and

K(T)= inf inf T*(u(t),v) > 0.

VEA* 0<t<T
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The following lemma shows that under Condition 2.6, « is uniformly nonde-
generate on compact sets.

LEMMA 2.7. Under Condition 2.6, {«a(t) : t € [0, T]} is a uniformly posi-
tive definite collection, namely, there exists a C(T) € (0, 00) such that x'a(t)x >
C(D)|x|? forallx e RV and 0<t <T.

PROOF. We first show that the matrix G = )_ A« eye, satisfies, for some
Cq € (0, 00),

2.21) £'Ge > C €|

for all £ € V4_1. For this, it satisfies to check that for any nonzero & € V;_1,
£'GE > 0.

Suppose for some nonzero & € V41, §'G& = 0. Since §'GE = 3 g p- 1€ - ev|?
and Sple, : v € A*} =V,;_1, we must have £ 1 V;_1, but by assumption £ is a
nonzero element of V;_1, which is a contradiction. This proves (2.21).

Now for x € R9~! | letting £ = () € R,

x'a()x =x'Q'at) 0% = (Qx) a(t)(QX).
Since 1 =+/dgy and 24 =0,
Ox - 1= (X1 +---+qaXa) - 1=(q1x1 +---+qgq—1x4-1) - 1 =0.

Thus y = Qx € V4_1, and consequently for r € [0, T,
Ya@y=> > (T*(u@),v))y'eve,y

keKypeAk

> S (T (w(0), v))y'evely = k(T)Y' Gy = k(T)Cq Iy 1%

VEA*
Thus
222)  Xa@®x = k(TCGllQRIIP =k (T)ColI%])? = k(T)Cq x>
and the result follows. [
Since t +— «a(t) is Lipschitz, it follows from Lemma 2.7 that under Condi-
tion 2.6, f — «!/2(z) is Lipschitz as well (see Theorem 5.2.2 in [22]). Note from

(2.22), that x’a'/2(t)x > (k(T)Cg)'/?||x||* for all x € R?*? and ¢t € [0, T]. In
particular,

(2.23) sup [a™2(1)| < .

0<t<T
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2.4. Main result. We now present the main result of this work. In Section 5,
we will show that for every measurable function g : [0, T] x R4 — A there exists

a system E and a Uy € A(E) such that the corresponding controlled diffusion
process is a (time inhomogeneous) Markov process with generator

Lof(t,x) =V f(x)-[n(t, g, x)) + pt)x]
(2.24) 1 ) ) o
+ ETr(a(t)D f)a’ (1)), f eCP(RY,
where V and D? are the gradient and the Hessian operators, respectively. Further-
more, as we will describe in Section 5, such a g also defines a control U;,V in the
Nth system, under which the state process M}g\, is a time inhomogeneous Markov
process [see (5.3)]. We refer to U, and U gN as the feedback controls associated
with g for the diffusion control problem and the Nth controlled system, respec-
tively. The following is the main result of this work. It says the following three
things: (i) the value functions of the N-particle control problem converge to that
of the diffusion control problem as N — o0; (ii) for every & > 0, there exists a con-
tinuous e-optimal feedback control for the diffusion control problem; (iii) a near
optimal continuous feedback control for the diffusion control problem can be used
to construct a sequence of asymptotically near optimal controls for the systems
indexed by N.

THEOREM 2.8. Suppose Conditions 2.4, 2.5 and 2.6 hold. Let xy € Sy be
such that vy = /N (xy — x0) = vo as N — o0o. Then:

(1) Ry(wny) — R(vg) as N — oo.
(ii) For every € > 0, there is a continuous g¢ : [0, T'] x RY — A such that

J(Ug,,v0) < R(vo) +&.

(iii) For any continuous g : [0, T] X RY — A, JN(UN, vy) — J(Ug, v) as
N — oo. In particular, with g¢ as in (ii),

R(vo) = lim Ry(vy) < lim Jy(UY, vn) < R(vo) +e.
N—oo N—oo €
PROOF. The above result will be proved in three parts. First, in Theorem 4.1
we will show that for all vy, vg as in the statement,
liminf Ry (vy) = R(vo).
N—o00
Next, Theorem 5.5 shows the first statement in (iii). Finally, in Theorem 6.3 we

prove part (ii) of the theorem.
Combining the above results, we see that for each ¢ > 0

limsup Ry (vy) < lim J(UY, vy) = J(U,,.v0) < R(vo) +&.
N—oo N—o0 ¢
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Since € > 0 is arbitrary, it follows immediately that lim supy _, ., Ry (vy) < R(vo)
completing the proof of part (i) and also the second statement in (iii). [J

Proof of Theorems 4.1, 5.5 and 6.3 are given in Sections 4, 5 and 6, respectively.
Section 7 of the paper will present an example that is a controlled analogue of
systems introduced in [1] as models for ad hoc wireless networks. We will verify
Conditions 2.4-2.6 for this example and describe how results from Theorem 2.8
can be used to construct a sequence of asymptotically near optimal control policies.

3. Tightness. In this section, we prove a tightness result which will be needed
in the proofs of Theorems 4.2 and 5.5. For u € A N, k e K and v € A¥, we extend
the map r — rk N u,v) toall of R? by setting FN(r u,v) =0if r ¢ Sy.

For UV € AN, define Viy by (2.9) where upy is the controlled Markov pro-
cess corresponding to the system under control UV given as in (2.7). Define
v 10, T] x RY — RY as yy (1, x) = u(t) + ﬁx, for x € R4t € [0, T] and

for ¢ € C>2(RY),s €[0,T],u € Ay, and y € R? define
1
LY@ 0= Y X thmtsn.un)o(s+ ﬁev) ~o0]

3.1) keKveAk
—VNF(u() V().

Fpr i = 1', ...,d define ¢' (y) = yi and denote the ith coordinate of e, and F by
e, and F', respectively. Let

D6 =L@ 5 ) = T X (s ). v) el = VN F (u(5)
keKpeak VN

=VNY e ( Ty (yn (s, y), u,v) — "(M(s),V)>,

keKvenk

where the second equality follows from the definition of F' in Proposition 2.2.
Also, fori, j=1,...,d let

ai? (s, ) = LN (@B s, ) — yibl (s, y) — yibi (s y)
1
= Z Z F?V(VN(S’)’)’“’U)( /—ej + —/—ev + _evelj)>
keKyeAk N

— yiV/NF (u(s)) — yjv/'NF (u(s)) — yibl"(s, y) — yiby' (s, y)

= Z Z Fk (va (s, ), u, v)ﬁeve{)

keKpeAk

We write b%, = (by", ..., b%") and a¥ = (ay/")i j=1...a-
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Let

3.2) nK = 2 maxng.
keK

The following lemma gives a key bound needed for tightness.

LEMMA 3.1. Suppose Condition 2.4 holds. Then there exists C3 € (0, 00)
such that for every N e Nand t € [0, T]

(15" O, vn @) >+ Tr(@ly (e, vu @) = C3(1+ [vn ) ]?)

almost everywhere for every UN € Ay.

PROOF. It follows from (2.13) that for y € B(2+/N) such that () € Sy (y),
uelAyandi=1,...,d,

ay =3 3 Thw @, ). u,v) ~ ; <Y Y Goelel < Catng,

keKvpeAk keKpeAk

and from Condition 2.4,

B, y)? —(ZZ f( (yN(r,y),u,v)—F"(um,v)))2

keKype Ak

IA

(zx !ei;!Cl(1+||y||))2

keKyeAk
< (Creng(1+ Iy1))?
<207 Cng (1+1y11%).

The result now follows on noting that V() € B(2v/N) and u(t) € Sy (Vy (1))
as. O

For N > 1 and ¢ € C2(RY), let ¥y € C2([0, T] x R?) be defined as

YN ) =(VN(y —pu@®)),  1€l0,T],yeR
Note that ¢ (x) = ¥y (¢, yn(t, x)). Using (2.7) and Dynkin’s formula,
d(VN(®) =¥n(t, un (1))

t
(33) =¥ (0. 1y () + /0 Ly gy ¥n (s iy (5)) ds

r o
+f0 (o, i) ds + M,
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where MtN % isa locally square-integrable martingale and for u € Ay, (s,7) €
[0,T] x RY,

o= Y 3 rheauiw(sr+ ) - iwe.n)]

keKypeAk
1
- (o, v)[qs(«/ﬁ r— () + —ev)
]{XGI:(VGXA:]( N ( ) \/N

— ¢(\/N(r — ,u(s))):|.
Also, since j1(t) = F(u(t)),
0
SN, ) = —VNF(u(s)) - Vo(v'N(r — uu(s))).

This shows that the process Vy is a D-semimartingale in the sense of Defini-
tion 3.1.1 of [14] with increasing function A(#) =t and the associated mapping
LY : C2(RY) x R? x [0, T] x ¥ — R (in the notation of [14]) defined as

LN(¢’ yvt’w) iﬁg[\/(t’w)((b,l’, )7),

where L1 is defined as in (3.1). Furthermore,

. iuN . LUNG,
b (.1, @) =6V Oy, al( ey =ay "y,

are the local coefficients of first and second order of the semimartingale Vy in the
sense of Definition 3.1.2 of [14]. In particular, equation (3.3) combined with (3.1)
implies that

t
(3.4) MYN = Vy(r) — Vn(0) —/ bY (Vn(s), s, w)ds
0
is a d-dimensional locally square-integrable martingale.

DEFINITION 3.2. For x € D([0, 7] : RY) let Jr(x) = supg_, 7 [[x (1) —
x(t—)|| be the maximum jump size of x. We say a tight collection of
D([0, T : R?)-valued random variables {Xn}nen is C-tight if j7(Xp) = 0.

If Xy, X are D([0, T] : RY)-valued random variables and Xy = X then
P(X € C(0,T] : RY)) =1 if and only if {Xny}yen is C-tight [5]. Using
Lemma 3.1, the following proposition follows directly from Lemma 3.2.2 and
Proposition 3.2.3 of [14].

PROPOSITION 3.3. Suppose Condition 2.4 holds. Define for N € N, Vy
through (2.9), where 1y is defined as in (2.7) for some UN e Ay. Suppose
Vy(0) = vy € R? and supy llvn || < oo. Then

supE sup |V ()] < o0
N>1 0<t<T
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and the sequence {Vy}n=1 is a tight collection of D([0, T] : R?Y-valued random
variables. Furthermore, the sequence is C-tight.

PROOF. Since b" and a" are the local coefficients of the semimartingale Vy,
the moment bound is immediate from the properties of b, and a}, established
in Lemma 3.1 upon using Lemma 3.2.2 of [14]. Using this moment bound and
Lemma 3.1 once again, tightness follows from verifying Aldous’ tightness criteria
(cf. Theorem 2.2.2 in [14]) as in Proposition 3.2.3 of [14]. Also note that {Vy} is
C-tight because jr(Vy) < \/Lﬁﬁl/an where £ and nk are as in (2.6) and (3.2),
respectively. [

REMARK 3.1. Proposition 3.3 in particular says that under Condition 2.4 uy
converges to u in D([0, T'] :Rd).

4. Lower bound. In this section, we prove the following result.

THEOREM 4.1. Suppose Conditions 2.4, 2.5 and 2.6 hold. Let v,,, vo be as in
the statement of Theorem 2.8. Then

liminf Ry (vy) = R(vo).
N—o00
A key ingredient in the proof of Theorem 4.1 will be Theorem 4.2 which is

presented below. In order to formulate this, we first begin with some notation.
Note that the local martingale M " in (3.4) takes the following explicit form:

4.1) MYy =VNY > eMY, (1,  tel0,T],

keKyeak

where M,g’ , 18 as defined in (2.8). To see this, denote the right-hand side of (4.1)
as MN(I) and then, using (2.7), we can write

_ 1 "k N 1 ow
MN(I)_MN(OHN/;(UGXA:KV/O (N (s), U (s),v)ds+WM (t).

From this and recalling the definition of u from (2.7) and of H’ k from Condi-
tion 2.5, we have the following representation for Vy in terms of MV

V() = N(un(t) — (1))
! 1
=uov+Yy Y. eU[) ﬁ(NFfV(MN(s), UN(s),v)

keKpeAk

4.2) — T (u(s), v)) ds + MM 1)
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=+ >, ev'/ot HY(Vy(s), u(s), VNUN (5), v) ds

keKpeAk
t ~
+/ N () ds + MN @),
0

where the error term 9 is given as
PN = 3 6, L@ =B (V). us), VNUN(s),v),
keKpeak
and ﬂ,ﬁv is as in Condition 2.5. This proves (4.1).
Note that 9 can be estimated as
(4.3) [9¥ )] <6V (Vi (),
where for y € R?

OV () = (0" nk sup sup Y > |BN (v E )

El

EESN(MUEA [ K e Ak
with £ and nk as in (2.6) and (3.2), respectively. Condition 2.5 then implies
“4.4) sup QN(y) —0 as N — oo
yeA

for all compact A. The above estimate will allow us to estimate the error term 9
in (4.2).

In order to have suitable tightness properties of the control processes, it will
be convenient to introduce the following collection of random measures. Define
M([0, T] x A) valued random variables m”" as

(4.5) m™ (A x B) :/A 15(v'NU" (5)) ds.

Note that m”" can be disintegrated as mﬁv (du) ds, where mﬁv (du) = ‘SJNUN(S)(‘Z”)
and §, is the Dirac measure at the point x. Then for s € [0, T'],

HY(Vy(s), 1(s), VNUYN (5), v)
= /A RE (v, (s))ug vm® (du) + 5 (v, 11(5)) - Viy (s).

Thus the state equation (4.2) can be rewritten as

t
Vn(t) = vy +/0 N (s)ds + MY (1)

t
(4.6) +2 2 e /O /Ah’f (v, () g ym® (du) ds

keKvenk

t
+ Z Z e‘,](; hS(V’M(S)) - Vyn(s)ds.

keKpeAk
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Recall from Section 1.1 that M ([0, T] x A) is the space of all finite measures on
[0, T] x A equipped with the usual weak convergence topology.

THEOREM 4.2. Suppose Conditions 2.4,2.5 and 2.6 hold and let vy, vy be as
in Theorem 2.8. Then:

@ YN ={(vy, MN m", Jo z?N(s)ds}Nzl is a tight collection of D([0, T] :
R?) x M([0, T] x A) x C([0, T1: R?) valued random variables.
(i) Jf, N (s)ds converges to 0 in probability in C([0, T] : R%).
(i) (Vy, MN)y= is C-tight.
(iv) Suppose {YN} converges weakly along a subsequencetoY = (V, M, m, 0)
defined on a probability space (0*, F*,P*). Then P* a.s., the first marginal of m
is the Lebesgue measure on [0, T]. Disintegrating m as

m(A x B) :/ m(B)dt,  AeB([0,T]), B € BA),
A
define
@.7) N0 i/ weomi(du),  1€[0,T]keK,ve Ak,
A

Let {Bi(t)} be a one-dimensional standard Brownian motion given on
(%, F*,P*) that is independent of Y. Let G = o{Ba(s), V(s), M(s),
m([0,s] x B) :s <t, B € B(A)} and G; be the P*-completion of G7. Then there is
a d-dimensional {G;}-Brownian motion {W ()}, W = (W, ..., Wy) such that the
following equation is satisfied:

t t
V(t):vo+/0 o()dW(s)+ > > eV/O /Ah’;(v,u(s))uk,v(s)ds

keKypeAk

t
(4.8) +Y ) eV/(; B (v, u(s)) - V(s)ds

keKypeAk
t t t
=vo+/0 n(s,U(s))ds+/0 ﬁ(s)V(s)ds-i—/O o (s)dW (s).

PROOF. Tightness of {m"™} as M([0, T] x A)-valued random variables is im-
mediate since m®V ([0,T] x A)=T for all N and A is a compact set. C-tightness
of {Vx} was proved in Proposition 3.3.

In order to verify the tightness of {M N }n>1, we will use Theorem 2.3.2 of
[14] (see Theorem A.1 in the Appendix). According to this theorem, it suffices to
verify conditions [A] and [T], given in Theorem A.1, for the sequence of quadratic
variation processes, {d rck 2. veak N<M,£YU>}N21. Note that

1 t
Sy NM )@ = ¥ Yy /0 Iy (un(s), UY (5), v) ds.

keK p Ak keKype Ak
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Condition [A] and [T;] are now immediate on noting that Condition 2.4 implies
[see (2.13)]

1
er(um), UN(s),v) < Ca

almost surely for all N, k, v, and s. Furthermore, {M"} is C-tight because
Jr M) < =t ng.
Finally, from (4.3), for 6 > 0 we have that

/OS N () du

IP[ sup

0<s<T

> 5:| < IP[ sup 0N (Vy(s)) > ;]

0<s<T

Since {Vy} is C-tight for every ¢ > 0, there exists some x| < 0o such that

P[ sup ||Vn(s)| > /q] <e

0<s<T
for all N € N. Recalling (4.4), we see that there exists an Ny > 0 such that
8
sup 0N (y) < —
yilyli<ky r
for all N > Ny. Thus for all N > Ny
> 8]

/SﬁN(u)du
0
5
SP[ sup QN(VN(S))>T7 sup [V ()| SKl}

0<s<T 0<s<T

IP’[ sup

0<s<T

+]P’[ sup |V ()| >/c1]

0<s<T

<e.

Since ¢ > 0 is arbitrary, we conclude that {; N (s)ds) converges to 0 in proba-
bility in C([0, T']: R). This concludes the proof of (i), (ii) and (iii).

Consider now (iv). Let Y be as in the statement of the theorem, namely Y N
converges weakly along a subsequence to ¥ = (V, M, m, 0). The property that the
last component of ¥ must be 0 is a consequence of (ii). For notational convenience,
we label the subsequence once more by {/N}. Recall the orthogonal matrix Q =
[g1 92 ... gq] and functiona : [0, T] — R4*4 defined in Section 2.3 as well as the
function «'/2 : [0, T] — R@—DxW=1 jntroduced above (2.18). Define (d — 1)-
and 1-dimensional processes MY and RV, respectively, as

MN(t) — /' agN
4.9) (RN([))_QM ().
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Note that
RV =g;M")=>" )" f Ve, MY, (1) =0

keKpenk
since 1'e, =0 for all k e K, v € Ak,
We now show that M is a {G,}-martingale. The Burkholder-Davis—Gundy in-

equality (see Theorem I'V.48 of [20]) implies that there exists 2 € (0, co) such that
fori=1,...,d

sup E sup (M} (1))*

NeN 0<t<T
=< suplczNZZ Z Mkv
NeN keK pe Ak

(4.10) o N >
sup/cgzz ( Nkv</0 Iy (un(s), U (s),v)ds))

NeN keK pe Ak

<supK22 Z ( NkU(NTC2)> < 00,

NeN keK peak
where the first inequality on the last line is from (2.13). Thus

MN|?
{ oo Y@}

is uniformly integrable. Let k € N and H : (R? x R? x R)¥ — R be a bounded
and continuous function. For 0 <s <t <T and 0 <t <.-- < <s, we let
&V = (Vv (@), MN(6), m{ (f)) and & = (V (1), M (1), m;i(f)) where m}" (f) =
fo[O,zi] f(u)mév(du)ds, m;(f) =fo[0,t,-] fw)mg(du)ds and f € Cp(A). Then

E*H(&1, ..., 8)[M@) — M(s)] = Nli—r>noo EHEDY, ..., e [MN (@) — MV (5)]

=0,

where the first equality follows from the uniform integrability property noted
above, and the second equality is a consequence of the martingale property of
MN [whichis a consequence of (4.10)]. Combining this with the fact that B; is a
Brownian motion independent of Y, it follows that M is a {G,}-martingale.

We now define the process which will converge to the Brownian motion driving
the limit diffusion. Recall that the matrix «'/? is invertible and the property (2.23).
Define the (d — 1)-dimensional processes BN(t) = (BN (t)) 1 as

oo A
BN (1) = ;A o Py d i (s),
J:

where MY is as in (4.9). Since MV is a {.EN }-martingale, both MV and
BV are {]-"tN }-martingales as well. From the estimate in (4.10), it follows that
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{supp<; <7 I1BN (1)1} ~N>1 1s uniformly integrable. Also note that for integers 1 <
i, j <d — 1, the cross quadratic variation of BiN and Bj-v can be expressed as

d—1 d-1
(BY, B )t)= "} Z/ o 2 ()0 2 () d(MEN, M )Gs).

mi=1mp=1
Note that for all r € [0, T']

d d
(Mnlyl’MN )(f)_(qmlMquszN )= Z Z qmmlqmmz(Mr]r\z/a’MN )@,

m3=1mgy=1

where

(MY MY )= " ele m4—f TK (un(s), UN(s), v)ds

keKpeAk
Thus

(880 = | ’(Q/am-l

(4.11) x> Z Fk (un (), UN(s), v)eve )(a(s)/)_lQ).ds
ij

keK veAk

:/0 (Q/G(s)_la(s)(a(s)/)_lQ) ds—|-£N(t)—tIl] —|—slj @),

where [ is the d x d identity matrix,

V) = ft 0'o(s)"!

X Z Z( Fk (un(s), UM (s), V) — Fk(u(s),v))eve:,(o*(s)/)_les

keKypeAk

and 8{}' is the (i, j)th coordinate of . From Condition 2.4 and (2.23), we have

that E||e™ (¢)|| = 0 for all # as N — 0.
Also it is easy to see that (cf. Theorem 2.2 of [18])

BN(-)i/'a_l/Z(s)dM(s)ﬁB(.) in D([O, T] 2]Rd_l),

where ( 0 ) Q’'M. Also since {supg<s<7 I BN (1))%} ~>1 1s uniformly integrable,
we have from (4.11) that

E*(H (&1, ..., &)[B(t)B'(t) — B(s)B'(s) — (t — s)I])
= ngnwE(H(va, S ENBY)(BY) (1) — BN (s)(BY) (s) — (t — 5)1])

= A}EHOOE(%(S‘N’ L ENEN 1) =0.
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Combining this with the fact that By is independent of Y, we see that Bisa (d —1)-
dimensional continuous G;-martingale with quadratic variation (B)(¢) = tI which
implies, by Lévy’s theorem, that B is a (d — 1)-dimensional {G;}-Brownian mo-
tion. Since B; is a Brownian motion independent of Y, it follows that W =
(B, By)' is a d-dimensional {G,}-Brownian motion. Also note that

(4.12) M(t) = /Zal/z(s)dB(s).
0

The final step of the proof is to show that V is a solution to (4.8) with W = QW.
Note that since Q is orthogonal, W is a d-dimensional {G;}-Brownian motion as
well. From the definition of n and since e, - 1=0forall k e K, v € Ak, O'n takes
the form
(4.13) O'n(t,u) = (’7(’(’)”)).

Similarly, from the expression for g and from (2.18) it follows that

/ _(B®) 0 / [e'2@) 0
(414) Qﬂ(t)Q—(O 0>, Qa(t)Q—[ . O]

Also since Vy -1 =0 and vy - 1 =0, we have

Ny ‘> o ﬁO
(4.15) QV_[O], QUO_[O]'
We first show that V solves the (d — 1)-dimensional equation
~ t [N n t
(4.16) V() = o +f (s, u)ymy(du) ds +f B(s)V(s)ds +/ a'?(s)dB(s).
0 0 0

Letting [

o

] = O’V and using (4.6), we have

N t t ~ t
V(1) =aN+/ ﬁ(s,u)mgv(du)dHf ﬂ(s)VN(s)ds—l—/ N (s)ds
0 0 0
+MN (@),
where [ﬁ(f)"] = Q'vy and ['5(;\/] = 0'9N. Note that (Vy, MV, mV, V) =
( ‘7, M ,m,0). Without loss of generality, we assume that the convergence holds

a.s.
Since m

t t
/O/Ahlf(v,u(s))uk,vmﬁv(du)dse/O Ahﬁ(u,u(s))uk,vms(du)ds

and thus

t t
4.17) / n(s, u)mf,v(du) ds — / n(s, u)mg(du)ds.
0 0

N _s m, we have
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Similarly, it follows that
[N A t N
(4.18) / ,B(S)-VN(s)ds—>/ B(s)-V(s)ds.
0 0

Combining (4.17) and (4.18) with (4.12), we see that V satisfies (4.16). Recalling
the relation between (3o, V, 71, 8, «'/2) and (vg, V, 1, B, o) we see that V = Q[X]

is a solution of (4.8), where W = QW. This proves (iv), and thus completes the
proof of the theorem. [l

We now apply the above result to prove Theorem 4.1 which shows that the limit
of the value of the optimal control problem for the Nth system as N — oo can be
bounded from below by the value of the control problem for the limit diffusion.

PROOF OF THEOREM 4.1. Let vy, v be as in the statement of the the-
orem. It suffices to show that for any sequence of admissible controls {U"},
liminfy_ oo JN(UN, vn) > R(vg). Let UN € Ay, and m" be the correspond-
ing relaxed control defined as in (4.5). From the previous theorem, we have
that {(Vy, MN, m", fo ﬁN(s)ds)}Nzl is tight, and thus every subsequence (also
denoted with the index N) has a further subsequence {(Vy,, M Ne e,
Jo Ve (s)ds)} such that

(VNZ,MNé,mNé,/ ﬂNf(s)ds) = (V,M,m,0).
0

Furthermore, equation (4.8) holds for the limit point (V, M, m,0) with a {G;}-
Brownian motion W where {G;} is as in the statement of Theorem 4.2 and Uy ,, are
defined as in (4.7). It follows from Fatou’s lemma that

o T (T
liminfE A ki(Vn,(s))ds > E /(; /Akl(V(s))ds.

{—00

Another application of Fatou’s lemma shows

T T
limianE/ / kg(u)mf,v"(du)ds ZE*/ f ko (u)myg(du) ds
0 A 0 A

{—00

T
> B /0 ka(U (s)) ds,

where the second inequality follows on using Jensen’s inequality, relation (4.7)
and the assumed convexity of k>. Thus

T
ligmianNf (UM vy) = liemianE (k1 (Vi (8)) 4 ko (v N UNe(s))) ds
—00 —00 0

>E /0 (V) + k(U s))) ds

> R(vo),
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where the last inequality follows on noting that U = (Ukv)ek vent € A(E)
where E = (Q*, F*, P*, {G,}). This completes the proof of the theorem. [J

5. Feedback controls. In this section, we will introduce feedback controls,
U;,V € Ay and U, € A(E), associated with a measurable map g : [0, T'] x RY > A
and prove that whenever g is continuous and vy — vg, we have, under suitable
conditions

(5.1 In(UY  vy) = T (U, o).

In Section 5.1 we introduce feedback controls for the Nth system, whereas in
Section 5.2 we define feedback controls for the limit diffusion. For the latter case,
we argue, using the nondegeneracy of «(¢) (under Condition 2.6), that there is a
unique weak solution of the corresponding stochastic differential equation. Finally,
in Section 5.3 we prove the convergence in (5.1) when g is a continuous map.

5.1. Feedback control in the Nth system. Given a measurable function g :
[0, T] x R? — A, define for all k € K,v € A¥, functions Flf\;g(-, V) : Sy X
[0, T] — R4 as

(5.2) Ff\;g(r, s,v) =Tk (r, ! g(s, VN(r — u(s))), v).

VN
As with u € A, g can be indexed by k € K and v € A¥ with the corresponding

entry denoted as g ,. Define Mf\, through the right-hand side of (2.7) by replacing
U™ (s) with

1
UN(s) = N VN (1 (5) = 1u(s))).-

Then it can be checked that U gN € Ay and ,ufv is a time inhomogeneous Markov
process with generator

K % 1
(53)  LYf(s.rn=) > Tyfrs, v)[f(s,r—|— Ne,,) - f(s,r)}

k=1 peAk
fors €[0,T],r €Sy, f:[0,T] x Sy — R.

5.2. Diffusion feedback control. In this section, we introduce feedback con-
trols for the limit diffusion model. Fix vg € V,4_1.

DEFINITION 5.1.  Let g: [0, T] x RY — A be a measurable map. We say that
the equation

(5.4) {dV(z) =n(t,g(t, V()))dt + B@)V(t)dt + o (t) dW (1),
) V(0) =g
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admits a weak solution if there exists a filtered probability space (€2, F, P, {+;}) on
which is given an {J;}-Wiener process W and an F;-adapted continuous process
V suchthatforall0<¢ <T,

t t t
V<r>=vo+/0 n(s,g(s,V<s>))ds+/0 ﬂ(s>V(s>ds+/O o (s)dW (s)

almost surely. We say that (5.4) admits a unique weak solution if whenever there
are two sets of such spaces and processes denoted as (', 7', P*, {F/}, (W', V")),
i = 1, 2 then the probability law of V! is the same as that of V2.

Given a weak solution V associated with the system & = (2, F, P, {F:}, {W;})
define Uy = g(-, V(:)) € A(E). We refer to this control as the feedback control
(for the limit diffusion) associated with the map g.

THEOREM 5.2. Under Condition 2.6, there is a unique weak solution of (5.4).

PROOF. Suppose V is a weak solution of (5 4) on some system E =
(2, F, P, {F:}, {W;}). Recall the definition of V n, and ,3 from Section 4 [cf.
(4.13), (4.14), (4.15)]. Let Q'W = ( *) and note that B and W* are indepen-
dent standard (d — 1)- and 1- dlmensmnal Brownian motions, respectively. Define
2:10, TIx R™1 — Aas g(t,v) = g(t, () and let (%) = Q'vy. Note that V
is a solution of the (d — 1)-dimensional SDE

N t N t N t 2
(5.5) V(t)=00+/0 ﬁ(s,g(s,V(s)))ds—i—/o ,B(s)V(s)ds+/0 a!/?(s)dB(s).

On the other hand, if V is a solution of the SDE (5.5) on some filtered prob-
ability space (2, F, P, {¥;}), where B is a (d — 1)-dimensional {#;} Brown-
ian motion, then as argued at the end of Theorem 4.2, by a suitable augmen-
tation of the space with a one-dimensional Brownian motion By, Q[V] is a

0
solution of the SDE (5.4), with Brownian motion W = Q| Ifd ]. Since from (2.23)
SUP, cRd fOT ()~ 17 (s, 8(s, v)||>ds < oo, a standard argument using Gir-

sanov’s theorem shows that (5.5) has a unique weak solution. From the one-to-one
correspondence between solutions of (5.5) and (5.4) noted above, it now follows
that there is a unique weak solution for (5.4). [J

Recall the generator L, in (2.24) associated with a measurable map g : [0, T'] x
RY — A.

DEFINITION 5.3. Given vy € V;_1, a d-dimensional stochastic process V on
some filtered probability space (€2, F, P, {F;}) will be called a solution to the mar-
tingale problem associated with (L, vo) if

t
(V1)) — ¢ (vo) — /0 Lop(s, V(s))ds

is a martingale for all ¢ € C2° (R?) and V (0) = vg almost surely.
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The first part of the following result is standard (cf. [22]) whereas the second
part is immediate from Theorem 5.2.

THEOREM 5.4. A process V is a weak solution of the SDE (5.4) if and only
if it is the solution to the martingale problem for (Lg, vo). In particular, under
Condition 2.6, there is a unique solution to the martingale problem for (L, vo).

5.3. Convergence under continuous feedback controls. Let g : [0, T] x R? —
A be a continuous function and V& be the unique solution to (5.4) given on some
system E = (2, F, P, {F:}, {W;}). Define

(5.6) Vi (@0) = VN (ufy (1) — ().

Recall that Uy (1) = g(t, V&(1)) € A(E) and U} (1) = %ﬁg(z, Vi) € Ay are
the controls associated with g for the limit diffusion and pre-limit system, respec-
tively. In this section, we will show that VI‘\g, converges in distribution to V&, in
D([0, T : R?) and that Jy(UN, vy) converges to J(Ug, vg). Namely, we prove
the following result.

THEOREM 5.5. Suppose Conditions 2.4, 2.5 and 2.6 hold, and let vy, vg be
as in Theorem 2.8, where xy = uf\, (0). Then as N — oc:

(1) V;\g} converges in distribution, in D([0, T] : R?), to V& where V& is the
unique solution to the martingale problem for (L, vo).
(i) IN(US.vn) = J(US, vp).

PROOF. First, consider (i). From Proposition 3.3, we have that {Vf,} is C-tight
in D([0, T] : RY). Since g is continuous, the operator L defined in (2.24) maps
Cx (R9) to Cp ([0, T x R?). In view of this, the tightness of {Vj\g}}, the uniqueness
established in Theorem 5.4, and Theorem 3.3.1 of [14], it suffices to show that for
all ¢ € C°(RY)

(5.7) Jim fo TEN|£§V (@5, V() = Led(s. Vy(5))|ds =0,

where L is anin (2.24) and Ei,v is defined by the right-hand side of (3.1), replacing
u with \/Lﬁg(s, VN(s — ©(s))), namely

1
LY (p,s,y) = Fk’g(yzv(s,y),s,v) dly+—=e | —o(y)
; PIPIY o+ gzer) o0

—V/NF(1u(5)) Vo (y)

for ¢ € C° (RY),s €[0,T], y € R? where Ff\;g is as in (5.2) [definition of Ffv’g is

extended to all » € R? on setting Flfvig (r,s,v) =0 if r ¢ Sy]. We note that Theo-
rem 3.3.1 of [14] considers the setting of time-homogeneous diffusions, however,
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the proof carries over to the setting of time-inhomogeneous generators considered
here with minor modifications.

We now fix ¢ € C¥° (R?) and for all N € N,k € K, v € A¥ define functions
(p,jxv’] ‘RY - Ry, <p,1€\?’]}’2 10, 7] x R - R, and A;V 10, T] x R? — R, for
j=1,2,3,as

1
<pﬁu,1(y)i‘¢(y+ﬁ ) ¢<y>—Te (V90— 5k DB es |,

D2 (8. ) =B (v, 1u(5), g(s. y), v)|

and
AV =33 T (s, v s, 0ol 10
keKypeAk
A=)
keKpeAk
AV (s, y) == Z Z E(yn (s, y),s,v) = TK(u(s), v) |le, D*p ()ey |
kEK EAk

fors e[0,T]and y € R4, Note that
Tr(a(t)D*¢) = > Y T* (). v)e, D*p(y)ey.

keKpeAk

Adding and subtracting

«/_ Yoy F f(yn(s,y),5,v)e,Vé(y) and

keK peAk

Z > TR (s, ). 5. v)e, D2 (p)ey

keK veAk
from ££,V (@,5,y) — Led (s, ), the triangle inequality yields
L (.5, Vi (5) = Leg(s. V)]
< AV (s, VE() + AY (s, Vi (5)) + AY (s, VE(9)).

We now consider the three terms on the right-hand side separately. First, con-
sider AIIV (s, V]f, (s)). It follows from Taylor’s theorem and the fact that all deriva-
tives of ¢ are uniformly bounded that there exists k1 € (0, 0o) such that

A

<5

(Vy(s) = : [ D*¢ () x ~N3/2
Ve — max sup |D ,
(pk v, IVYN 6 al=3 p X — N3/2

xeRd

W
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where the outside maximum is taken over all mixed derivatives of order 3. Then,

since ﬁVj\g,(s) + u(s) € Sy, (2.13) implies

AN (s, Vg(s) Z Z F E(yu(s, Vi v ($)), 5, )

keKyeAk

K1
N2 S

Sl

for all s € [0, T'] and some x> € (0, 00). It follows that
T
/0 EN|AY (s, Vi(s))|ds -0  as N — oo.

Now consider AQ’ (s, V;\g, (s)). From Condition 2.5, it follows that for x3 > 0,
e >0,

]P’N[ sup VS| <3, 00 0(s, V() > s] —0 asN — oo,
0<s<T

Also the C-tightness of {Vf,} implies that

supPN[ sup VS| > K3] —0  ask3— oo.
0<s<T

Combining these two observations, we see that
(5.8) <p,1€\’[v’2(s, Vlf, (s)) >0 in probability as N — oo for all s € [0, T'].

Next, from Conditions 2.4, 2.5, and noting that /1, i, are bounded functions, we
see that there is a k4 € (0, 00) such that forall k e K, v € AFN>Tlands>0

Gona(s. V) =ks(1+ [VE®])  as.
From Proposition 3.3,

(5.9) supEN sup | VE ()| < oc.
N =T

Thus {(p,f” v,Z(S’ Vf, (s))} is uniformly integrable over [0, T'] x €2 and so combining
this with (5.8), we have

T
/ EN’@/ivvz(SsV;\g}(S)ﬂdS—)O as N — oo.
o W,

Recalling the definition of A, it follows from the fact that all derivatives of ¢ are
uniformly bounded that there exists k5 € (0, 0o) such that, as N — oo,

fo EN|AY (s, Vi (5))|ds <ks ) Z/ ENo, (s, Vi (5))|ds — 0.

keKpeAk
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Finally, consider Aév (s, Vf} (s)). It follows from Condition 2.4 and the bound-
edness of the derivatives of ¢ that there exists a kg € (0, 00) such that

AN(s Vi(s)) <K6Z Z

k=1 veAk

(s, VE(5)), 5, 1) — T¥(u(s), v)

C
< T 1+ Vo).

Using the moment bound in (5.9) once more, we have that
T
/ E|AY (s, Vi (s))|ds — 0.
0

This proves (5.7), and thus completes the proof of part (i).
Now consider (ii). By a similar argument as in Theorem 4.2,

I UM
Vi) =vy +/ byt (v)(s, Vi(s))ds + MY (1) forall N > 1,
0

where MY (¢) is the local martingale in (4.1), with M,i\"v as in (2.8) with U" re-

placed by U év . Recall p and Cy, introduced below (2.10). By a similar estimate as
in (4.10) there exists «7 € (0, o0) such that

sup E sup ||MiN(t)H21’7

NeN 0<t<T
< supK7NpZ Z Mkv
NeN keK pe Ak
(5.10) | o . p
=supk7 Yy Y. E<NM<,U<f() Iy (un(s), U (S),V)dS))

NeN keK pe Ak
<supk7 Y Y. E( —Ni., U(NTCg)) < 00,
NeN keK ye Ak
where C; is as in (2.13). Also, from Lemma 3.1,

Uy (s)

(5.11) lon (5. VRO < k(1 + [VE©)]*P).

Combining these two inequalities implies there exists a g € (0, 0o) such that

t
E sup |VE(s)|*” EKg(l —i—/ E sup ||V1\g](u)|}2pds) forall0<r<T.
0

0<s<t 0<u<s

Gronwall’s inequality then yields

sup B sup | VE@)|* < sup KgesT < 0o
NeN 0=<t<T
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and thus {sup,.r ||V1{”, (t)|I”} is uniformly integrable. Recalling the definition of
Jy in (2.10), it follows from this uniform integrability, part (i) of the theorem, the
compactness of A, and growth condition on k| [see below (2.10)] that

T T
E fo (ki (VE@) + ko (VNUY 1)) dt > E fo ki (VED) + ka (U (1)) 1,

upon noting that \/NUg{V(t) = g(t, V;\g}(t)), Ug(t) = g(z, V&(1)), and g is contin-
uous. Thus we have shown Jy (UYN, vy) — J (Ug, vo) which completes the proof
of (i1). [

6. Near optimal continuous feedback controls. In this section, we give the
final ingredient in the proof of Theorem 2.8, namely Theorem 6.3. This result says
that for every vg € V;_1 and € > O there is a continuous g, : [0, T'] x RY > A
such that U,, is an g-optimal control for the diffusion control problem, that is,
J(Ug,,v0) < R(vg) + &. Recall from Section 2.4 that this result combined with
Theorems 4.1 and 5.5 proved earlier will complete the proof of Theorem 2.8. We
begin with a result that says that for every vg € V4_1, the infimum of the cost
J (-, vo) over all controls is the same as that over all feedback controls. The proof
is similar to Theorem 4.2 in [6] which considers a time homogeneous setting, and
so we only provide a sketch.

Recall that for every measurable g : [0, T'] x R? — A there is a (feedback) con-
trol U, € A(E) on some system Z. Denote the family of all such feedback controls
as Ar. [This class depends on the initial condition vg in (5.4) but we suppress this
in the notation.] Throughout this section, we will assume that Conditions 2.4-2.6
hold.

THEOREM 6.1. Fixvyg € Vy_1. Then

R(vg) = Uieriffb J (U, vp).

PROOF. Suppose U € A(E) is an admissible control on a system E =
(Q, F, P, {F},{W;}). As in Section 4 [cf. (4.5)], we denote the correspond-
ing relaxed control by m. Let V(-) be the corresponding unique pathwise solu-
tion to (2.19). It suffices to show that there exists an admissible feedback con-
trol U* such that J(U*, vg) < J(U, vy). Define the probability measure v,, €
PO, T] xVi_1 x A) as

1 T
/[O,T]XVd]xA S x, w)dvyy (2, x, 1) = ?E[/o /Af(f’ V(t), u)m;(du) dt}

forall f € Cp([0, T] x V4—1 x A). Disintegrate vy, as
Vo (dt dx du) = By, (dt,dx)m(t, x)(du),
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where By, € P([0, T'] x V4_1) is the marginal distribution of v,, on the first two
coordinates and 7 : [0, T] x V4_1 — P(A) is the corresponding regular condi-
tional law. Define g* : [0, T] x RY — A as g*(t,x) = Soum(t, Iy, (x))(du)
where Iy, , : RY — V,_; is the projection of R? onto V,_;. Let Ug+ be the
feedback control associated with the map g* given on some system E* and let V*
be the corresponding state process given as the solution of (5.4) with g replaced
by g*. Letfort € [0, T], 7y = (t, V*(¢)). For (t,z) € [0, T] x V4_1, r € (0, 00)
and kr (v, u) = ki (v) AT+ ko(u) define

¢r(t,2) ZE*[/tT/;\lEr(V*(s), u)ms (du) ds‘V*(t) =Z],

to
Yr(t):/O /Akr(V(s),u)ms(du)ds+¢)r(t,V(t)).

It follows using the equivalent description of a weak solution of (5.4) in terms of
a (d — 1)-dimensional SDE with uniformly nondegenerate diffusion coefficient as
in the proof of Theorem 5.2 and classical PDE results (cf. Section I11.4.2 of [4])
that ¢, solves the equation

- 0
(6.1) /Akr(x, w)m (t, x)(du) + 5(%(& x) + (Lg=dpr)(t, x) =0,

where Lg+ is the generator for V* given by the right-hand side of (2.24) with g
replaced by g*. From the [t6—Krylov formula (cf. [15]), we have

0
E[Y, ()] - E[Y, (0)] = E / (/ (V5). umg (@) + =y s,V (5)
(6.2)

+ Ludn(s. V() ) ds
where for u € A, ﬁu is the “controlled generator” defined as
A 1
Lugr(t,x) =V (t, x)(n(t, u) + B(0)x) + 3 Tr(o (1) D*¢, (1, x)a' (1)).

By the definition of &, and since u + ﬁu¢r (t, x) is linear we see that

fA(ﬁm)(s, )7 (s, x)(du) = (Loxd) (s, x), (s, x) €[0,T] x Vg_i.

From this, it follows that

E/ (/ (V(s), u)mg(du) + (ﬁu(s)¢r)(5 V(S)))

= E/ </ (V(s),u)m (s, V(s))(du) + (Lg=pr) (s, V(s))) ds
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Thus (6.1) implies that the right-hand side of (6.2) is 0, and thus E[Y,(¢)] =
E[Y,(0)] = ¢, (0, vo) for all ¢ € [0, T']. From the convexity of k>, we see that

T -
8000 =E"| [ [ £ (v* ). um,uy as|

T _
> E* |:/ ke (V*(s), g% (s, V*(5)) ds}
0
= J, (Ugr, v0).
Using the monotone convergence theorem, it now follows that
J(U,v) = lim E[Y,(T)] = lim EY,(0)
r—00 r—00
= lim ¢,(0,v9) > lim Jr(Ug*a Vo) = J(Ug*a o).

r—>00 r—00

The result follows. [

We will next show in Theorem 6.3 below that the above theorem can be strength-
ened in that the class Ag, can be replaced by the smaller class Af of all contin-
uous feedback controls, that is, feedback controls for which that corresponding
map g is continuous. Recall the orthogonal matrix Q defined in Section 2.3. Fix
vo € Vg1 and let g*: [0, T] x R4 — A be a measurable map. Let Ug+ be the
corresponding feedback control given on some system & = (2, F, P, {#:}, {W:})
and let V* be the solution of (5.4) with g replaced by g* on the right-hand side.

Define the (d — 1)-dimensional process V* such that V* = Q( ‘6*) and the map

§%:00, TT x RI™1 — A as g%(t,v) = g*(t, Q(§)) for v € R9~!. Then

. t . -
V*(t) = 1o +/ n(s, &% (s, V*(s)))ds +/ B()YV*(s)ds
(6.3) 0 0

t
1/2 &
+/0 a ' (s)dW(s),

where 7, ,3, and « are as in (4.13), (4.14) and (2.17), respectively. In addition,
Vo = Q(”OO) and Q'W = (1?;)‘ Define o € P([0, T] x R?~1) as

C o[ P
(6.4) o(A) =cf e 2 dxdt
A
for A € B([0, T] x R¢~1) where ¢ is a normalizing constant. We denote by B the
Lebesgue o-field on [0, T'] x R4-1 namely the completion of B([0, T'] x Rd_l)

with respect to the Lebesgue measure.

LEMMA 6.2. For each n € N there exists a B-measurable function §, :
[0,7T] x R~! - A and compact sets A, € B([0,T] x ]Rd_l) such that g, is
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continuous and

(6.5) {(s5,v) € [0, TI xR : g%(s5,v) # gu(s,v)} CAS  and o(AS) < T

PROOF. From Lusin’s theorem (cf. Theorem 2.24 of [21]) for each n ¢ N
there exists a continuous function g, : [0, T] x R4-! 5 R such that (6.5) is sat-
isfied. Since A is a closed convex set, there is a continuous map IT, : R¢ — A
such that TTa (u) = u for all u € A. Define g, : [0, T] x R4~ — A as g, (s, v) =
1A (g, (s, v)). The result now follows on noting that

{(s,v): 8n(s,v) =8%(s,v)} D {(s,v): &, (s,v) =&"(s,v)}. O

Let {v,} C V4_1 be such that v, — vp and let E" = (Q", F", {F]'}, P", {W"})
be a system on which the process V" is the unique (weak) solution to

t t
Vi(t) = v, +/ n(s, gn(s, V"(s)))ds +/ BV (s)ds
(6.6) 0 0

t
+/0 o(s)dW"(s),

where g, : [0, T] x Vz_1 — A is the continuous function defined as g, (s, Q( )) =
gn(s,v),ve R4=! We can extend gn contlnuously to [0 T] x R as before using
the projection map Iy, . Defining Vas Q'V" = (v 0 "), we can write

R t “ r, ~ ! ~
V() = by + /0 A(s. &n(s. V" (5))) ds + fo Bs)V"(s)ds + /0 a2 (s) dW" (s),

where Q'v,, = ('7") and W" is a (d — 1)-dimensional Brownian motion.

0

THEOREM 6.3. Given vg € Vy_1, let V* be as introduced in (6.3). Let vy, g,
and {V"} be as introduced above. Then V" = V* as a sequence of C([0, T] : RY)-
valued random variables.

PROOF. It suffices to show that V" = V*. Let G = R?~! x A and define
m" e M([0,T] x G) as

T . .
m"(A x B x C) i/ La) 1 (V" () 1c(8n(s, V' (s)))ds

where A € B([0,T]), B € B(RI1, C € B(A). Since u +— (s, u) is a linear func-
tion and fo gn(s, V' (s))ds = fo um™(ds dv du), V"(t) can be expressed as

V”(t):ﬁ,,+f0 (s, u)ym" (ds dv du)+/0 ,é(s)f/"(s)ds+/o a2 (s)dW"(s).
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We can disintegrate m" as my(dv du)dt, where mi(dv du) = d;, (dv) X
S (.U (z))(du) and 8x is the Dirac measure at the point x. From the ounded—

ness of 7, ,B and o!/?, we get by a standard application of Gronwall’s inequality
that for some C € (O, oo)

6.7) E[V"(t)] < C(1+9,)eS"  forallneN,1€[0,T].

Using this moment bound and a similar bound on the increments of V", we have
that {‘7”} is a tight sequence of C([0, 7] : RY~1)-valued random variables. Now
the tightness of {m"} as a sequence of M([0, T] x G)-valued random variables is
immediate since the first marginal is the Lebesgue measure (i.e., m" ([0, 1) x G) = ¢
for all t € [0, T]), {V”} is tight, and A is compact. Also, the tightness of {W”}
as a sequence of C([0,T]: R~ 1)-valued random variables is immediate since
W" is a standard Brownian motion for each 7. Therefore, {\7", W”, m"} is a tight
collection of C([0, 77 : R2€@=DY) x M([0, T] x G)-valued random variables.

Suppose {\7”, W", m"} converges along a subsequence (also denoted {n}) to a
process, (V,W,m}. Let (', F',) be the probability space on which the limit
processes are defined. Then W is a IP’-Brownian motion and using the continuity
of 7, B and «'/2 we see that (V, W, m) satisfy

R t t ~ ! ~
V(t)=ﬁo+/0 (s, u)dm(ds dv du)—i—/o ,B(S)V(s)ds-i—/o ol (s)dW (s)

[P’-almost surely.

Define F/ = o {Vy, Wy, m([0,5] x A):0 <5 <1, A € B(G)}. It is easy to check
that {W,} is a {F;}-martingale. Indeed, let k € N and H : (R2E-D « Rk > R
be a bounded and continuous function. Define Z; = (‘71, W,, m(t, f)) and Z' =
(V2 Wi, m" (1, f)), where f € Cp(G) and v(z, f) = [3 f(v, u)v(ds dv du) for
v=m,m". Thenfors <t <Tand0<rf <---<p <y,

EH(Zy,.... Z)IW, = Wil = lim E"H(Z}, ..., Z)[W)' = W] =0,

TR

where the second equality uses the fact that W is a {F/'}-Brownian motion and
Z[" is {F}'}-adapted. This proves that (Wt) is an {F]}-martingale.
Note that m, m”" can be disintegrated as

m(ds dv du) = ms(dv du) ds, m" (ds dv du) =m’ (dv du)ds.

We will now argue that for all ¢ € [0, T'],

t t ~
(6.8) /0 /Gums(dv du)ds:fo g (s, V(s))ds a.s. P.

Note that (6.8), the linearity of 7 in u, together with the weak-uniqueness of so-
lutions to (6.3) (which was established in Section 5) completes the proof of the
theorem.
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Note that for any f € C,(R?"!) we have fé[G fyml(dv du)ds =
fé f(V"(s)) ds. Since (m", ‘7”) = (m, V), we have for any such f:

t t ,
/O/Gf(v)ms(dvdu)dSZ/o f(V(s))ds forallt € [0,T],a.s. P.

Denote by n%i, i = 1, 2 the marginal of m; on its ith coordinate. Then the above
display can be rewritten as

t t
~1 _ ~
/(; /Rd_l fymg(dv)ds —/0 f(V(s))ds
fort € [0, T], a.s. P, for every f € Cp(RY~!: R).
This shows that
(6.9) i (dv) =8y, (dv),  [A@Pae. (1, w),

where A is the Lebesgue measure on [0, T'].
Recall the definition of A, from Lemma 6.2 and ¢ from (6.4). Define B, =
My An. Then

1
Q(Bn)zl—z—n forall n > 1

and g*(s,v) = g,(s,v) = guy1(s,v) = --- for all (s,v) € B,. Since {v,} is
bounded, we have from the moment bound in (6.7) that for every ¢ > 0, there
is a compact F € RY~! such that

(6.10) sup sup P'[V"(1) € F°] <

neN0<t<T

| ™

Note that this says in particular that {v,} C F. For t € [0,T] and v € RI=1 et
p(t,v,z) be the transition probability density of the Gaussian random variable
Vi (t) given as the solution of the SDE

. .. t .
vov(t)=u+/0 ﬂ(s)VOUds—i—'/O al2(s)dW (s).

It is easy to see that there exists a function W : [0, T] — R4 and « € (0, co) such
that

T
(6.11) sup p(t,v,z) < W(1), te[0,T], and / e_"/’llf(t) dt < o00.
0

v,zeF

Using the boundedness of 7 and «~!/2, Girsanov’s theorem, and the Cauchy—
Schwarz inequality we see that there exists a 8 € (0, co) such that for any bounded
measurable f : [0, T] x RI~1 > Randt €0, T]

< Q[E/(/Ot f(s, \A/(;}"(s))zds)}l/z.

(6.12) E"

/(;t f(s, V"(s)) ds
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Since e_’(/sd/(s) 1r(v)dvds is a finite measure on [0, 7] x RY~! that is absolutely
continuous with respect to o, we have for any ¢ > 0 a ng € N such that

T 82
. —K/s =
(6.13) /(; /Iz&dil 1Bn0 (s,v)e 1r(W)W(s)dvds < Y7k
Together with (6.11), (6.13) implies
T . . g2
(6.14) E//O e_K/sle,O (s, Vi () 1r (Vg (s))ds < 10

for all v € F. From (6.10), (6.12) and (6.14), we have
n T —K/2s yn
E /0 e 1350 (s, V"(s))ds

T . N g
<IE”/ Lp(V(s))e ™/ > 1ge (s, V" (s))ds + -
6.15) A ( ) o ( ) 5

T A . 12
< G[E/(/ 1p(Vy" (S))e_K/SlBgO (s, Vg (s)) ds)i| + 2
0
<e.

Denote by n%;”i the marginal of m} on the ith coordinate for i = 1, 2. Then, for
any n >ng,t €[0,T], f € C(A),and h € C([0, T])

ft/ e 1% h(s) f (wym} (dv du) ds
0 JG
' —kKk/2s ~ anl
:/o /RHe h($) f (&n(s, v))rirg ! (dv) ds
:/O’ /Rd—l ano(S’v)e_K/zsh(s)f(gno(S,U))m?’l(dv)ds

+ftf 1ge (s, 0)e /> h(s) f (8 (s, v))™ (dv) ds,
0 JRd-1 no

where the second equality follows on noting that for (s,v) € By, 2n(s,v) =
8no (s, v) when n > ng. Thus

’ft/ e~/ h(s) f (wym™(dv du) ds
0 JG
t
©16) = [ [ RS s, )i @) ds

t
<20 oo [ [ Lag 00250 @v) s
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It follows from (6.15) that the expectation of (6.16) is bounded above by
2|l flloo I |looe and thus, letting n — oo,

E/

ft/ eI h(s) f (w)ymg(dv du)ds
0 JG

t
B /() [lvgd—l e_K/Zsh(s)f(éno(sv U))nA’lsl (dv)ds

= 2| flloollnlloe-

Therefore, since g, (s, v) = §*(s, v) on By,

E/

/ t f e/ h(s) f(w)ms(dv du) ds
0 JG

t
— [ [, e he s @ s vy vy ds

t
52||f||oo||h||oo[e+E’ f / 1 (s, v)e‘”z%i(dv)ds]
0 ]Rd—l 0

Since By, is open, it then follows from (6.15)

t
/ . —k/2s ~ 1
E /0 /Rd?l 1gc (s,v)e mg(dv)ds

no

t
< liminfE" fo /R L G v)e Bt (dv)ds <e.

n—oo

Letting ¢ — 0 we have for all t € [0, T'], h € C([0, T]), f € C(A) that

f t / eI h(s) f (w)my(dv du) ds
0 JG

t
_ —K/2s Ak ~ 1 /
—/0 /Rd—1 e F(g% (s, v))mg(dv)ds ae. [P
Combined with (6.9) this implies that
ms(dv du) =85 (dV)84. j(y) (du), [A x P']ae. (s, w').

This proves (6.8) and, as argued previously, completes the proof of the theorem.
|

7. Example. The following class of models is studied in [1]. Consider a sys-
tem consisting of N identical servers (nodes) of capacity C € N and K different
classes of jobs each with its own capacity requirement Ay € N,k € {1, ..., K}.
External jobs of type k arrive at each server with rate L. A job of type k remains
at a given node for an exponential holding time with mean yk_l before attempting
to move to another randomly chosen node. If the server has available capacity it
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accepts the job, otherwise the job is rejected and exits the system. If not rejected
first, a type k job remains in the system for an exponential amount of time with
mean 7, !'before leaving the system. We make the usual assumptions of mutual in-
dependence, in particular a.s. at most one job may arrive, switch nodes, or exit the
system at a given time, but note that such an event may correspond to the change
in state of multiple servers.

For the discussion below, for simplicity, we consider the case where there are
only two classes of jobs. In the notation of the current paper, the state process
Xny() = {lev ®,..., X% (t)} is the pure jump Markov process where va (1) takes
values in

X={(j,i)€NOXN():jAl-i-iAzSC}.

Let, as before, d = |X|, S = P(X), and Sy =P(X) N %Nd. The empirical mea-
sure process, iy (t) € Sy, is a d-dimensional pure jump Markov process where
,u;\}l (t) = % Z,](VZI 1{ Xk (z)}(( J, 1)) represents the proportion of nodes with exactly
j and i jobs of type 1 and 2, respectively. We suppose that py(0) = xy a.s. for
some deterministic xy € Sy such that xy — xo as N — oo and xj"* > 0 for all
(j,1) € X. Also suppose that vy = \/ﬁ(xN —Xx0) — vg as N — oo. The rate func-
tion l;f‘v associated with this system is described in [1] but we present it below in
our notation for completeness. Jobs can enter or leave the system or switch nodes
which means that there are three transition types for each class of job. Thus the set
K of different jump types can be represented as K = {E’, L', C' :i = 1,2} where
Ngi =Npi = 1 and nei = 2fori = 1, 2. Let for (], i) € X, éj’,' = (5(_/',i),(k,£))(k,£)eX
be the d-dimensional vector which is 1 for entry (j, i) and O for all other entries.
The sets corresponding to the possible jumps of each type are

AP = (@l G e ST AT = {08100 (i) € SE,
AL ={G@jieim e SE) AF ={@j. 8- (i) € ST,
AC = AL U @it e éjri+ e (oin i) €SC'Y,
AC = AL U {@ji+eéjinejimi+ejip): (.0, ) i) € Scz},

where SE' = {(j,i)eX:(j+1,i)eX}and SEZ, SLI, SL2, SCl, SC? are defined
similarly.

Let r € Sy. The rate of jumps corresponding to a job arriving at a node with
j and i jobs of classes 1 and 2, respectively, is equal to the number of nodes in
this configuration multiplied by the rate at which jobs enter the system. Namely,
the rate l:‘fv(r, v) when v = (€;;,€j41,) € A¥ and k = E' is Nr/t x Ay, and
similarly f‘fv(r, V) = Nril x h,v = (€ji €jit1) € AK, k = E?. The rate of de-
partures is given similarly but, since all jobs are processed simultaneously, we
need to multiply the processing rate by the number of jobs at a given node.
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Specifically, f‘f\,(r, v) = j x Nrii x 7 for v = €ji,ej-1,i) € AK k=L" and
I_“’;\,(r, V) =i x Nrii x 1, for v = (€ji.€ji-1)€ A¥ k= L?. When jobs attempt
to change nodes there are two possible outcomes (successful and unsuccessful
switching) which we will consider separately. The case in which a job successfully
switches nodes is analogous to a job leaving the system but rates are multiplied by
the proportion of nodes in the configuration to which the job is switching. Thus
for a job switching from a node with j and i jobs to a node with ;" and i’ jobs (of

types 1 and 2, respectively) we have l;f\, (r,v) = j X Nrdi x y x ]\]’\;J_; where v =

o
N A A A - . iq J st
(ejitejinej—1itejyri)€ A¥ k=C'and F’fv(r, V) =i X Nrl'! xyy x I\x_l

forv=(ej; +eéj ;. eji1+ejiy1) € AKX,k = C?. Next, consider unsuccess-
ful switches. Recall that if a job attempts to switch to a node at which there is
not enough room, then the job is rejected from the system. The rate at which

such jumps occur is, again, analogous to the previous scenario except we instead
multiply by the proportion of nodes without enough room for the job attempting
to move. Let ric be the proportion of nodes without enough room to accommo-
date a job of type i [i.e., nodes in states (i’, j') with (j/A] +i'Ay + A; > O)].
Z . c

Then Fﬁ‘v(r, V) =j X Nr/'' x y1 x % forv=(¢ji,ej_1) € A¥ k=C! and
— .. C
T () =i X NPy 2 for v = (60, 81,-1) € AF k= C2,

With the above definition of F’]‘V, the generator of {un ()} is as given by (2.2).
I'* is defined to be the limit of I_‘fv which is simply given as

clj x rit x yp x it forv=(ej;+ej
N o éj_lyi—f—éjq_]’i/)EAk,k:Cl,
i xrht x oy xr/t forv=(e;; +eé; ;,
ejim1+eéj i) € AF k=C2,
(7.1) TErv) =1 j x rii x py x rc¢ forv=(8;,8j_1,) € Ak,
k=C!,
i xritx yy xrf forv=(8,8ji-1) € Ak,
k=C?,
f'f(r, V) otherwise

for r € S. Clearly, I'*(-, v) is Lipschitz for all k € K, v € A* and (2.3) is satisfied
so Condition 2.1 holds in this example. From Proposition 2.2, we then have that
un () = w(t) uniformly on [0, T] where p1(¢) = F(u(t)) and F is as in (2.4),
with T'¥ as defined above.

Now suppose that the arrival rates A;,7 = 1,2 can be modulated by exercising
an additive control with values in LN[—D, D], D < o00,i =1,2. One can also
consider control of any of the other parameters {z;, y; : i = 1, 2} but for simplicity
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we will only consider the control of the arrival rates. Let
A={uecRY x {0} “u;=ute[-D,D],j=1,...,
2
AP

where £ = Y2 (|AE'| + |AL| 4+ |AC|) and £; = Y"2_, |AE'|. The controls will
take values in Ay = \/LNA‘ Forau € A or Ay let uj refer to the value of the first

AE!

’

(7.2) 1
up=uje[—D,D,k=|AF|+1,...,

. 2 .
|AE1| coordinates and u’ refer to the value of the next |AE”| coordinates. Define
the controlled rate function as

. Nrj’ix(A1+uT) fork:El,v=(éj,,-,éj+1’,-)eAE;,
(7.3) T'y(ryu,v) = ]_\/I’J’l X ()»Q—l-l/t;) fork:Ez,V:(éjvi,éjviJrl)eAE ,
F’I‘V(r, V) otherwise,

where u € A . Since controls in Ay are O(ﬁ), Condition 2.3 is easily seen to
be satisfied for the example.

From our assumption that x({’i > ( for all (j,i) € X, it follows that ,utj > 0 for
all (j,i) e X and 0 <t < T. Using this and the form of rk given in (7.1), it is
then easy to check that Condition 2.6 is satisfied. Similarly, our assumption on the
initial conditions in Theorem 2.8 is satisfied as well. Recalling the definitions of
Ff\, and ¥ in (7.3) and (7.1), respectively, we see that there exists a « € (0, 00)
such that for all y € BQ+v/N),u € Ay, € € Sn(y)

ﬁ(%r’&(\/l—ﬁy Feuw) = THEw)) (14 1)
and, therefore, Condition 2.4 is satisfied. For k € K, v € AF define h’l‘(v, ):S—
R as

. rf:”: fOI‘kZEI,UZ(éivi,éH_l’l')EAE;,
hi(v,r) =3 rii fOI‘k:EZ,U:(éj’i,éj,,‘_H)GAE ,
0 otherwise
and hé(v, -) as
K]XEJ',Z' fOl‘k=E1,U=(é\j,,‘,é\j+1vi)GAEI,
)\,ZXEJ"Z‘ fOl‘k=E2,U=(é\j,,‘,é\j,i+1)EAEZ,
j X M1 X eji fOI’kILl,UZ(éjvi,éj_l’[)EALI,
i X Mn2 X é€ji fOI’kILz,UZ(éjvi,éj,i_ﬂEALZ,
j X Y1 X (I’j’i xej +rj/’i/ X ejv,-) for v = (éj,i +éj’,i’a
ej—1,i+eéjs1) e k=Cl,
ixyx (rhixepy+ri xe;;) forv=(&;;+eéj i,
éj’i_l +§j/,,‘/+1) e Ak k=2,
j X Y1 X (rj’i X elc +r1C X ej,i) forv = (éj,i»éj—l,i) € Ak,k= Cl,
iy x (r/h x e% —|—r2C X ej;) forv=(é;;,éji-1)€ AF k= C2.
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Defining H k. ,B,fv as in Condition 2.5 with h’f and hé, we see that (2.14) is satisfied,
and thus Condition 2.5 holds for the example.
We now introduce the following finite time horizon cost:

T
(7.4) JN(UN,UN):E/O (VO +a|[VNUY @) dr,  UY e Ay,

where « € (0, 00). The cost function penalizes both the deviation from the nom-
inal behavior and exercising rate control. Note that this cost function satisfies the
condition introduced below (2.10). We have thus verified all the conditions needed
for Theorem 2.8 and from this result it follows that a near optimal continuous
feedback control for the diffusion control problem can be used to construct an
asymptotically optimal sequence of control policies for this system. The diffusion
control problem here takes the same form as (2.20) with n and 8 as in (2.15) and
o as in (2.18) with cost given as

r 2 2
(7.5) J(U, v0)=E/0 (VO +e|U®|7)dt, U € A(B).

This is the classical stochastic linear-quadratic regulator problem which has been
well studied (cf. [12]). Replacing [— D, D] with R in the definition of the control
set in (7.2), the optimal control for the limit stochastic LQR is given in feedback
form as follows:

u*(s,y) =—=B'(s)K*(s)V (s),

where B is defined in terms of {hk, k € K} via the relation (¢, u) = B(t)u and K*
solves an appropriate Riccati equation (see [12]). For implementing this feedback
control for the prelimit system, we truncate u™* suitably; such a modification, in
practice, has little to no effect for large N. We construct U év as in Section 2.4, by
taking Up (1) = v/Nu*(t, Vy (1)).

We now present our numerical results. The above control policy was imple-
mented (for « = 0.01 and 0.001) on Nyias = 128 different realizations of the
stochastic process with the following parameters N = 10,000, 7 = 10, C = 6,
A1 =1, A2 = 1,)»1 = l,kz = 1, T = 1, T = 1, Y1 = 1, V2 = 1. We also simulate
128 realizations of the corresponding uncontrolled system. Table 1 shows the av-
eraged cost over the 128 simulations for the controlled and uncontrolled systems.

TABLE 1
Cost over 128 Simulations

Uncontrolled Controlled with « = 0.01 Controlled with o = 0.001

Deviation cost 8.9556 8.1271 7.5649
Control cost 0 0.01 x 25.37 0.001 x 256.8

Total cost 8.9556 8.3809 7.8217
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The control policy based on the optimal feedback control for the stochastic LQR
leads to a reduction in cost of 12.7% for « = 0.01 and 15.5% for @ = 0.001. The
deviations from the nominal values under the controlled and uncontrolled systems
are computed by calculating the average

1 Nitrials T )
Vn(s)|“ds
Nirials Z /(; ” N ”

i=1

for the two systems and the cost of exercising control is computed by the average,

1 Ntrials

T
> / |VNUY (1) ] ds.
Nirials 0

i=1

o X

The deviations are smaller for the controlled system as expected. In general, one
can achieve higher reduction in such deviations by decreasing the parameter « in
the cost function. In practice, the tuning parameter « suitably balances the cost of
deviating from the nominal values and the cost for exercising control.

APPENDIX: AUXILIARY RESULTS

A.1. Conditions [A] and [T{] of [14]. For the sake of the reader’s con-
venience, we present Theorem 2.3.2 and Conditions [A] and [T;] of [14]. Let
{M"} be a sequence of R¥-valued processes which are RCLL (right continuous
with left limit) locally square-integrable martingales, defined on their own fil-
tered probability space {(2", F", (F}'),P")}. Consider the following two condi-
tions for a sequence of k-dimensional RCLL processes { Xy}, with Xy defined on
", F", (FH, P").

[A] For each ¢ > 0, n > O there exists a § > 0 and ng € N with the property
that for every family of stopping times {7, },en (7, being an F"*-stopping time on
QY witht, <T — 8,

sup sup P"{[| X7 — X7 4] =n} <e.

nznpH<s

[T1] For every ¢ in some dense subset of [0, T'], {X]'},,cN is a tight sequence of
R¥ valued random variables.

THEOREM A.1 [Theorem 2.3.2 of [14] (Rebolledo)]. Let

k
(M") =) (M}, M)
i=1
be the predictable quadratic variation process associated with the k-dimensional
local martingale M". Then if the sequence {{M")},en of R-valued stochastic pro-
cesses satisfies condition [A], the same condition holds for the sequence {M"},eN
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of R¥-valued stochastic processes. Furthermore, if {{M")},eN satisfies [T1] then
the same condition holds for {M"},cn. In particular, if {{M")},eN satisfies [A]
and [T1], the sequence {{{M]', M]"),i =1, ..., k}}nen and {M"},cn are tight in
D([0, T]: R¥).
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