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SCHEDULING CONTROL FOR QUEUEING SYSTEMS WITH
MANY SERVERS: ASYMPTOTIC OPTIMALITY
IN HEAVY TRAFFIC!
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A multiclass queueing system is considered, with heterogeneous service
stations, each consisting of many servers with identical capabilities. An opti-
mal control problem is formulated, where the control corresponds to schedul-
ing and routing, and the cost is a cumulative discounted functional of the
system’s state. We examine two versions of the problem: “nonpreemptive,”
where service is uninterruptible, and “preemptive,” where service to a cus-
tomer can be interrupted and then resumed, possibly at a different station.
We study the problem in the asymptotic heavy traffic regime proposed by
Halfin and Whitt, in which the arrival rates and the number of servers at each
station grow without bound. The two versions of the problem are not, in gen-
eral, asymptotically equivalent in this regime, with the preemptive version
showing an asymptotic behavior that is, in a sense, much simpler. Under ap-
propriate assumptions on the structure of the system we show: (i) The value
function for the preemptive problem converges to V, the value of a related
diffusion control problem. (ii) The two versions of the problem are asymptot-
ically equivalent, and in particular nonpreemptive policies can be constructed
that asymptotically achieve the value V. The construction of these policies is
based on a Hamilton—Jacobi—Bellman equation associated with V.

1. Introduction. We consider a queueing system with a fixed number of cus-
tomer classes and a fixed number of service stations, each consisting of many
servers with identical capabilities. Only some stations can offer service to each
class, and the service rates depend on the class and on the station. Customers have
a single service requirement and leave the system after it is met. They may also
abandon while waiting to be served [see Figure 1(a)]. Arrivals are modeled as re-
newal processes, while service and abandonments occur according to exponential
clocks. Scheduling of jobs, which amounts to selecting what customer each server
serves at each time, is considered as control. The goal is to minimize an expected
cumulative discounted functional of general performance criteria, including queue
lengths of different classes, number of customers in each of the stations and num-
ber of servers that are idle at each station. This paper analyzes the scheduling
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control (SC) problem in a central limit theorem (CLT) asymptotic regime. In par-
ticular, as proposed first by Halfin and Whitt [8], system parameters are rescaled
in such a way that the arrival rates and the number of servers at each station are
proportional to a parameter n, and the system is kept in heavy traffic as n becomes
large. See [7] for motivation for this model and parametric regime, in particular in
relation to call center models.

One important feature of a CLT approach is that the non-Markovian structure
of the SC problem becomes Markovian as weak limits are taken formally. In par-
ticular, a diffusion control (DC) problem arises in the limit, that is accessible by
control-theoretic tools. In [2] we studied the dynamic programming partial differ-
ential equation (PDE) of Hamilton—Jacobi—-Bellman (HJB) type for the DC prob-
lem and characterized the value function as its unique solution. It is natural to
ask whether the value function for the SC problem converges to that of the DC
problem.

In fact, this question must be formulated more carefully. One could consider
two versions of the problem (that formally yield two different DC problems): one
in which only nonpreemptive scheduling is possible, and one where it is allowed
to use preemptive policies, where service to a customer can be interrupted and
then resumed, possibly at a different station (it is the DC problem associated with
preemptive scheduling that was analyzed in [2]). Interestingly, these two versions
show identical asymptotic behavior in some cases of the problem, and they show
different behavior in other cases: In the single-station case, it was proved in [3]
that, in both versions of the problem, the value function for the SC problem con-
verges to that of the same DC problem. These results should be regarded as a
simplification that shows in the limit, because the DC problem that is associated
formally with nonpreemptive scheduling lies in higher dimension. On the other
hand, we will present a heuristic argument suggesting that for a particular two-
station system one does not expect the value function in both versions of the prob-
lem to have identical limits. Hence one would like to understand when the two
versions of the problem behave the same asymptotically.

To indicate what prevents the two-station example from undergoing the same
simplification, we need the following terminology. A class-station pair (i, j) is said
to be an activity if servers of station j are capable of serving class-i customers [in
Figure 1, (1, A) is an activity, and (2, A) is not]. A distinction between two kinds
of activities is made in terms of an underlying static fluid model (introduced in Sec-
tion 2): The fluid model has a positive fraction of the customer population in some
activities and a zero fraction in others. Such activities are referred to as basic and,
respectively, nonbasic activities (cf. [10]). Roughly, the population of customers
in basic and nonbasic activities in the queueing model is typically O(n) and, re-
spectively, O(n'/?). Now, while under a heavy traffic assumption single-station
systems have only basic activities; the two-station example alluded to above has
a nonbasic activity. As explained in detail in Section 2.7, the simplification will
not occur in the presence of an activity having only O (n!/?) customers. Aiming at
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extending the results, that show simplification of the single-station nonpreemptive
problem to the multistation setting, we are led to impose the assumption that, in
fact, all activities are basic. In this paper we find that under this condition, a sim-
plification indeed takes place.

It follows from a result of Williams [14] that if all activities are basic, then the
graph, having classes and stations as vertices and activities as edges, is necessarily
a tree [as, e.g., in Figure 1(b)]. We refer to this structural condition by saying that
the system is treelike. As in [2], the results of this paper will therefore apply to
treelike systems only.

The main results are the following. Under appropriate assumptions, the pre-
emptive SC problem’s value converges to the value of the DC problem. Moreover,
preemptive and nonpreemptive scheduling control policies (SCPs) are constructed,
that asymptotically achieve the DC problem’s value. These results establish the va-
lidity of the DC problem as the correct asymptotic description of the problem, as
well as the asymptotic equivalence of the preemptive and nonpreemptive problems.

In a preemptive SC problem, one can consider the vector representing the num-
ber of customers of each class present in the system as “state,” and the vector
representing the number of customers at each activity as “control” (at least in
the Markovian case, i.e., under the assumption that arrivals are Poisson). In fact,
“state” and “control” for the DC problem stand for the formal weak limits of pre-
cisely these quantities. The results of [2] regarding the DC problem assert that
there exists an optimal Markov control policy, sometimes referred to as an optimal
feedback function. Namely, there is a function mapping state to control, that can
be used to define the control process as a feedback from the state process, in such
a way that the DC problem’s value is achieved. In this paper, the preemptive SC
problem is solved, roughly, by dynamically setting the population in the activities
equal to the image of the system’s state under the feedback function for the DC
problem. In the nonpreemptive version of the problem one does not have direct
control over the population in the activities, and therefore a scheme as above can-
not be applied. Instead one must affect the population in the activities indirectly
by appropriate decisions of job allocations. To this end, a kind of tracking mech-
anism is introduced, that roughly works as follows. One continuously computes
the desired value of the population in all activities as the image of the state under
the feedback function. One declares activities for which the actual population is
greater than desired as “overpopulated.” Overpopulated activities are then blocked
in the sense that new jobs are only assigned through activities that are not over-
populated. As a result, the population decreases rapidly in overpopulated activities
and increases rapidly in other activities. The main difficulty dealt with in this pa-
per consists of estimating the difference between the desired and actual values so
as to show that tracking is maintained. The proof requires two different types of
arguments: one has to do with tightness of the processes involved, and the other
regards estimates on their large time behavior. Although the methods of [3] are
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used in various places in the proof, the main difficulty alluded to above is far more
complicated in the multistation case.

We point out that in the more “standard” CLT regime, where the capacity of each
server is scaled up rather than the number of servers, a diffusion model for a similar
queueing system has been studied by Harrison and Lépez [10]. A reduction, quite
different from the one alluded to above, takes place in this regime, that in fact
makes the diffusion model one-dimensional. Recently, a number of works have
developed policies that are asymptotically optimal in this regime, for models as
in [10] as well as more general ones [1, 4, 13].

The organization of the paper is as follows. In Section 2 we introduce the proba-
bilistic queueing model, the scaling and some assumptions regarding work conser-
vation. We then describe the DC problem and the HJB equation, propose SCPs for
the queueing model that are based on the HIB equation and state the main result
regarding asymptotic optimality of these policies. Finally we discuss the roles of
the main assumptions. Section 3 contains the proofs.

Notation and terminology. Vectors in R* are considered as column vectors.
For x € RF (resp., x € RF) Jet ||x|| = 2 1xi| (resp., 3 j1xi ;). For two column
vectors v, u, v - u denotes their scalar product. The symbols e; denote the unit
coordinate vectors and e = (1, ..., 1)’. The dimension of ¢ may change from one
expression to another, and for example, e-a+e-b =73 ;a;+> ;b; evenifa and b
are of different dimension. Write N={1,2,...},Z4 ={0, 1,2, ...}, Ry =0, c0).
The class of twice continuously differentiable functions on R’ is denoted by C2.
The class of bounded functions in C? is denoted by Cl%, and Cpo denotes the class
of functions f in C? satisfying a polynomial growth condition: there are constants
c and r such that | f(x)| < c(1 + [|x]"), x € R!. For E a metric space, we denote
by D(FE) the space of all cadlag functions (i.e., right-continuous and having left
limits) from R to E. We endow ID(E) with the usual Skorohod topology (cf. [5]).
If X", n eN, and X are processes with sample paths in D(E), we write X" = X
to denote weak convergence of the measures induced by X” [on D(E)] to the
measure induced by X. For a collection «+ of random variables, o {4} denotes the
sigma-field generated by this collection. If X is an R¥- or an R¥*/-valued process
(or functiononR1)and 0 < s <t < 00, [ X[, = sups, <, | X ()|, and if X takes
real values, | X |5, = sup,,, [X ()| Also, [| X ||} = ||X||§J and | X|f = |X|3J. The
notation X (¢) and X, are used interchangeably. For a locally integrable function
f:Ry — Rdenote .¥ f = [; f(s)ds. In case that f is vector- or matrix-valued,
4 f is understood elementwise. For y € R’i denote by [[y]] the element y’ € Zﬁ

having y/ = |y;] fori=1,...,k—1,and y; = [yx] + ¥ (i — Lyi]). Note that
e-[yll=e-y,and

(D Iy — [IyIll = 2k.

Finally, we need the following elementary graph-theoretic terms: A tree is an undi-

rected, acyclic, connected graph; and the diameter of a graph is the distance be-
tween the two vertices that are farthest apart.
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2. Setting and results.

2.1. Queueing model. The model under study has I customer classes and J
service stations [see Figure 1(a)]. At each service station there are many indepen-
dent servers of the same type. Each customer requires service only once and can
be served indifferently by any server at the same station, but possibly at different
rates at different stations. Only some stations can offer service to each class. When
referring to the physical location of customers we say that they are in the buffer,
or in the queue if they are not being served, and we say that they are in a certain
station if they are served by a server of the corresponding type. There is one buffer
per customer class and one station per server type. While a customer is in the queue
it may abandon the system at rate depending on the class.

A complete probability space (€2, F, P) is given, supporting all stochastic
processes defined below. Expectation with respect to P is denoted by E. The
processes will all be indexed by the parameter n € N, that will eventually be taken
to infinity. The classes (buffers) are labelled as 1, ...,/ and the types (stations)
asl+1,....1+J:

i={1,...,1},
g={I+1,....,1+J).

ForjegletN j" be the number of servers at station j. Let X' (¢) denote the total
number of class-i customers in the system at time ¢. Let Y/ () denote the number
of class-i customers in the queue at time ¢. Let Z;‘ (t) denote the number of idle
servers in station j at time 7. And let \I!fj (1) denote the number of class-i customers
in station j at time ¢. Let X" = (X!)icy, Y" = (Y/")iey, 2" = (Z”)J-eg,

() ),E 1,ieg- Straightforward relations are expressed by the followmg equations,

BUFFERS/
CLASSES

N &N N STATIONS/
(¢]
° o % o A B o TYPES
o5 o ©
A B

% |

(@) (b)

FI1G. 1. (a) A system with four classes and three stations. (b) The corresponding graph T .
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holding foralli e I, j € § and ¢t > 0O:

) Y/ () 4+ ) @) = X[ (@),
j€d

3) ZHo + ) W) = N7,
ied

4) Y (@) =0, Z5(1) =0,

(5) X{ (@) =0, W) > 0.

To define arrival processes, let, for each i € [, { lji (k), k € N} be a sequence of
strictly positive i.i.d. random variables with E Ui(1) =1 and squared coefficient of
variation (E Ui (1)~2 Var(lj,- () = C%]J. € [0, 0co). Assume also that the sequences
are independent. Let

1 .
(6) Ui (k) = Ui k),

]

where A} > 0. With Z(l) =0, define

[
(7) A (t) = sup ZZO:ZU,."(k)gt}, t>0.
k=1
It is assumed that the number of arrivals up to time ¢ is A% (¢). Note that the first
class-i customer arrives at U'(1), and the time between the (k — 1)st and kth
arrival of class-i customers is U/ (k).

To model service times as exponential independent random variables, let Sl?’j,
ield,jed, be Poisson processes with rate /Ll’.’j € [0, 00) (where a zero-rate
Poisson process is the zero process). These processes are assumed to be mutu-
ally independent, and independent of the arrival processes. Let Tl'J’ (t) denote the
time up to ¢ devoted to a class-i customer by a server, summed over all type-j
servers and note that

t
Ti’}(t):_/(; \IJi”j(s)ds, ied,jed,t=>0.

The number of service completions of class-i customers by all type-j servers by
time ¢ is Sl”l (Tl.f}(t)). Note that this indeed models independent servers with ex-
ponential service times: Conditioned on \Ili”j = k, the time until the next service,
when k servers are busy, is exponential with parameter proportional to k. Similarly,

[¢]
let R}'(t) be Poisson processes of rate ;' € [0, 00) and let T7 (¢) denote the time
up to ¢ a class-i customer spends in the queue, summed over all customers. Then

o '
HORY SAOI
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[¢]
and we assume that R (T (t)) class-i customers have abandoned until . Through-

out, the initial conditions, that we denote by X?’" := X (0), are assumed to be
deterministic. We have

t t
XN =X+ AN - Y S{’-( W (s) ds) - R{’( Y/ (s) ds),
([ o) (]

ied,t>0.

®)

The processes A", S" and R" will collectively be referred to as the primitive
processes.

2.2. Scheduling. Scheduling decisions are made by continuously select-
ing W", subject to appropriate constraints. Scheduling is regarded as preemptive
if service to a customer can be stopped and resumed at a later time, possibly in
a different station. Formally this is expressed by stating that the process W may
be selected subject only to (2)—(12) holding. Note that according to this defini-
tion, customers can be moved instantaneously not only between a service station
and the buffer, but also between different service stations that offer service to the
corresponding class. Scheduling is regarded as nonpreemptive if every customer
completes service with the server it is first assigned. More precisely, consider the
processes Bl”/ (t),ied,jed,where Bl-”j (0) =0, and ij increases by k each time
k class-i jobs are moved to station j from the buffer or from another station (to
start or resume service), and decreases by k each time k such jobs are moved from
station j back to the buffer or to another station. Then ij can be expressed as

t
9) B (1) = Wi (0) — W + 8P ( fo Wli(s) a’s).

To define nonpreemptive scheduling in terms of the model equations (2)—(12), we
will require that W is selected subject to (2)—(12) and such that Bl."j are nondecreas-
ing processes. This is summarized in the following.

DEFINITION 1. Let initial data X%” and primitive processes A”, S" and R"
be given.

(1) We say that " is a preemptive resume scheduling control policy (P-SCP)
if W;; have cadlag paths (i € 4, j € &), and there exist processes X", Y" and Z"
such that (2)—(12) are met. X" is said to be the controlled process associated with
initial data X% and P-SCP W".

(i) We say that W" is a nonpreemptive scheduling control policy (N-SCP) if it
is a P-SCP and B{’j of (9) have nondecreasing paths.

We collectively refer to P-SCPs and N-SCPs as scheduling control policies
(SCPs).
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A word on terminology: The reader may notice that these definitions make non-
preemptive policies a special case of preemptive ones, unlike the usual use of these
terms in the literature, where they are mutually exclusive. Indeed, the term “pre-
emptive” is usually used to indicate that service to a customer is necessarily inter-
rupted if a customer of higher priority arrives, whereas “nonpreemptive” is used
when interruptions are not allowed. In the current context, however, the term “pre-
emptive” indicates only that it is possible to interrupt service to a customer, and
so it is natural that a policy under which no interruption occurs is regarded as a
special case.

Let ¢ = (X%": n e N) and p = (P", n eN) denote a sequence of initial con-
ditions, and respectively, SCPs. We denote by ng the measure under which, for
each n, X" is the controlled process associated with X*" and W”. Expectation
under P§p is denoted by E éj .

We need a notion of SCPs that do not anticipate the future. Unlike in a
Markovian setting, in the presence of renewal processes such a notion has to take
into account that the time of the next arrival is correlated with information from
the past, and hence should not be regarded as innovative information (see also [3]).
Denote

' (t) =inf{u > 1: AT (u) — A} (u—) > 0}, ield.

Set
) F = o {AL (), S (TL(s))., RE(TE(5), WP (s),
XI5, Yi(), Zj(s) i €4, j € Jos <1}
and
Gy = {Al (7] (1) + u) — A} (<] (1)),
(11) SE(TE() +u) — SE(TE)),

RMT™M(t) +u) — RMT™(1):ied, je g, u>0)

DEFINITION 2. We say that a scheduling control policy is admissible if:

(i) foreach ¢, " is independent of §};
(ii) for each i, j and 7, the process S{’j(Ti’J’.(t) + ) - Sl-”j(Tl-’J’.(t)) [resp.,

R;’(]ci? O+ - R?(TO;1 (t))] is equal in law to Sl-"j(-) [RI'()].
2.3. Fluid and diffusion scaling. 'We now introduce some assumptions regard-

ing the asymptotic behavior of the parameters as n — oo. To this end, consider the
graph 7 having vertex set J U ¢ with a vertex for each class and a vertex for each



2614 R. ATAR

type, and an edge set &, with an edge joining a class and a type if the corresponding
service rate is nonzero:

8={(i,j)61xg’:u§’j>0}.

It is assumed that the graph does not depend on the parameter n. We denote i ~ j
and j ~iif (i, j) € . By assumption we have

(12) \Ilfj =0, i7].
A buffer-station pair (i, j) is said to be an activity if (i, j) € §.
Scaling of parameters. There are constants A; > 0,6; >0,i € 4, and p;; >0,
(i, j) € 4 x § where p;; > 0 whenever i ~ j, such that
(13) n_lk? — A, ,ulr-’j — [ij 0" — 0;
and
n_lNJ’.’ —vj.

Note that p;; =0 for i 7* j, since we had ,u;?/- =0fori + j. Setting

fij =vjlij,  P€d,jEF,

a central assumption on the limit parameters, indicating that the sequence of sys-
tems is asymptotically critically loaded, is stated below (cf. [9, 10]).

Linear program. Minimize p subject to

(14) D=, i€l
JEF
(15) d&j<p,  jed,
ied
(16) £j >0, ied,jeg.

Heavy traffic condition. There exists a unique optimal solution (§*, p*) to the
linear program. Moreover, ) ;; 5;’} =1 for all j € g (and, consequently, p* = 1).
In the rest of this paper, Sl?; denotes the quantities from the above condition, and

X =), ¥* = (wi’;), where

(17) xf=) g, v =&5v;).
J

We refer to the quantities Si’;, x* and wi’; as the static fluid model.
In a fluid model where class-i customers are served at station j at rate i;;, the
quantities f}ﬁi ;j represent the actual service rate of class-i customers when
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each station j allocates a fraction Si’; of its servers to class-i jobs. The quantities x*
represent the total mass of class-i customers in the system. The heavy traffic con-
dition indeed asserts that the system is critically loaded in the following sense. On
one hand, (14) states that customers arriving at rates A; can be processed by the
system. On the other hand, under this condition it is impossible to have a & satis-
fying (15) (with p < 1) and (16), and a A # A, A; > A;, i € 4, such that (14) holds
for i,  and € (since this would violate the uniqueness of £*). Thus, the system
cannot process arrivals at rates greater than A;.

Following terminology from [10], an activity (i, j) € & is said to be basic if
E;’} > 0. This indicates that under the allocation matrix £*, class-i arrivals are ac-
tually processed by station j in the fluid model. In this paper we assume that, in
fact, all activities are basic. More precisely, we will assume:

ASSUMPTION 1. The heavy traffic condition holds, the graph 7 is connected
and all activities are basic [i.e., 5{'} > 0 forall (i, j) € &].

By a result of Williams ([14], Theorem 5.3 and Corollary 5.4), Assumption 1
implies that

(18) the graph 7 is a tree.

As aresult, Assumption 1 can equivalently be stated as: The heavy traffic condition
holds, the graph T is a tree and all activities are basic. The assumption that 7
is a tree was exploited in the PDE analysis in [2]. We have more to say about
Assumption 1 in Section 2.7.

Second-order scaling assumptions are as follows.

Scaling of parameters, continued. There are constants Ais fLij €R,ield,
j € &, such that

(19) A =n'PaT —r) = iy A =P — i) — g,
(20) n]/z(n_]N}1 —vj)—0.

Scaling of initial conditions. There are constants x;, y;, zj, ¥;; satisfying
Yit2XjVij=xi,z;+3>;¥ij =0,y >0,and z; >0, i € 4, j € g, such that
the deterministic initial conditions satisfy

o )A(lon = n_l/z(X?’" —nx;) — xj,
I?l.o’n ::n_l/zYiO’n — yi,
50,n . —1/2,0,n )

22) Z;"=n Z;" =z,

T7,0,n . —1/2 /1,01
W= PO — yin) - .
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The processes rescaled at the fluid level are defined as
Xio=n"'XI®. YO =n""Y0),
n _ —1—7n T, _ —1qn
Zi(t)=n""Z5(), Wi () =n"" Wi (2).

The primitive processes are centered about their means and rescaled at the diffu-
sion level as

Aty = n= V2 (AR (1) — A1),
(23) S50 = n= (S} (1) — ).
RM1) =n~V2(RM(nr) — nol'r).

Similarly, the state processes are centered about the static fluid model and rescaled:

(24) X7 6y =n""2(X} (1) — nx),
Yt =n" 2y,
(25) R
280 =n""2Z0),
T —1/2
(26) W0y =n 2 (W] () — Yiin).
The relations (2), (3) and (4) take the new form
(27) Yr Y = X7, ield,
j
(28) ARSI E) jed.
i
(29) Y/, 2! >0, ied, jegd.

Using the definitions above one finds that (8) can be written as follows (for the
reader’s convenience this development is provided in the Appendix):

N N " r, r.
(30) Xf’(t):X?’"+riWi”(t)+Zl'~’t— E uf’j/ \ij(s)ds—ei"f Y'(s)ds,
- 0 0
J

where
~ ~ ~ r_ ~ r_
r,-Wl."(t)zA;’(r)—Zsfj(/ \Ill-"j(s)ds) —R{l(/ Y,."(s)ds>,
: 0 0

(31) ) -

n n ~n

=2 —Zﬂij‘ﬁij-

j

With (19) we have
(32) lim &} = € := & = ) fuij ;.
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One is free to choose the values of r;, and it will be convenient to choose them so
that, with the formal substitution W;' = v i Y!" =0, one has

(33) lim E[((W!(1))’]=1.

Namely, r; = ()L,-C%/J- +2:)!/2. Denote also £ = (€1, ..., €)', r = diag(r;).

The results of this paper are concerned with constructing sequences of SCPs
that, in an appropriate sense, minimize the limit as n — oo of cost of the following
form:

Oo ~ A A
(34) E/O e VTL(X!, W dt.

2.4. Joint work conservation. A policy is said to be work conserving if it does
not allow for a server to idle while a customer that it can serve is in the queue. We
can express this condition as

Yi”(t)/\ij(t):O Vi~ j,t>0.

In the current context one can consider a stronger condition for preemptive poli-
cies. Recall that if preemption is allowed, customers of each class can be moved
between the queue and the various stations that offer service to them. In a preemp-
tive policy, controls W"(¢) that can be applied at time ¢ correspond to different
rearrangements of the customers X" (¢) in the stations and buffers. Let X" denote
the set of all possible values of X" (¢) for which there is a rearrangement of cus-
tomers with the property: either there are no customers in the queue, or no server
in the system is idle. This property is expressed as

(35) e-Y'(t)yne-Z"(t)=0.

We shall say that a preemptive policy is jointly work conserving if it is work con-
serving and, in addition, for every z, if X" (¢) € X", then customers are arranged
according to (35). Some motivation is provided in Section 2.7.
Let ag > 0 denote the constant
(36) ap=(4Cg)~" min g,
J

i,jii~
It will be shown (see Lemma 3) that
(37) | X"(r) —nx™|| <aon implies X"(r) € X"

(note that the value of ¢ is irrelevant in the discussion). This fact is significant for
the following reason. Under appropriate conditions, it will be established that the
processes X" are tight. As a result, the condition on the left-hand side of (37) holds
for every ¢ € [0, T'] (for arbitrary T'), with probability approaching 1 as n — oo.
Thus it is nearly always the case that a rearrangement of customers according
to (35) is possible. These details will be justified in the process of proving our
result.
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2.5. The diffusion control problem. We take limits as n — oo in (27), (28),

(30) and (35). The process wn converges to a standard Brownian motion, and
denoting the weak limit of (X", Y", Z", W",¥") by (X, Y, Z, W, ¥), we obtain
the equation below (at this point this is meant as a formal step only; however, see
Proposition 3):

~ t t .
(38) Xl'(l‘)=xl'+Wi(l‘)—%:/Lij/(; \I/ij(s)ds—el"/(; Yi(s)ds, ield,

where W,- (t) =r;W;(t) + £;t, W is a standard Brownian motion and

(39) dwi=X;-Y, i€,
7

(40) 2 Wij =2, j€d.
i

41 e-YANe-Z=0.

Relations (38)—(41) above can be written in the convenient form
dX=b(X,U)dt +rdW.
To this end, note that by (39) and (40),e- X =e-Y — e - Z, and thus by (41)
e-Y=(-X)t, e-Z=(e-X)".

Hence Y and Z can be represented in terms of the process ¢ - X and an additional
process U as

42) Y1) =(e- X)) wi (), Zi(t)=(e-X(1)) v;(), iel, jeg,
where U (t) = (u(t), v(t)) takes values in
U:z{(u,v)eR1+J:u,~,vj >0,ield,jeg, e-u=e-v=1}.
The following is shown in Proposition 7 of [2].
LEMMA 1. Let Assumption 1 hold. Then given o;, B; € R,i € 4, j € § satis-

fying e -a = e - B, there exists a unique solution = (Y;j,i € d,j € §) € RY 1o
the set of equations

Zlﬂij=oti, iel,ZWij=,3j» JEF,
j i

(43)
Vij=0  fori}j.

As a result there is a map, denoted throughout by G : Dg — RY,
Dg:={(p)eRIT™ ec.a=c-p),
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such that ¥ = G(«, B). Let also
@ Co=supfmax|Gya. p)l: @ B) € Do ol v 141 <1].

Clearly the map is linear on Dg. Applying Lemma 1 to (39), (40), and by (42) it
follows that

45) W=G(X—-Y,-Z)=G(X —(e-X)tu,—(e-X)"v) =: G(X,U).

Letting
(46) bi(X,U) == 1;jGi;(X,U) = 6i(e - X)Tu; + 45,
j€d
we can now write (38) as
t
47 X(t):x—i—rW(t)—i—/ b(X(s),U(s))ds, 0<t < oo.
0

We summarize the equivalence between the two representations in what follows.

LEMMA 2. If (38)—(41) hold, then (47) holds with some U-valued U. Con-
versely, if (47) holds (with U taking values in U), then one can find W, Y, Z such
that (38)—(41) hold. In both cases, W(t) =rW(t) + (t.

PROOF. We have already proved the first statement of the result. To see the
converse, write U = (u,v),let Y =(e- X)Tu, Z=(e- X) v, and ¥ = G(X —
Y, —Z). Equations (39), (40) automatically hold, and (45) implies (38). [

DEFINITION 3. We call m# = (2, F, (Fy), P, U, W) an admissible system
if (R, F,(F;), P) is a complete filtered probability space, U is a U-valued,
(Fy)-progressively measurable process, and W is a standard [/-dimensional
(Fy)-Brownian motion. The process U is said to be a control associated with .
X is said to be a controlled process associated with initial data x € R! and an
admissible system 7, if it is a continuous sample paths, (F;)-adapted process such
that fé |b(X (5),U(s))|ds <oo,t >0, P-as., and (47) holds P-a.s.

For any x € R and any admissible system 7 there exists a controlled process X,
unique in the strong sense (cf. [2]). With an abuse of notation we sometimes denote
the dependence on x and & by writing PJ in place of P and E7 in place of E. We
denote by I the class of all admissible systems.

Given a constant y > 0 and a function L, the cost of interest for the queue-
ing system is given by (34). It is convenient to perform change of variables from
(X, W) to (X, U). To this end, define L as

LX,U)=L(X,G(X — (e- X)Vu, —(e- X)"v)),
(48)
XeRU=(u,v) el.
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Our conditions on L (given mostly via conditions on L) are stated below. They
were required to carry out the PDE analysis in [2].
ASSUMPTION 2. (i) L(x,U) >0, (x,U) eR! x U

(ii) The mapping (x, ¥) — L(x, ¥) is continuous. In particular, the mapping
(x,U) — L(x,U) is continuous.
(iii) There is o € (0, 1) such that for any compact A C R/,

|IL(x,U) — L(y,U)| <cllx —yl|®°

holds for U € U and x, y € A, where ¢ depends only on A.
(iv) There are constants ¢ > 0 and my > 1 such that L(x, U) < c(1 + ||x|"L),
UecUxeR!.

Consider the cost
o
C(x,n):E;r/ e V'L(X(1),U(1))drt, xeR! 7 ell.
0

Define the value function as
V(x)= inf C(x, ).
mell

The HJB equation for the problem is

(49) Lf+Hx, Df)—yf=0,

where D denotes the gradient, £ = (1/2) ; ri2 32/ 8xi2 , and

(50) H(x, p)= inf[b(x.U)-p+Lx, U]
S

The equation is considered on R with the growth condition
(51) 3Cm  |f@I=CA+IxI"),  xeR.

DEFINITION 4. Let x € R! be given. We say that a measurable function
h:R! — U is a Markov control policy if there is an admissible system 7 and
a controlled process X corresponding to x and s, such that U; = h(Xj), s > 0,
P-a.s. We say that an admissible system 7 is optimal for x, if V(x) = C(x, ).
We say that a Markov control policy is optimal for x if at least one of the admissi-
ble systems corresponding to it is optimal.

We note in passing that the last part of the above definition is equivalent to
optimality of all corresponding admissible systems, due to weak uniqueness of
solutions to X(t) =x +rW(t) + fé b(X(s), h(X(s)))ds (cf. Proposition 5.3.10
of [11]).

The assumption below is needed for large time estimates on the state processes.
Unless L is bounded [as in part (iii)], such estimates are required for both the DC
problem and the SC problem, and they are only known to hold under parts (i) and
(ii) below. This is explained in the remark in Section 3.3.
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ASSUMPTION 3. Either (i), (ii) or (iii) below holds.

(1) For (i, j) € &, u;; depends only on i; or for (i, j) € &, u;; depends only
on j. In addition, 6; =0, i € {.
(ii) The tree T is of diameter 3 at most. In addition, for all (i, j) € &, 6; < ;.
(iii) The function L is bounded.

The following is proved in [2].

THEOREM 1. Let Assumptions 1,2 and 3 hold. Then the value V solves (49),
(51), and there exists a Markov control policy h* :R! — U that is optimal for all

x € R, In cases (i) and (ii) [resp., (iii)] of Assumption 3, uniqueness holds in Cgol

[resp., Clg].

2.6. Asymptotically optimal SCPs. To state our main result we need to intro-
duce SCPs defined via the function 2* of Theorem 1. Write h* = (h7, h3) where
(u,v) = h*(x) & u = hj(x),v=h3(x). Theorem 1 states that, for the DC prob-
lem, there is an optimal pair (U, X) for which U(¢) = h*(X(t)), or equivalently
u(t) =hj(X (), v(t) =h3(X(t)). In view of (42) and (45), this can be written as

Y (1) = (e X (1)) h{(X (1)), Z(t)=(e- X)) h3(X(s)),
U()=G(X(@)—Y@),—Z()).
Let us define
(52) Y"1 =(e-X"®) h{X"(). 2" =(e- X"(1) h5(X" (1)),
(53) V(1) =G(X"(1) — Y" (1), = Z"(1)).

In analogy with the DC problem, one would like to define a P-SCP simply by
setting

(54) U () = 9" ().
However, this is impossible, because the components of the corresponding process
() =vy*n + n'2W (1) [cf. (26)] represent number of customers, and must be
Z-valued. Instead, a P-SCP will be defined in a way that the equality (54) will
hold “roughly.” To this end, consider two cases.
Case 1. If || X"(t) — nx*|| < agn, set

Y" (1) =[n"2Y" 0],
(55) Z"(0) =" Z" 0],

V() =G(X"(t) — Y™ (1), N" — Z"(1)).
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Case 2. If | X"(t) — nx*| > agn, set ¥" = F,(X"(¢)) where, for each n, F,
is a fixed function chosen in such a way that the resulting process W” is jointly
work conserving (as defined in Section 2.4). Other than that the choice of F;, is
immaterial.

The choice of W"(¢) in Case 1 is in accordance with joint work conservation.
Namely, (35) always holds on {|| X" () —nx™|| < agn}. To see this note that by (52),
e-Y"(t) Ae- Z"(t) =0, hence by (55), e - Y"(1) A e - Z" (1) = 0. Also, since by
definition X", Y" and Z" are integer valued, so is W" as follows from the proof
of Proposition 1 of [2]. It remains to show that setting W"(¢) as in (55) meets
relation (5) of the model, namely that \Ilfj (t) > 0 for all i, j. The proof of this fact
is deferred to Section 3.1 (cf. Lemma 3 and the remark that follows). Denote the
resulting sequence of P-SCPs by p*.

The proposed N-SCP is described next. The idea is still to keep W close to W,
but it is no longer possible to assign the values of J" in a direct way: U" is in-
directly affected by the job assignments. Heuristically, the policy we propose is a
kind of tracking mechanism, in which W tracks W", as follows:

(a) Compute W"(¢) via (52), (53).

(b) Declare activities (i, j) € & with lill'; () > \I/l’; (1) as “overpopulated.”

(c) Block overpopulated activities. That is to say that no new job assignments
are allowed on an activity as long as it is overpopulated. As a result, it is anticipated
that the population in these activities drops rapidly, and the population in the other
activities increases rapidly.

(d) Obtain W" () ~ W"(¢).
We turn to the precise definition of the N-SCP. For a technical reason, we must

change the definition (52) of yn (t) and zZn (¢) so that the function i* is replaced by
another function for large values of ¢. Namely, let h = n, hg) where h(l)(x) =e

and h9(x) = ey for all x. Instead of (52), we let Y (¢) and Z"(¢) be defined as
Y'() =(e- X"0) (. X"1),  Z"(t)=(e- X" () ha(t. X" (1)),
where

h*(x), t < 0O,,

(56) h(t,x) = (hi(t,x), ha(t, x)) = {ho(x) >0

and ®,, is a random time to be defined below. The definition of U is still via (53).

Next, we would like the following to hold. Given an activity (7, j) and a time in-
terval [s, 1), if \ill'; > \ifl’; holds on [s, ¢), then no routings take place on the activity
throughout this interval:

(57) \if,”j > \i‘,'j on[s,t) implies Bl-"j is constant on [s, t).

On the other hand, when there is a class-i customer in the queue and there are
stations j ~ i with idle servers and such that (i, j) is not blocked, the customer
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is instantaneously routed to one of these stations. If there are no such stations, the
customer stays in the queue. It is not hard to see that this property can be expressed
as follows. For every activity (i, j),

(58) WP (1) < WP(r) implies  ¥/'(1) A Z(t) =0.

The selection of an activity among the nonblocked activities through which to route
a customer does not turn out to be important. However, care must be taken when
two (or more) customers are routed instantaneously. Therefore it remains to show
that one can always perform instantaneous routings meeting (58). This is deferred
to Section 3.1 (cf. Lemma 4). Finally, we define ®,, as

(59) ®, = inf{t : ma)_([lilfj (t-) — F; (X"(t_)] > bo},
i~j

where
F*(x) = G(x — (e - x)Thi(x), —(e - x)"h3(x)),
and by denotes the deterministic, finite constant

(60) bo = 2+ max sup(¥7} (0) — ¥ (0)) ™.
~]j n :

A sequence of N-SCPs satisfying the above properties will be denoted by p’. We
will also consider a sequence of N-SCPs defined exactly as above, except that for
each n, the function 2* will be replaced by a function 4,,, depending on n. Given
a sequence {h,} of functions %, : R/ — U, n € N, we denote the corresponding
sequence of N-SCPs as p’({h,}).

The estimates used to establish asymptotic optimality will require some assump-
tions on the interarrival times. The two parts of the assumption below correspond
to different parts of the result.

ASSUMPTION 4. There is a constant m 4 such that E(Ui(l))mA <o00,i €J,
satisfying either of the following:

(i) my > 2myp (where my is as in Assumption 2);
(i) mama —2)(Smyg —2)"' > my.

For a sequence ¢ of initial conditions and a sequence p of SCPs, denote
w ~ A A
Vi, p)= 1}1n_1)io%fE§’/0 e VIL(X!, W dt,
— oo ~ A ~
V (¢, p) = limsup Ef/ e VIL(X!, W dt.
n— 00 0

Our main result is the following.
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THEOREM 2. Let Assumptions 1,2 and 3 hold. Let ¢ be a sequence of initial
conditions (X%"; n € N) such that X0n = n12(X%" — px*)y - x e R!. Then
items (i) and (ii) below hold under Assumption 4(i), and items (iii) and (iv) hold
under Assumption 4(ii).

(i) For any sequence p of jointly work-conserving admissible P-SCPs,

V&, p)=Vx).

(ii) The sequence p* of jointly work-conserving admissible P-SCPs satisfies
V(g p*) = V).

(iii) Provided that h* (of Theorem 1) is locally Hilder on {§ e R! :e - £ # 0},
the sequence p' of admissible N-SCPs satisfies V (¢, p') < V(x).

(iv) Provided that the mapping U — L(&,U) is convex on U for every
£ € R!, there exists a sequence {h,} of functions mapping R! to U such
that the corresponding sequence p” := p'({h,}) of admissible N-SCPs satisfies

Vi, p) = V().

The combination of items (i) and (ii) establishes the asymptotic optimality of
the sequence p*, as well as the validity of the DC problem as the correct asymp-
totic description of the problem under preemption. Items (1), (iii) and (iv) establish
similar consequences for the nonpreemptive problem.

To demonstrate the horizon of the different parts of the result, we mention some
possible cost functions associated with queue length, and note in passing that one
can also consider, for example, costs associated with the number of idle servers,
and, via a transAformation developed in [3], abandonment count. .

Recall that ¥/ denote normalized queue lengths, and that Y/ = (e- X")"u!. For
simplicity write these quantities as Y;, X; and u;. Then a cost of the form }; ¢; Y,
where c¢;, o > 0, can be written as

LX,U)=((e- X)")* > ciuf.
1
We see that Assumption 2 is met and therefore items (i) and (ii) of Theorem 2
are in force. For item (iii), it follows from Proposition 3 of [3] that the Holder
hypothesis on 2* is met for the above cost with « > 2. For item (iv), clearly o > 1
suffices. Next, our treatment of the case where L is bounded [cf. Assumption 3(iii)]
allows to relax much of what is assumed otherwise [i.e., Assumption 3(i) or (ii)].
A truncated version of the above cost function, that is,

L(X,U)= |:((e X)) Zciu?‘:| AM,
i
is an example in which items (i) and (ii) apply under Assumption 3(iii). As far as
item (iv) is concerned, the convexity condition imposes the choicea = 1 and c = e,
which amounts to the truncated sum of the queue lengths (e - Y) A M, expressed
as

LX,U)y=(e-X)"AM.
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Clearly, any other positive, bounded Holder function of X meets the assumptions
of item (iv).

As a final comment we mention that the PDE (49), on which the above proposed
SCPs depend, can be solved numerically. The complexity of numerical schemes
depend mainly on the dimension of the underlying Euclidean space. The PDE (49)
is of dimension [, and to realize the dimensionality reduction obtained by our
results as far as nonpreemptive SC problems are concerned, note that the state
process for such a problem in the Markovian case should consist of (Y", W").
Since the number of activities under the treelike assumption is equal to / + J — 1,
the reduction is from dimension 2/ +J — 1to /.

2.7. Discussion. We provide some motivation on two central assumptions that
we have made. First, we present an example that demonstrates heuristically why,
in presence of nonbasic activities, the limit behavior is expected to be different
for preemptive and nonpreemptive scheduling. The example consists of the sim-
plest system having a nonbasic activity. The observation and example are due to
Mandelbaum and Reiman [12].

EXAMPLE 1. Consider a system with two customer classes and two server
types as depicted in Figure 2. Servers of type A can serve both classes and servers
of type B can only serve class-2 customers (in the examples we refer to stations
as A, B, ...rather than as numbers in ). Consider first a case where all activities
are basic. For example, let vi =vo =1, u14a = poa = u2p =1, and A1 = 1/2,
A2 = 3/2. Then there is a unique optimal solution to the linear program, namely:
(614,854, 55) =(1/2,1/2,1). In a fluid model this means that half of the servers
at station A serve class 1 and all other servers serve class 2. In the queueing model
with large n, under any policy that keeps the deviations from the fluid model at the
desired level O(4/n), the number of class-1 and the number of class-2 customers
in station A are W},, ¥}, =n/2 + O(y/n), while the number of class-2 cus-
tomers in station B is W), =n + O(y/n). In a system with preemption the policy

FI1G. 2. An example with three activities.
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dynamically selects the values of these processes W". The control W that appears
in the diffusion model shows up as a weak limit of the appropriately normalized,
centered versions of the W" process. It therefore reflects the O(y/n) deviations
referred to above. Now, in order for a system without preemption to be governed
by the same diffusion model, it should be possible for W" to track closely the dif-
fusion control process W. In particular, it should be possible for the population in
any activity to change by O(4/n) in o(1) units of time (this is the heuristic behind
the proofs carried out in Section 3). Recall that the population in this activity is
about n/2. If routing to this activity is stopped, its population will decrease due to
service completions by O(4/n) in o(1) units of time. On the other hand, if rout-
ing to this activity is maintained and routing to the other activities is stopped, the
population at activity (2, A) will build up by O(4/n) in o(1) units of time. This
demonstrates how to rapidly decrease or increase the population in this activity,
so as to allow W” to track a desired control process. Consider now a case where
wn and v are as before, but Ay = A, = 1. The unique solution to the linear program
is now (§]'4,&54.&55) = (1,0, 1), and therefore activity (2, A) is nonbasic. The
queueing model will have only O (4/n) customers in this activity. As a result, it is
impossible to reduce the population in this activity in o(1) units of time so as to
maintain a “good” tracking mechanism. This stands in contrast with the preemp-
tive problem, where customers can be moved instantaneously between the buffer
and the stations that offer them service.

We next argue that joint work conservation is in many cases a desired property
for problems with preemption (for problems without preemption, work conserva-
tion is typically not optimal, cf. [3], but under appropriate conditions the distinc-
tion between the two disappears in the limit, as seen in our main result). We do not
attempt a rigorous treatment, and instead describe an argument towards optimality
in a particular case. We comment that even in the context of one station, proving
that work conservation is optimal is not trivial (see [3]). However, it is believed
that the argument below can be greatly generalized.

EXAMPLE 2. The example consists of a Markovian system with two customer
classes, two server types and no abandonment (see Figure 3). In (a) there is a
customer of class 1 in the queue and a free server of type B. Although the free
server cannot serve this customer, a rearrangement is possible so as to allow all
customers to be served (b). We shall argue that “good” preemptive policies prefer
option (b) over (a). Clearly this question must be coupled with the cost criteria. For
concreteness, consider a cost of the form ) ¢;Y; per unit time (weighted sum of
queue lengths). Use the fact that optimality is obtained by feedback policies, that
observe only the state: number of customers at each class present in the system.
Given a feedback policy 7 that leaves a customer in queue 1 when there is a free
server in station B, we show there exists a policy 7 that pays a smaller cost on
average. The argument is valid if uo4 < max(ui14, u2p). Arguing by coupling and
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(b)

F1G. 3. (a) A class-1 customer waiting in the queue, no free servers in station A and one free server
in station B. (b) A class-2 customer moved from station A to station B and the class-1 customer moved
from the queue to station A.

assuming the system starts at the described state as time zero, let 7 move a class-2
customer, C, from station A to station B and let it move the class-1 customer
waiting in the queue, C1, into station A, until, at time 7, there is an arrival or
a service in one of the systems (i.e., the system under 7 and that under 7). If the
first to occur is an arrival or a service to a customer other than Cy or C, & switches
back to act like 7 for all times. One can perform the coupling in such a way that
service to C; under 7 always occurs later than the first between service to C; and
service to C, under 7. If either service to Cp or to C; under 7 is the first to occur,
7 then mimics 7 except for the single customer that under 7 is not present and
may still be present for a while under . In all cases the cost paid by 7 is not
greater than that paid by 7.

3. Proofs.

3.1. Preliminary results. In Section 2 we obtained the convenient representa-
tion (47) of the controlled process from (38)-(41). We begin by showing how an
equation analogous to (47) is obtained for the prelimit model. To this end, let

(61) M':=e - Y'"ANe -Z">0.

Denote also M" =n~ /2 M. By (27) and (28) we can write e - Xt=e-Y'—e-2"
and therefore by (61),

(62) e Y'=M"+(e-X")T, e-Z"=M"+(e-X")".

Let u’i —y" /A(e Y ")Awhen e-¥"> 0, and set u” = e; otherwise. Similarly,
VtP=Z"/(e-Zy,)if e- Z" > 0 and otherwise set v" = e;1. Letting U" = (1", v"),
noting that U" takes values in U, and using Lemma 1, (27), (28), (45) and linearity
of G on D¢, we have

P — (M + (e R,
(63)

A

Z" = (M” +(e- )A(")_)v”
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and
V'=GX"—Y",—-27Z"

(64) =G(X" = (e- X")Fu", —(e- X)"v") = M"Gu", V")

=GX", U™ — M"Gu",v").
Defining

bI(X.U)==Y uGij(X,U) — 60" (e- X)Tu; + £7,

j
G}, v) =Y uGij(u,v) — 0]'u;,

J

we obtain from (30)

XP() = X" + W)

t A A A
+ [O {e;’ — Y1l (Gi (XM (1), Un (1) = M"(0)Gij (u" (1), v" (1))
j

— 0 (M" () (1) + (e - X" (t))%?(z))} ds,
hence
A A ~ t A
X'0) = X"+ rWh@) + f b (X" (s), U"(s)) ds
0

(65) -
M" An,n n )
—I—/O (s)G™ (u" (s),v" (s)) ds

It is useful to note that

16" (x, U) — b"(y, U)|| < cillx — v,
(66)
15" (x, U)| <e1(1 4+ IxID, neN,UelUx,yeR/,

where ¢ does not depend on n, U, x and y.
Part (i) of the following result proves (37). Part (ii) regards the proposed P-SCP.

LEMMA 3. Fix t. Assume that X" (t) € Zfr satisfies the inequality || X" (t) —
nx*|| < agn, where oy > 0 is the constant from (36). Then the following conclu-
sions hold.

(1) X"(t) € X". Namely, there exist quantities Y"(t), Z" (t), W"(t) satisfying
(2)—(5) as well as (35).
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(ii) Let Y"(t) and Z"(t) be given, define
(67) V) =G(X"() = Y" (1), N" = Z" (1))

and assume that (4) and (35) are satisfied. Then (2), (3) and (5) also hold.

REMARK. The lemma has two implications.

(a) Consider a jointly work-conserving P-SCP. If the inequality || X" (¢) —
nx*|| < agn holds, then, by Lemma 3(i), X" (¢) € X". By definition of joint work
conservation, a rearrangement of customers will be chosen so as to meet (35), and
it follows that M"(t) = 0. Now, let " = inf{s: M" (s) > 0}. The above discussion
shows that if 7" <t, then || X" — nx™||} > aon. In particular, || X" — nx*||¥, > agn
on {t" < oo}. This observation will be used in the next subsection.

(b) p* is alegitimate sequence of jointly work-conserving P-SCPs. As argued
in Section 2, one only has to show that when || X" (¢) — nx™| < aon, \D;’j =0
holds. This is shown in Lemma 3(ii).

PROOF OF LEMMA 3. Consider part (ii) first. By the definition of G
(cf. Lemma 1), (2) and (3) hold. It remains to show that \Illf’j (t) >0forall (i, j) € &.
By Lemma 1 and (17),

(68) v =G*, ).

Since it is assumed that M"(t) = 0 [cf. (61)], (62) implies that |Y"(#)| Vv
1Z"(@)|| < IX"(t) — nx*|. Hence by linearity of the map G on the domain Dg
and by (20), (44) and (36),

V(1) = Gij(nx™,nv) + G (X" (t) —nx* = Y"(1), N" —nv — Z"(1))
> nyj; — Co(IIX" (1) —nx™ =YY" V[IN" —nv = Z"(D)])
>y —2CGlI X" (t) — nx™|| = CglIN" —nv||
ani";- —2Cgagn — cn'/?
> 0,

where the last inequality holds for all n large enough.
To prove part (i), simply set Y"(t) = (e - X" (t)) " ey, Z"(t) = (e - X" (t)) " ey11
and define V" (¢) via (67). The result now follows from part (ii). [

The following lemma refers to instantaneous routing through nonblocked activ-
ities in the construction of the N-SCPs p’ of Section 2, by showing that one can
find V" meeting (58).
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LEMMA 4. Let (\i' X,Y, Z) satlsfy
Z\il =X 17, ied,
(69) Z = jed.
& =0, i j,
(70) Y; >0, Z;>0, ied, jed.

Assume that all components of X,Y,Z and U are integers. Let a subset & C &
(“nonblocked” activities) be given. Then one can find (¥, X, Y, Z) satisfying rela-
tions analogous to (69), (70), and

(71) X=X, Y <Y, Z<Z, v >
(72) (i,j) €& implies Y; AZ;=0.

PROOF. Define inductively a sequence (X® y® z®O gy r=0,... ki,
as follows. Let
(xQ y©® zO yO) = (¥ x,7, 2).
Let k > 0 be given, for which (X®, y® z® w®)y ig defined. If Y&, z®
satisfy (72), then terminate, declaring k; = k. Otherwise, define (X k1) "y k1)
7%+ @ *+Dy a5 follows. Let i be the smallest i € 4 such that there is j with

(i, j) € & and Yi(k) A Z;k) > 0. Let jo be the smallest such j. Fori e {,je g
define

k+1 k *k+D) _ (&)
XD = x® v =y — 14,

k+1) _ (k) (k+1)
Zj = Zj \I’ij

3
—(j=jo}» =Wi;" + LG, H=to. jo)-

Since by construction 0 < e- Y ®) = ¢. ¥ —k, the procedure must terminate. Defin-
ing (X,Y,Z,V)= (X(kl), y&kn 7k, \If(kl)) completes the proof. [

The following lemma will be useful in analyzing the N-SCPs p’. In order to
show that W" tracks closely U, estimates are required on ||‘~IJ”(t) — \IJ”(t)ll The
lemma shows that it suffices to estimate only (\Il”(t) Y N .

LEMMA 5. Let (¥, x, v, z) satisfy

ZWij:xi_)’i’ ield,
J
> ij =z, J€g.
i

Yij =0, i%*J,
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and let (1}, X, ¥, Z) satisfy analogous relations. In addition, assume
(73) ifi ~jandyij < @,-_,- then y; Nz; =0,
andy; >0,i€d, 2; >0, jeg.Then
YW — Yl <e > Wij — Uit +ellx — X,
ij ij
where ¢ does not depend on ¥, x, y, z, IZ, X,y orZ.

PROOF. Let ¢ be an upper bound on v;; — &i j foralli, j, and on |x; — X;| for
all i. Let jo be such that z;, = 0. Then

Y Wijo =Y Vo +Zj =D Vijo:
i i i

and since ¥;j, < 1% jo T & Yijy — &i jo = —ce for every i ~ jo. Let ig be such that
vip = 0. Then

Zwioj = Xig = Xij — & :vaioj + Vip—e = Zl/’ioj —é&.
J J J

Since ¥, < 1/v/,-0j + ¢ for every j, we have ¥;,; — 1/v/,-0j > —ce for every j ~ ip.
Thus we have shown that [;; — 1},-]-| <ce forevery (i, j),i ~ j, with either y; =0
or z; = 0. In view of (73), we have shown that [;; — 1/Vf,-j| < ce for every (i, j),
i ~ j, such that ¥;; < 1/?,- j- On the other hand, if v;; > 1/V/,~ j» then simply [v;; —
&iﬂ =i — 1%]- < & by assumption. [J

Denote

(74) Jh =Y =Y 28— 20,

t

(75) Q’f(z):/o b (X", UMy ds, Qg(z)zfo eVSL(X", UM ds.

Throughout, let p, p*, p’ and ¢ be as in Theorem 2, and let f denote the unique
Cgol [C,f under Assumption 3(iii)] solution to (49). Recall that .% f = [; f(s) ds.

PROPOSITION 1. [Items (i)—(iii) below hold under p (in particular, under p*)
and under p’.

() (X", Y", Z", ¥ = (x*,0,0,¢*).

(i) (W, 7 M", X", Q", Q%) is tight.

(i) (W", ZM™) = (W,0), where W is a standard Brownian motion on R!.
Moreover, the following holds under p* and under p’:

iv) [J"[5; —> 0and |M" s.; = O indistribution, for every 0 <s <t < 00.
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For the proof see Section 3.2.

LEMMA 6. Under p and under )4 one has the following. Denote by
(X, Q1, Q2, W) a limit point of (X", O, O3, W") along a subsequence. Let (Fy)
denote the filtration generated by (X, Q1, W). Then W is an (F;)-standard
Brownian motion, X, Q1 and Q> have continuous sample paths, and Q|
has sample paths of bounded variation over finite time intervals. Moreover,
[eT7*Df(X})-dQ(s) = [e "’ Df(Xs)-dQ1(s) along the subsequence, where
fis the solution to (49).

PROOF. Based on Proposition 1, the proof of Lemma 6 is identical to that of
Lemma 6 of [3] and is therefore omitted. [J

PROPOSITION 2. (i) Assume either case (i) or (ii) of Assumption 3 holds.
For either q = p, with fixed mg € (mp,ma/2), or for q = p’, with fixed
mo € (mp,ma(ma —2)(5my —2)~Y), one has

(76) EI(IX" )™ < €A + 0™
where C, m1 do not depend on n and t. In addition, the same conclusion holds in
the case g = p’'({hy,}), for any sequence {hy}, and the constants C and m do not
depend on the sequence {h,}.

(ii) Let case (iii) of Assumption 3 hold. Then
(77) EL(1X"5)m0) < Ce©,

forq = p'({h,}),mo € (0,ma(ma—2)(5my —2)™Y,and C not depending on n, t
and the sequence {h,}.

In part (ii) of the proposition, the significance is not in the precise form of the
upper bound but in the uniformity with respect to {£,}.

For the proof of Proposition 2 see Section 3.3.

The method of [3], that we adopt here, is based on estimating the process

(78)  K!'=b(X",U" - Df (X" + L(X",U") — H(X", Df (X)) > 0,
where the inequality above follows from (50).

LEMMA 7. Let the assumptions of Theorem 2 hold. For every sequence p of
admissible jointly work-conserving P-SCPs

oo A
liminf E/ | e "' L(X}, U dr =V (x).

n—o0o 0

Moreover, if for some §>0,T>0andk e (0, o], g is an admissible SCP under
which

T _
(79) lim P/ (Q,,M N {fo e V'Kl'dt > 5}) =0,

n—oo ¢
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Qu .k, being any event on which ||)A(” |7 <k, then

T . .
limsup E |:1Lg2n”/ e V'L(X!, UM dt] < V(x)+3é.
T Jo

n—oo

PROOF. Equipped with Proposition 1, Lemma 6 and Proposition 2 under As-
sumption 3(i) and (ii), and boundedness of V in case of Assumption 3(iii), the
proof is very similar to that of Theorem 4 of [3], and is therefore omitted. [

PROOF OF THEOREM 2. Part (i): Established in Lemma 7.

Parts (ii) and (iii): We use Lemma 7 with k = oo and Q, .7 = Q. In view
of this lemma it suffices to show that, for every T > 0, under both p* and p/,
fOT e VK ds — 0 in probability. The function #* satisfies the following (see the
proof of Theorem 1 of [2]):

(80)  H(x,Df(x)) =b(x,h"(x))- Df (x) + L(x, h*(x)), x eR’.
Combining (78) and (80),
. = (b(X?:Um — b(ff?lh*d?{)) - Df(X})

+ L(X", UM — L(X7, h*(X™)).
By definition of b (46), and by (74),
(82) X", UMy — (X7, h*(X™)| < cJ.
By (48) and (53),
(83)  L(X", UM —L(X!, h*(X™)) = L(X", W (r)) — L(X", ¥"(1))
where, using (63),

1) =G(X] = (e- X)) Mup, —(e- X)) vp)

(84) =GX" =Y+ MM, =70 + MI"VT)

=V MGl !
Note that
85 ¥ = VI =IGE&! =¥ =Z)) = GX} = Y/', = ZD| < cJ".

By Assumption 2, L is uniformly continuous on compacts, hence there are func-
tions a(8) with limg_, g o (§) = 0 such that

IL(x, ¥) — L(x, ¥")| < ak(8),
Ixl Vvl VI <k, Iy —3'| <6

(86)
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Combining (81)—(86), | X7|| v [[¥}"]| < k implies

87)  KJ' < cJIDf (X +ack(J)' + M) < cJ]' B + ek (I + M),

where B depends only on k. Since by (52), e - Y" Ae-Z" =0, we have

88) M'=c¢-Y'Ae-Z'<l|le-Y'—e-Y'|+|e-Z"—e-Z"| < J".
Moreover, by (27), (28) and (52),

(89) J" <X+ 1D,

foAr ¢1 not depending on 7. Fix T and let %9 denote the event that ||)A(”||§ \%
W7 <kand |J" + M"|; 7 < 3. By Proposition 1,

(90) lim lim inflim inflim inf P4 ("%¢%) =1,

k §—0t e—0t n

for ¢ = p* and for ¢ = p’. Combining (87)—~(89), on "%¢:9 we have
T
0 5/ e VK] dt
0

On < c28(kBr + aeyx (c2k)) 4+ 2T (Bid + e,k (8))
= ak,es,d),

where ¢ does not depend on n, ¢, §, k. Taking n — oo, then ¢ — 0, § — 0 and
finally k — oo, using (90), it follows that fOT e V'K dt — 0 in probability. Since
T is arbitrary, the result follows.

Part (iv): Recall that the sequence p” = p’({h,}) is defined like the sequence p’,
except that for each n, h is replaced by h,. It suffices to show that for each § > 0
one can find /% such that
(92) lim sup E{ /OO e VIL(X", UM dt < V(x) + 43,

n—00 0
where under ¢, h, are all equal to _hg, because one can then find an appropri-
ate sequence 8, — 0 and set i, = h® s0 as to obtain V¢, p") < V(x). We will
prove (92) by finding, for each § > 0, h% and T such that

T . _
(93) 1imsupEg/0 e V'L(X!, UMdt <V (x)+38
n
and
o0 N _
(94) sup E/ /T e V'L(X!, UM dt < 6.
n

Let § > 0 be given. If L is bounded, (94) holds for T large. Otherwise, As-
sumption 3(i) or (ii) is in force, and (94) follows from Proposition 2(i) and
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Assumption 2(iv), for T large enough. In particular, by the last statement of Propo-
sition 2(1), such T can be chosen independently of the sequence {4, }. Let such T
be fixed. Using the two parts of Proposition 2(ii) for the different cases of Assump-
tion 3, one can find k € (0, c0), not depending on {4}, so large that

(95) PLIX"IT = k) <6,
In addition, in view of (90), for k large enough,
T N _
(96) lim sup lim inf lim infE? |:]].(Qn,k.8,5)c / e V'L(X", ul') dt] <3$.
§—0t+ >0t 7 0
Let such k be fixed.
We argue along the lines of the proof of Theorem 2 of [3]. From (80), the func-
tion i* satisfies ¢ (x, h*(x)) = infycy e (x, U) =: ¢*(x), where
px, U)=>b(x,U) - Df(x) + L(x,U).
For each € > 0 let d(x, y, £) denote the Euclidean distance from y to the boundary
dB(x,s1'?). Let B, ; =&Z' N B(x,&I'/?) and set
d(x,y,&)
d(X,y»§)= Zy’evag d(xay/yé)’
0, otherwise.

y € B)C,év

Let
he(x)= Y d(x,y, &)h*(y).

yesZl
It is elementary to check that x — hz(x) is Lipschitz. Since U +— L(x, U) is con-
vex by assumption, and U +— b(x, U) affine, the map U > ¢(x, U) is convex. By
Jensen’s inequality and uniform continuity of (x, U) — ¢(x, U) and x — ¢*(x)
on B(0, k), for sufficiently small & > 0,

b(x,hz(x)) - Df(x) + L(x, hz(x)) = ¢(x, hz(x))
=so<x, ;Ju,y,é)h*(y))
< ;&(x,y,aw(x,h*(y))
< ;cﬂx, Y, 8)p(y, h*(y)) +68/2
= ;&(x,y,aw*(y) +48/2

<¢*(x)+8=H(x, Df (x)) +36,
x € B(0, k).
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Letting n = hz we have [in place of (80)]
97) H(x,Df(x))+8 > b(x, h*(x)) - Df (x) + L(x.h*(x)),  x € B(0,k).

Hence, arguing as in part (iii) above, recalling that S is Lipschitz (a condition
used in the proof of Proposition 1) one obtains in place of (91),

T _
0< / e VK dt <a(k,e,8) +35,
0

holding on Qn-k.e.d, Taking ¢ and § small enough so that a(k,e,8) < s,
Jo eV Krdr <28 on QK& Thus P(QM550 N [ e V'K dr > 25}) con-
verges to zero as n — 0o. By Lemma 7,

T A
lim sup Eg /O e VIL(X!, Ul dt

n—o0
_ T A
<V(x) 426+ limsup E? |:1(Qn,k,s,5)c / e_V’L(X;’, Ut”)dt]
n—o00 0
Using (96), we obtain (93). [

LEMMA 8. Letr Assumption 4 hold. Then E(|A"||¥)"4 < c¢(1 + 1)"a/2,
where ¢ does not depend on n ort.

For the proof see Lemma 2 of [3].

3.2. Tightness estimates. We prove Proposition 1. Most involved is the treat-
ment of the nonpreemptive case. The main idea is a “bootstrap” argument (a vari-
ation of which is also used in the next subsection), where one first establishes
tightness of the processes up to a certain stopping time, and then uses this to show
that the probability that the stopping time is incurred in an arbitrary fixed time
approaches zero. The proof is established in a number of steps.

Step 1. n~'2W" = 0.

Step 2. Under p, M" = 0 and X" = x*. Under p/, X"(- A 0") = x*, where
o" =inf{s > 0: I M"(s) > 1} A O,.

Step 3. Under p, (X", Y",Z",¥") = (x*,0,0,¢*), and (X", W", Q", Q%) is
tight.

Step 4. Under p*, J" = 0.

Step 5. Under p’, conclusions of step 3 hold, upon stopping all processes involved
ato”. Asaresult, . M" = 0, and conclusions analogous to those of step 3
hold under p’.
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Step 1. Let A;, i €4, S;j, i~ j, R;, i €4, be independent Brownian mo-
tions with zero mean and variance given by EAl.z(l) = )L,-C%/J., ESiZI.(l) = Wij,
ERiz(l) =0;. Set S;; =0 fori #j, A=(A;), S=(S;) and R = (R;). For
the fact (A", §", R") = (A, S, R) see [3], Lemma 4(i). Note that by (3) and (4),
\Ilfj (t) < N; for every i, j and t. Moreover, Y/' () <e- Y/ (t) < n~e- X"(0) +
YA <c+ n~ly, A’(t) =: ¢"(t), where ¢ does not depend on n and ¢.
Hence by (31),

(98) IW™1F < ctl A" + el ™15, + et IR [
for a constant c¢1. From this it is elementary to show that
(99) n~V2|W"|* -0 in distribution, as n — oo, 1 > 0.

Step 2. We show first that under p, M" = 0. Let " = inf{s : A;IS” > 0}. We
shall show Athat, forevery T, P(z" <T) > 0O asn — 00; this implies that, for
every T, |M"|}; — 0 in distribution, and as a result M" = 0. Indeed, by (65),

R R tAT" R R
X"t AT = X0 + / (X" (s), U"(s))ds +rW" (@ AT").
0
By (66),

et sata [ (HIRONds+eali A,
and it follows from Gronwall’s inequality that
(100) X" = ¥ pen =" X [ < c3n™ 23 W
Hence by Remark (b) following Lemma 3 and (99),
(101) P(t"<T) < P(|X" — x*|I%.n > ap) = 0.

As a result, M" = 0. By (99), (100) and (101) it follows that for every f,
| X" —x*||¥ — 0 in distribution as n — 00. As a result X" = x*.
Next, under p’, recall that ®,, is defined in (59) and let

(102) a":inf{t>0:ﬂ]\;["(t)zl}/\®n.
By (65) and (66),
R tAc" R R
||X"<ma")||sc4+c4/0 (141X ) ) ds + e W2 A ™).

Using again Gronwall’s lemma and (99), we have

(103) | X" — nx*||*,,n — 0 in distribution, ¢ > 0.
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Step 3. This step refers to p only. By (62),
e Y"=n"12(M" + (e- X"M7F) <n VEM" 4 | X" — x|

Since ¥; > 0, i € 4, it follows that ¥” = 0. By a similar argument, Z" = 0.
By (67), (68) and linearity of the map G on Dg,
U =n"'G(X" —Y",N" = Z")
= G()_(n — ?n, I’l,_an - Zn)
=GX"—x*—Y" nIN"—v—Z" +G(x*,v)
=GX"—x*—Y" nIN" —v—Z") +y*.
Since Y", Z" (X" — x*) = 0 and by (20) and continuity of G, we obtain
\pn :> w* ) ) . )
We have now shown that [ X" — x*||F¥ + [[Y"|I + 1 Z"|I} + V" — ¥*|F

converges to zero in distribution, for every . Hence (X", Y", Z", ¥ = (x*,0,

0,v*).
Next we show that the sequence (X", W", Q', Q%) is tight in (DR¥))3 x D(R).

We have shown already that §” = S, R" = R, ¥" = ¥* and Y" = 0. An ap-

plication of the time change lemma [5] shows that SZ (Jo \ill”j (s)ds) = S;j(y*)

and Iéf (Jo Yi” (s)ds) = 0. By (31) and (33) it follows that W" = W, a standard
Brownian motion in R’.
By (65), (66),

A A A A t A
IX" @1 < IXO™ | + esIW" (O] + 5.7 M" () + CSfO (L+1X"(s))ds
and therefore by Gronwall’s inequality,
(104) X" 17 < coe s’ (1+ 7 M + [ W" 7).
Using tightness of W" and M", it follows that for every t,
(105) lim limsup P (|| X"||* > m) =0.
m—=>0 p—oo
Fix T. By (65) and (66), for s,t €[0,T], s < ¢,
IX" (1) = X"($)]| < er| W (£) = W™ (s)]
(106) N N
+e7(t =)+ |M" 7 + 1 X"[I7)-
Let w(x, ) =sup; ,cg [x(s) — x(7)[| where § C [0, T'), and let

wi (x,8) = infmax w(x, [t;i_1, 1)),
1<i<wv
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where the infimum is over all decompositions [t;_1,t), 1 <i <wv, of [0, T) such
thatt; —ti_1 > 8, 1 <i <wv (cf. [5], page 171). The notation

(107) wr(x,8) = sup w(x, [s,1])
0<s<t=<(s+8)AT

will also be useful. It follows from Theorem 16.8 of [5] and tightness of W" that

for each ¢ and ¢, lims_,¢limsup,,_, o, P(w;(W", 8) > ¢) = 0. Hence by tightness
of M" and using (106), for each ¢t < T and ¢,

(108) lim limsup P (w/ (X", 8) > ) = 0.

=0 n—oo

Since T is arbitrary, (105) and (108) imply tightness of X", using Theorem 16.8
of [5]. By (66), (75) and Assumption 2, there is a constant cg such that

1QT I V1051 < et (1+ X" [I5)™,
and fors,tr €[0,T],s <t,

107 (1) — Q1S V1 Q5() — Q5 (s)] < cs(t —s)(1+ [ X" |I53)™E.
Hence, using Theorem 16.8 of [5], tightness of Q7 and Q7 follows from (105). We
have shown that X n W”, Q'l’ and Qg are tight, and using Proposition 3.2.4 of [6],
it follows that (X", W”, Q7, Q%) is tight.

Step 4. Fix T. By (1) and (55), under p* one has [J"[} <2(I + J)n=/? on
the event {|| X" — x* 7 < ap}. Since | X" — x* |7 converges to zero in distribution,
so does |J"|}, and since T is arbitrary, J" = 0.

Step 5. 'This step refers to p’. Let " be as in (102) and recall (103). Reviewing
step 3 shows that all its conclusions still hold under p’ in place of p, upon replacing
X" by X"(- A o), Y by Y"(- A o™), and similar substitutions for the processes
wn, W", )A(”, Q' and Q7. As aresult,

(109) (Xfl/\g”a Y.’}\g”a Zfl/\g'lv ‘i’f’l/\g’l) :> (X*v O’ Oa W*),

(110) (X" ns W n, Q1 (- A0™), Q3(-A0™) s tight.
Let T be fixed and denote 7" =T A ¢”. Fori ~ j let

(111) AJ =g —

Let Q™K denote the event

X Won VY W VI Z W v 1D [0 < k).
By tightness of X" (- A ™) and by (62), (64),
(112) lim limior(l)fP(Q”’k) =1.

k—o0 n—>
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We will show that
(113) lim limsup P(c" <egp) =0,

g0—0t  n
and that for every i ~ j and small enough ¢ > 0,
(114) lim sup P(U” > g9, sup A?j > cg) =0.
n [e0,T"]

To this end let eg € (0, T). Fix i, j, i ~ j. If Al’.’j > 0 on [s,r), no customers are
routed on activity (i, j) on this time interval and by (57) and (9),

VL) =W (s) — Afs, 1), tels,r),

where

(115) A}y (s, 1) = S5 (I (1) — SIS (I W] ().
Therefore

(116) W) =W (s) —n~V2AL (s 1),
Now,

(117) P(o” > g9, Sup A;’j(t) > 38> < P((Q"5) + P(Q’f’k) + P(Qg’k),
1€leo, T"]
where

Qrf’k = Q" N {o" > &)

N {30 <s<r< T”:A?j(s) <eg, inf A?j(t) > g, A?j(r) > 38},
te(s,r)

QP = QN (6" > g0l N { inf A > 8}.
2 { o} rel0eo] ¥

Let k be fixed. By the Holder assumption on /1, > away from e - X" =0, there
are positive constants ¢, ¢, px (depending on k and ¢ but not on n) such that the
following holds on Q":

(7 (1) — 07 ()] = Gy (X" (1) = Y (1), = 2" (1))
= Gij(X"(s) = Y"(5), = 2"(5))|
s <c(| (ff"m - fﬁ”(r)) - (ff’f<s) - ?f(s» |+ 12" = Z")])
< (IX" (1) = X" ()| + 1 X" (1) — X" (s)]|7*)
+ Zﬂw-ﬁfzks/s} + Zﬂue-ﬁ?ks/&

< GlIX" () — X" () |17 + g
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By (23),for0 <s <t <r < T" as above,
n~2AL (s, 1) = S (TP (1) — ST (s))
to_
(119) 'y [(@30) - i) ao
02 = i (= 8) + 0 Pl = ).
Since \Ilfj <N 7, it follows that W”. are all bounded uniformly by a constant. Since

ij
the jumps of the process Si”j are all of size n~!/2, a use of (12.9) of [5] shows that

|88 (I WL (1)) — S1(IWL()] < 2wl 70 (ST, co(t — ) +n~"/2, where co > O1is

A [& ij?
a constant. Since [|W" — ¢*||7., < kn=1/2 on Q™ using (19), and assuming 7 is
large enough we therefore have

(1200 n7'2A (s, 1) = =2w, 7a (S} ot — 5)) —n~ V2 4 cion' (e —5),
where c10 = 1 w;;./z. Hence on Q’ll’k, noting that Al’-’j (s) <e,
AL @) = A () + (B (1) — W75 (9)) — (U] () — 07 ()
< =" 2AL (s, 1) + G X1 = X" ()17 + 2
< 2w, 7 (8. ot — 5)) — cron' 2 (t — 5) + & | X" () — X" (s)[|* + 2e.
Since on Q’f’k, A;’j (r) > 3e,

e < 2wé9Tn (S'Z, co(r —s))

(121) —cion'?(r — ) + &l X" () — X" ()17,
P} < P@3") + P,
where
Qg”k ={30<s<r<T":r—s<an"'?, (121) holds},
QZ’k ={30<s<r<T":r—s>an""? (121) holds}.
On 4,

€= 2w£9Tn(§flj, coan™ /%) + CkWon (X", an~ /%P
and since (", X" (- A o™)) are tight, for every a,
lim P (25%) = 0.
n
k
On ",

croa < 20187 15,7 + e IX" I7)
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and by tightness of (S‘", )A(”(- Ao')),

lim limsup P(Q4 )_

a—>0 p_so00

As a result we have, for every k,
(122) lim_ P =0.
Regarding Qg’k, substituting s = 0 and ¢ € [0, g] in (118)—(120),

AT (6) < AL )+ 20185 1% o, — cron' Pt + Ex | X" (1) — X" |17 4 /2.

€9€0

Since A7;(e0) > e, we have on Qg’k

£/2 < A% (0) + 2(|8711%, ¢, — cron'/Ze0 + &l X" (s0) — X0 7%

€9€0

By tightness of the random variables &" := 2||S” ||69€0 Ek||)A(”(80 Aoy —

X0n |P%, the fact that 0" > gg on Qg’k, and since A;’j (0) are bounded [as follows
from (21), (22)],

(123) limsup P(22%) < limsup P(&" > cegn'/?) = 0.
p 2 p

n—oo n—oo

Combining (117), (122), (123) and (112), we obtain (114).
Now, on Q7K M" (6" Aeg) <e - Y"(c" A g9) < k. Hence by (102),

P(0" <0) < P(IM" (0" Aeg) > 1) < PUQL)) + Liggz1).-
Therefore, for every k,

lim sup lim sup P(o" <gp) <lim sup P(Q" k) ),

g0—>071

and (113) follows using (112).
Having established (113) and (114), we argue as follows. Lemma 5 and the
property (58) of the policy p’ imply that

(124) IA™ ()] < e Y (A @)™

i~j
By (53) and the uniqueness statement in Lemma 1, X ’— 171.” =2 \fll.”j for every i.

This and (27), along with an analogous argument for zn, imply that
(125) IP" =Y+ 112" = Z"]| < cizl| A"
Combining (88), (124) and (125), on QK. for every t € (g9, T1,
(126) S M" (1) < c13keg +c13t Y sup (A}DT.

i~jleo.t]
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Hence, with by as in (60),

P(oc" <T) < P((Q"")) + P(c" < &)
+ P(o" > g9, L M™(T") > 1)

+ P(a” > g0, Max sup (Af‘/-)+ > bo>
I e, T
(127)
< P((Q")) + P(o" < #0)

+ P<a” > &0, C]3TZ sup (A?j)Jr >1- c13k80)
i~jleo,T"]

+ P(max sup (A?j)Jr > bo).
1 g0, T"]

Taking eg small enough and using (112), (113) and (114), we have that
(128) lirrln P(c"<T)=0.
Since T is arbitrary, we finally have from (109), (110) and (128) that

(X", Y", Z" ") = (x%,0,0,9%), (X", W", Q1 Q%) is tight.
Also, with (128), the relations (114) and (124) show that

(129) limP< sup ||A"| > ce) =0.
" Neo,T]

In view of (74) and (125), we have from (129) that |J" ;‘J converges to zero in
distribution, for every 0 < s <t < 0o. As follows from (88), a similar statement
holds for |[M"|{ ;. Moreover, using again (126), now equipped with (129), letting

n — oo, then g9 — 07 and finally k — 00, We obtain that /M"(T) — 0 in dis-
tribution, and since T is arbitrary, .# M" = 0. This completes the proof of Propo-
sition 1.

3.3. Large time estimates. In this section we prove Proposition 2. The follow-
ing estimate from [2] is used in a crucial way.

PROPOSITION 3. Let Assumption 3(i) or (ii) hold. Let (27)—(30) hold. Then
(130) IX" (Ol < CA+D"™xl + IW™ I+ M5,

for C and m depending only on the model parameters, and in particular, not de-
pending on x, W" or on the SCP.
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PROOF. We use the following result from [2]: If
xi=wi =y i Ivij — 0. i,
J

(131)

Yv=Gx—y, —2), e-yne-z=0,
then
(132) x|l <c(l+0)"wll},

where the constants ¢, m do not depend on ¥, x, y, z: Under Assumption 3(i),
(132) follows from the proof of Corollary 1 of [2]. Under Assumption 3(ii),
(132) follows from Theorem 3 and Lemma 3 of [2].

Let

(133) Wi(t) =W (1) +r~! fot M"(5)G" (u" (s), v" () ds.

We have from (65) X = X0 4 [ b" (X!, U")ds + rW}(r). Lemma 2 implies
that there are W/, Y[ and Z/ such that (38)—(41) hold. Hence X", Y7', Z', W" W7
satisfy relations analogous to (131). As a result, a relation as in (132) holds, and
using (133) we obtain (130).

REMARK. The only two places in this paper where Assumption 3(i), (ii) is
used are in Theorem 1 and in obtaining (132) from (131). In fact, also the proof of
Theorem 1 (carried out in [2]) uses this assumption only in order to establish (132),
and if the implication “(131) implies (132)” holds true in greater generality, then
so do Theorems 1 and 2.

PROOF OF PROPOSITION 2. Most of the proof deals with part (i). Let As-
sumption 3(i) or (ii) hold. First consider policies of the form p. By (98),
W1 < et (NA™ 1 + 1S 1%, + IR 1 gry)-

By Assumption 4, applying Lemma 8 shows that, for an appropriate constant cy,
E(JJA"]7)"4 < c2(1 4 £)2, and a similar estimate holds for S”. Conditioning first
on ¢" and using the independence of A" and R”, a similar estimate follows for the
last term above. As a result,

(134) E(IW"[[))™ < ca(1 4 1)

As in the proof of Proposition 1, let " = inf{t:M{’ > 0}. Under {t" > t},
|M" |7 = 0 and therefore by Proposition 3,

(135) IXPI* <CA+n"xl+ W5, "> 1)

On {t" <1}, by (3), (5) and (20),

|M}’L|;k :n—l/lenl;k 5 n_1/2|€ . anzk 5n—1/2e . N}’l 5 C3I’l1/2,
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and by Proposition 3,

(136)  IX"IF <CA+0" Al +IW" I +n'%), 2" <1},

Combining (134), (135) and Lemma 3 [in particular, Remark (a) that follows],
P(" <1) < POIX" [[fpen = con'/?)

(137) <cen MAPE(X"

I Aen)™

<can M2 (1 4 1),
Therefore by (136), (137) and the Holder inequality, with ¢~! + 7' =1 and
qmqo=nig,
E(IX™I7)™ < E[IX" )™ Lens]
+(EQX" ") (P <)/

(138)

<cs(1+10)% + cSn(QQ)_lmAn—(zé)_lmA(l + t)c4/é

<ce(1+1)°,

1 ==

where the inequality g~ g~! <0, used on the last line above, follows from

mo <mgy/2.
Next consider the policy p’. Let by := (2bg) Vv 13, where by is the constant
from (60). Let

%, =inf{t ZO:maXA;’j zbl}.

i~j

By (88), (124) and (125),

M" < J" < c7l| A" < cgmax(A})™T.
~j

Letting T, =T A ¥y, it follows that

|M" [}, < csb.
Hence by Proposition 3, we have

IX™l3 < C+ )™ (Ixll + |W" 5, + csby)
(139) -
<co(L+ )"+ W),

where cg depends on x but not on T or n. We establish below the estimate
(140) Py <T) < con'/* "1+ 1),

where cg and m are constants that do not depend on T or n. Repeating the argu-
ment of (138), with @, in place of t”, and (139) [resp., (140)] in place of (135)
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[resp., (137)], shows that E(||)A(” 7)™ < c1o(1 4+ T)€1°, with gmg = m 4, provided
that mo <ma(ma —2)(Sma —2)~1.

In what follows we prove (140). The argument is similar to that used to prove
tightness in Section 3.2, but since the estimates must be uniform in time, a more
careful analysis is required. By (62) and (139),

X" NP 5 12" 0 I 15 < ern(L+T)™ (1 + [W"[15) =: E(n, T).
Clearly
P, <T)< Zp(supA;’j(t) > b1>.
l"\'j t<T
Let i ~ j be fixed. Recall that b1 /2 > bg. As a result of (56)—(60),
P(supA?j(t) > b1>

1<T
(141) 5P(Els,re[@n,Tn],sfr:A?j(s)§b1/2,
A;’j(t) >0,t€[s,r], Al’-’j(r) > by).

Note that by was chosen so that 1 + max;~; sup, A?j (0) < b1/2. Note also that

with A" as in (115), (119) still holds. Arguing as in (118), using the fact that for
s>0,, h(t,-)= 10, a constant function, with an appropriate constant ¢y, one has

(142) (2 (1) — B (9)] < cpnf(n, THIX" (1) — X" (o) + 1.
Also, W" — yr* = n=1/24" and therefore || ¥" — ‘ﬂ*”?n <n~'Y2¢(n, T). Thus for
s,t as in (141), recalling the notation (107) for wr (x, &), using (119),
n~V2AL (s 1) = —2we,r, (S c13(t — 5))
(143) '
— 3, T)(t —s5) +en'(t — 5),

with ¢ = min u;; wi’; > 0. Combining (116), (111), (142), (143) and specializing
tor=r,

b1/2 < A (1) — Af;(s)
<2WesT, (SZ c13(t —s))
+epEm, T)(t —s5) —en'*(t — )
+ b, THIX" (1) — X" ().

(144)

Hence

P, <T) < P(Q]) + P(2)),
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where
Q={30<s<t<T,:t—s<n" "4 (144) holds},
Qi =(30<s<t<T,:t—s>n""* (144) holds}.
On Qf,

b1/2 < 2wy, (ST, n V4 4 ci3&(n, Tyn™V* 4 e (n, TH|| X — X7,

l]’
where r —s <n~ /4, By Lemma 9 below, recalling that b; > 12,

P(2wey7 (S5, n ™14 = by /6) < cysTn'/A7mal8,
By (65), and the bound b; on M", we have || X" (1) — X" (s)|| < cE(n, T)(t —s)+

W (@) — W(s)|| + b (t — 5). Arguing again by Lemma 9, choosing By large
enough,

P(ciog(n, Ty max{| X! — X"|:0<t—s <n~V* 1 <T,} > b1/6)
< cTﬂlnl/“'*mA/S'
Also, by (98) and Lemma 8,
P(Em, T)n Y4 > b1 /6) < P(\W" |5 = cn'/*) < c16(1 + T)"™a/2p=ma/4,

Hence
(145) P(Q1) < c1sTPn!/4=mal8 4 ci6(1 4 T)mA2p=mal4,
On Q7,
<8 et + 136, TYT, + c12é(n, X! — X7l
<187 e, e+ T (1 + W™ (152,
Hence by (134),
(146) P(Q) < cig(1+ T)“18p A/,

Combining (145) and (146) we obtain (140). Finally, the last statement in the
proposition follows since all estimates used in this proof do not depend on the
function 4,,: we have used the fact that for 7 > ©,, h(t, -) = h°.

Part (ii). Using (65), (66) and Gronwall’s inequality [just like in the derivation
of (104)], one has for ¢ = p’({h,}) and an appropriate constant C| not depending
ont,n and {h,}

X% < Cre€v (14 |W"|1F 4 | M),

Replacing the estimate (130) with the above and reviewing the proof above of
part (i), one recovers the estimate (77) as claimed. [J
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LEMMA 9. Given By > 0 there are constants ci, B1, independent of n and T
such that
P(wT(A?, nl/4y > T_ﬂo) < ¢ TPpl/4=mal8, neN, T>1.

A similar estimate holds for S‘l’; in place of Af

PROOF. Fix i and suppress it from the notation. By (23),
A1) — A" (s) =n" V(A" (1) — A" (s)) —n VPNt —5).
Thus
(147) P(wr (A", n™"%) > T7F0) < P(A"(T) > 20" T) + P(Qf ) + P (2 ).
where
Qf . ={A"(T) <2)\"T, 35,1 €[0,21"T),0<t —s <n~ /4,
A1) — A" (s) > n'PT=Po A"t — 5)},
Qp - ={A™(T)<2)\"T, 35,1 €[0,22"T),0<t —s <n~ /4,
A (1) — A" (s) < —n'PT=Po 1 0t — 5)).

Recall that EU(k) = 1. Letting U"(k) = U™(k) — (A\™)"!, by (6) we have
EU"(k) =0. Let M;’ = Z/j{:1 U™ (k) and note that it is a martingale. For a real-
valued function X on Z; let osc(X, i, j) = max{| X (k) — X(D|:k,l e[i +1, jI}.
By (7), using A" < cpn, denoting p = can3/*, we have
j+n' 2T Po4r
PR ) < P(Elj <2A'T, 3r<n” VM2, Y U < ()\")lr>
k=j+1

j+n1/2+r ~
< P(Elj <2cnT,Ar <™, Y Uk < —(A”)_lnl/zT_ﬁo)
k=j+1

P(3j <2conT,0sc(M"™, j, j +2con’/*) > ¢y 'n= 1217 Fo)
< P(3j€[0,2c2nT1N {0, p, 2p, ...},

IA

osc(M", j, j+ p) = ¢; 'n=V /2T Fo3)

1/4
<1—(1—POM"|5=c; 'n=1PTPos6))> T

Burkholder’s inequality shows that
E(|M"|:;)mA §C3E(,O|U(1)|2)mA/2 < C4n3mA/8(kn)fmA < CsniSmA/S_
Hence

P(Qg,+) <1-(1- Cﬁn—nlA/BTmAﬁo)2n1/4T < e /AmalS1+mapo.
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for an appropriate constant c7. By a similar argument one shows that a similar
bound holds for P (Qg’_). As follows from Lemma 8,

P(A™(T) > 20"T) < cn™"A/2(1 + T)~"a/2,
Hence by (147),
P(wr (A", n= %) > 1) < ¢ n!/4-ma/8 T 14mafo

for an appropriate constant ¢ independent of n and 7 > 1. Since the Poisson
processes Sl.”j are in particular renewal processes (with finite m 4th moment for

interarrival times), a similar result holds for 3‘1'; [l

APPENDIX
Derivation of (30). By (24), (21), (23)
Xi @0 =n"2(X] @) = naf)

~ ~ ~ t _ n t_
=X?’"+A?(t)—25,."j(/0 \I/;’j(s)ds)—R?</O Y{’(s)ds)
j

t _ r_
+n~1/2 |:)»;’t - Znufj / Wi (s)ds — nb}' f Yi'(s) ds:|.
- 0 0
j
Substituting (31), (19), (14) and (26) in the above, we obtain

A A ~ ! T
Xp ) = X" +r W) - ZM?J-/O Wi (s) ds
J

. ~
_9;1/0 Yi"(s)ds+x?z+n1/2[x,~ —Zu?jwé}-
J

Finally, according to (14), (17) and (19), the last term above can be written as
- ,&l’.‘j i’;t. Equation (30) follows. [J
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