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ON OPTIMALITY GAPS IN THE HALFIN-WHITT REGIME

BY BARIS ATA AND ITAI GURVICH
Northwestern University

We consider optimal control of a multi-class queue in the Halfin—Whitt
regime, and revisit the notion of asymptotic optimality and the associated op-
timality gaps. The existing results in the literature for such systems provide
asymptotically optimal controls with optimality gaps of 0(/n) where n is the
system size, for example, the number of servers. We construct a sequence of
asymptotically optimal controls where the optimality gap grows logarithmi-
cally with the system size. Our analysis relies on a sequence of Brownian
control problems, whose refined structure helps us achieve the improved op-
timality gaps.

1. Introduction. Queueing models with many-servers are prevalent in model-
ing call centers and other large-scale service systems. They are used for optimizing
staffing and making dynamic control decisions. The complexity of the underlying
queueing model renders such optimization problems intractable for exact analy-
sis, and one needs to resort to approximations. A prominent mode of approximate
analysis is to study such systems in the so-called Halfin—-Whitt (HW) heavy-traffic
regime; cf. [8]. Roughly speaking, the analysis of a queueing system in the HW
regime proceeds by scaling up the number of servers and the arrival rate of cus-
tomers in such a way that the system load approaches one asymptotically. To be
more specific, instead of considering a single system, one considers a sequence of
(closely related) queueing systems indexed by a parameter n along which the ar-
rival rates and the number of servers scale up so that the system traffic intensity p”
satisfies

(1) Vn(l—p" — B as n — 0o.

In the context of dynamic control, passing to a formal limit of the (properly
scaled) system dynamics equations as n — oo gives rise to a /imit diffusion control
problem, which is often more tractable than the original dynamic control problem
it approximates. The approximating diffusion control problem typically provides
useful structural insights and guides the design of good policies for the original
system. Once a candidate policy is proposed for the original problem of interest,
its asymptotic performance can be studied in the HW regime. The ultimate goal is
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to establish that the proposed policy performs well. To this end, a useful criterion is
the notion of asymptotic optimality, which provides assurance that the optimality
gap associated with the proposed policy vanishes asymptotically under diffusion
scaling as n — o0o. Hence, asymptotic optimality in this context is equivalent to
showing that the optimality gap is o(,/n).

A central reference for our purposes is the recent paper by Atar, Mandelbaum
and Reiman [2], where the authors apply all steps of the above scheme to the im-
portant class of problems of dynamically scheduling a multiclass queue with many
identical servers in the HW regime. Specifically, [2] considers a sequence of sys-
tems indexed by the number of servers n, where the number of servers and the
arrival rates of the various customer classes increase with n such that the heavy-
traffic condition holds; cf. equation (1). Following the scheme described above,
the authors derive an approximate diffusion control problem through a formal lim-
iting argument. They then show that the diffusion control problem admits an opti-
mal Markov policy, and that the corresponding HJB equation (a semilinear elliptic
PDE) has a unique classical solution. Using the Markov control policy and the HIB
equation, the authors propose scheduling control policies for the original (sequence
of) queueing systems of interest. Finally, they prove that the proposed sequence of
policies is asymptotically optimal under diffusion scaling. Namely, the optimality
gap of the proposed policy for the nth system is o(4/n). A similar approach is ap-
plied to more general networks in [1]. In this paper, we study a similar queueing
system (see Section 2). Our goal, however, is to provide an improved optimality
gap which, in turn, requires a substantially different scheme than the one alluded
to above.

Approximations in the HW regime for performance analysis have been used
extensively for the study of fixed policies. Given a particular policy, it may of-
ten be difficult to calculate various performance measures in the original queue-
ing system. Fortunately, the corresponding approximations in the HW regime are
often more tractable. The machinery of strong approximations (cf. Csérgo and
Horvéth [4]) often plays a central role in such analysis. In the context of many-
server heavy-traffic analysis, with strong approximations, the arrival and service
processes (under suitable assumptions on the inter-arrival and service times) can
be approximated by a diffusion process so that the approximation error on finite
intervals is O (logn) (where n is the number of servers as before). Therefore, it is
natural to expect that, under a given policy, the error in the diffusion approxima-
tions of the various performance metrics is O (logn), which is indeed verified for
various settings in the literature (see, e.g., [11]).

A natural question is then whether one can go beyond the analysis of fixed poli-
cies and achieve an optimality gap that is logarithmic in n also under dynamic
control, improving upon the usual optimality gap of o(4/n). More specifically, can
one propose a sequence of policies (one for each system in the sequence) where the
optimality gap for the policy (associated with the nth system) is logarithmic in n?
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While one hopes to get logarithmic optimality gaps as suggested by strong ap-
proximations, it is not a priori clear if this can be achieved under dynamic control.
The purpose of this paper is to provide a resolution to this question. Namely, we
study whether one can establish such a strong notion of asymptotic optimality and
if so, then how should one go about constructing policies which are asymptotically
optimal in this stronger sense.

Our results show that such strengthened bounds on optimality gaps can be at-
tained. Specifically, we construct a sequence of asymptotically optimal policies,
where the optimality gap is logarithmic in n. Our analysis reveals that identifying
(a sequence of) candidate policies requires a new approach. To be specific, we ad-
vance a sequence of diffusion control problems (as opposed to just one) where the
diffusion coefficient in each system depends on the state and the control. This is
contrary to the existing work on the asymptotic analysis of queueing systems in the
HW regime. In that stream of literature, the diffusion coefficient is typically a (de-
terministic) constant. Indeed, Borkar [3] views the constant diffusion coefficient as
a characterizing feature of the problems stemming from the heavy-traffic approx-
imations in the HW regime. Interestingly, it is essential in our work to have the
diffusion coefficient depend on the state and the control for achieving the logarith-
mic optimality gap. In essence, incorporating the impact of control on the diffusion
coefficient allows us to track the policy performance in a more refined manner.

While the novelty of having the diffusion coefficient depend on the control fa-
cilitates better system performance, it also leads to a more complex diffusion con-
trol problem. In particular, the associated HIB equation is fully nonlinear; it is
also nonsmooth under a linear holding cost structure. In what follows, we show
that each of the HIB equations in the sequence has a unique smooth solution on
bounded domains and that each of the diffusion control problems (when consid-
ered up to a stopping time) admits an optimal Markov control policy. Interpreting
this solution appropriately in the context of the original problem gives rise to a
policy under which the optimality gap is logarithmic in n. As in the performance
analysis of fixed policies, strong approximations will be used in the last step, where
we propose a sequence of controls for the original queueing systems, and show that
we achieve the desired performance. However, it is important to note that strong
approximation results alone are not sufficient for our results. Rather, for the im-
proved optimality gaps we need the refined properties of the solutions to the HIB
equations. Specifically, gradient estimates for the sequence of solutions to the HIB
equations (cf. Theorem 4.1) play a central role in our proofs.

Our analysis restricts attention to a linear holding cost structure. However, we
expect the analysis to go through for some other cost structures including convex
holding costs. Indeed, the analysis of the convex holding cost case will probably be
simpler as one tends to get “interior” solutions in that case as opposed to the cor-
ner solutions in the linear cost case, which causes nonsmoothness. One could also
enrich the model by allowing abandonment. We expect the analysis to go through
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with no major changes in these cases as well; see the discussion of possible exten-
sions in Section 7. For purposes of clarity, however, we chose not to incorporate
these additional/alternative features because we feel that the current set-up enables
us to focus on and clearly communicate the main idea: the use of a novel Brow-
nian model with state/control dependent diffusion coefficient to obtain improved
optimality gaps.

Organization of the paper. Section 2 formulates the model and states the main
result. Section 3 introduces a (sequence of) Brownian control problem(s), which
are then analyzed in Section 4. A performance analysis of our proposed policy ap-
pears in Section 5. The major building blocks of the proof are combined to estab-
lish the main result in Section 6 and some concluding remarks appear in Section 7.

2. Problem formulation. We consider a queueing system with a single
server-pool consisting of n identical servers (indexed from 1 to n) and a set
Z={1,...,1} of job classes as depicted in Figure 1. Jobs of class-i arrive ac-
cording to a Poisson process with rate A; and wait in their designated queue until
their service begins. Once admitted to service, the service time of a class-i job is
distributed as an exponential random variable with rate u; > 0. All service and
interarrival times are mutually independent.

Heavy-traffic scaling. We consider a sequence of systems indexed by the num-
ber of servers n. The superscript #n will be attached to various processes and param-
eters to make the dependence on n explicit. (It will be omitted from parameters and
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FI1G. 1. A multiclass queue with many servers.
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other quantities that do not change with n.) We assume that A} = g;A" for all n,
where A" is the total arrival rate and a; > 0 for i € Z with ) ; a; = 1. This as-
sumption is made for simplicity of notation and presentation. Nothing changes in
our results if one assumes, instead, that A} /n — A; and ﬁ(k? /n—Ai) — i,- as
n— oo where X;/ Y rcr Ak =a; > 0.
The nominal load in the nth system is then given by
A a;

R'=) L= )"} =
Xi: Hi . Mi ’
so that defining i = [Y"; @;/u;1~! we have that R” = A" /1, which corresponds to
the nominal number of servers required to handle all the incoming jobs. The heavy-
traffic regime is then imposed by requiring that the number of servers deviates from
the nominal load by a term that is a square root of the nominal load. Formally, we
impose this by assuming that A" is such that

2) n=R"+ vR"

for some B € (—o0, 00) that does not scale with n. Also, we define the relative
load imposed on the system by class-i jobs, denoted by v;, as follows:
ai/i

2 ke Gk/ Ik

Note that } ;.7 v; = 1, and v;n can be interpreted as a first-order (fluid) estimate
for the number of servers busy serving class-i customers.

3) V;

2.1. System dynamics. Let Q% (¢) and X (t) denote the number of class-i jobs
in the queue and in the system, respectively, at time ¢ in the nth system. Similarly,
let Z{'(t) denote the number of servers working on class-i jobs at time ¢. Clearly,
for all i, n, t, the following holds:

XMt = ZMt) + Q1 (1).

In our setting, a control corresponds to determining how many of the class-i
jobs currently in the system are placed in queue and in service for i € Z. We take
the process Z" as our control in the nth system. Note that one can equivalently
take the queue length process Q" as the control. (The knowledge of either process
is sufficient to pin down the evolution of the system given the arrival, service pro-
cesses and the initial conditions.) Clearly, the control process must satisfy certain
requirements for admissibility, including the usual nonanticipativity requirement.
We defer a precise mathematical definition of admissible controls for now (see
Definition 2.2). However, it should be clear that, given the process Z", one can
construct the other processes of interest.

To be specific, consider a complete probability space (2, F,P) and 2/ mutu-
ally independent unit-rate Poisson processes (/\fia(-), J\fid (+),i € Z) on that space.
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Given the primitives (/\/'l.d(-),./\/'i“(-), X(0), Z!'(0);i € 7) and the control pro-
cess Z", we construct the processes X", Q" as follows: fort >0 andi € 7

t

@) X)) = X O + NP G0~ N (1 [ 200 ds )
0

®) Qi (1) = X{'(t) = Z} (1).

The processes Z", 0", X" must jointly satisfy the constraints

6) Q") X"(0), 2"t ey, e-Z"()<n,

where e is the I-dimensional vector of ones.

Controls can be preemptive or nonpreemptive. Under a nonpreemptive control,
a job that is assigned to a server keeps the server busy until its service is completed.
In particular, given a nonpreemptive control Z", the process Z!' can decrease only
through service completions of class-i jobs. In contrast, the class of preemptive
controls is broader. While it includes nonpreemptive policies, it also includes con-
trols that (occasionally) may preempt a job’s service. The preempted job is put
back in the queue and its service is resumed at a later time (possibly by a different
server). Hence, the class of preemptive controls subsumes the class of nonpreemp-
tive ones (which is also immediate from Definition 1 in [2]) and the cost of an
optimal policy among preemptive ones gives a lower bound for that among the
nonpreemptive ones.

In what follows, we will largely focus on preemptive controls, which are easier
to work with, and derive a specific policy which is near optimal in that class. The
specific policy we derive is, however, nonpreemptive, and therefore, is near opti-
mal among the nonpreemptive policies as well. More specifically, the policy we
propose belongs to a class which we refer to as tracking policies.

To facilitate the definition of tracking policies, define U C Rﬂr as

) u={uer] Zu,_l}

Also, forall i and r > 0, let
(8) X"(t) = X" (t) — vin.
Hence, the process X i captures the oscillations of the process X' around its “fluid”

approximation v;n. Throughout our analysis, for x € R we let (x)™ = max{0, x}
and (x)” = max{0, —x}.

DEFINITION 2.1. Given a function & :R! — I/, an h-tracking policy makes
resource allocation decisions in the nth system as follows:

(1) It is nonpreemptive. That is, once a server starts working on a job, it con-
tinues without interruption until that job’s service is completed.
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(i1) It is work conserving. That is, the number of busy servers satisfies e -
Z"(t) = (e - X"(t)) A n for all t+ > 0. In particular, no server is idle as long as
there are n or more jobs in the system.

(iii)) When a class-i job arrives to the system it joins the queue of class i if all
servers are busy processing other jobs. Otherwise, the lowest-indexed idle server
starts working on that job.

(iv) A server that finishes processing a job at a time ¢, idles if all queues are
empty. Otherwise, she starts working on a job of class i € K(f—) with probability
A}/ Y kek—) M » Where, for ¢ > 0, the set K(¢—) is defined by

) K@t—)={keT:0x(t) — hi(X"(t=))(e- X"(t—))" > 0}.

Finally, if (e - X" (t—)T > 0 and K(t—) = @, she picks for service a customer
from the lowest index nonempty queue.

REMARK 2.1. For our optimality-gap bounds and, in particular, for the proof
of Theorem 5.1 it is important that the policy be such that each of the job classes
in the set K(¢) gets a sufficient share of the capacity. This prevents excessive os-
cillation of the queues that may compromise the optimality gaps. Such oscillations
could arise if, for example, the policy chooses for service a job of class

i = minargmax{Qx(1—) - h(X"(t=))(e - X" (t—)) " : Q1 (t—) > 0}.

Randomization is just one way to overcome such oscillations and, as the proofs
(specifically that of Theorem 5.1) reveal, any choice rule that guarantees a suffi-
cient share of the capacity to a class in K(r—) will suffice.

Our main result shows that a (nonpreemptive) tracking policy can achieve a near
optimal performance among preemptive policies. Note that in our setting under
preemption, one can restrict attention to work-conserving policies, that is, policies
under which the servers never idle as long as there are jobs to work on.! More
precisely, a control is work conserving if the following holds for all ¢ > 0:

(10) e-Q"(t)=(e- X"(1))".

Hereafter, we focus on work-conserving controls. Each such control can be
mapped into a ratio control, which specifies what fraction of the total number of
jobs in queue belongs to each class. To that end, let

Q7 ()

11 u't)y=—————.
1D i () @ 0"V

1By a coupling argument, this can be shown to hold with general queueing costs provided that
there are no abandonments and that the service times are exponential; see, for example, the coupling
argument on page 1126 of [2].
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Note that the original control Z" can be recovered from the ratio control U" as
follows:

ZMe) = X" (1) — UMY (e- X" ()"
Equations (4)—(6) can then be replaced by

X7 (1) = X7(0) + N (M)
(12)

t v
- N (m fo (X!() = Ul () (e- X"0))") ‘”)’

(13) Qr(t)=Ul"t)(e- X"(1)",

(14) Z} () =X () — Q7 (1),
(15) X} (6)=X}(t) —vin,
(16) Uty eu, Q'(nezl, X"eZl.

Define the filtration
Fr =N (). N (s):i €L, s <1}
and the o-field
(17) Foo=\ F.

t>0

Informally, F, contains the information about the entire evolution of the pro-
cesses (N}, /\fid, i € 7). A natural notion of admissibility requires that the control
is nonanticipative so that it only uses historical information about the process X"
and about the arrivals and service completions up to the decision epoch. To accom-
modate randomized policies (as the A-tracking policy) we allow the control to use
other information too as long as this information is independent of Fo.

DEFINITION 2.2. A process U = (U;(t),t > 0,i € 7) is a ratio control for
the nth system if there exists a process X" = (X", Q", Z", X ) such that, together
with the primitives, (X", U) satisfies (12)—(16). The process U is an admissible
ratio control if, in addition, it is adapted to the filtration G Vv F;' where

)
Fr =o{A@“<A§’s>, X! [ 20 du

N
/\/,.d<u,-/0 Z;l(u)du>;iez,05s 5;},

and G is a o-field that is independent of F... The process X" is then said to be
the queueing process associated with the ratio control U. We let 1" be the set of
admissible ratio controls for the nth system.
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Ratio controls are work conserving by definition, but they need not be non-
preemptive in general. However, note that given a function 4 : R’ — I/, the (non-
preemptive) h-tracking policy corresponds to a ratio control Uy, which is non-
preemptive. To be specific, given the primitives and the h-tracking policy, one
can construct the corresponding queueing process X" = (X", 0", Z", X") (see
the construction after Lemma A.1). Then the ratio control Uj, is constructed using
the relation (11) so that X" and U}, jointly satisfy (12)—(16). Hence, one can speak
of the ratio control and the queueing process associated with an A-tracking policy.
Note that since the tracking policy makes resource allocation decisions using only
information on the state of the system at the decision epoch (together with a ran-
domization that is independent of the history), the resulting ratio control is admis-
sible in the sense of Definition 2.2. The terms ratio control and A-tracking policy
appear in several places in the paper. It will be clear from the context whether we
refer to an arbitrary ratio control or to one associated with an A-tracking policy.

We close this section by stating the main result of the paper. To that end, let

(18) X" ={(x,q) €Z¥ :q =u(e-x —n)" for some u € U}.

That is, X" is the set on which (X", Q") can obtain values under work conser-
vation. In this set e - ¢ = (¢ - x — n)™ so that positive queue and idleness do not
co-exist. We let Eg 4[] denote the expectation with respect to the initial condition
(X"(0), 0"(0)) = (x, g) and an admissible ratio control U. Given a ratio control
U and initial conditions (x, g), the expected infinite horizon discounted cost in the
nth system is given by

(19) C”(x,q,U):qu[/ooe_V‘c-Q”(s)ds],
’ 0

where ¢ = (c1,...,cy) is the strictly positive vector of holding cost rates and
y > 0 is the discount rate. For (x, g) € X", the value function is given by

Vi(.q)= inf EY Uooe—ysc- Q”(s)ds].
S 0

" X,q
We next state our main result.
THEOREM 2.1. Fix a sequence {(x",q"),n € Zy} such that (x",q") € X"
and |x" — vn| < M/n for all n and some M > Q. Then, there exists a sequence

of tracking functions {h",n € Z.} together with constants C,k > 0 (that do not
depend on n) such that

C"(x",q", Up) < V”(x",q”)—l—Clogkn foralln,

where Uy} is the ratio control associated with the h" -tracking policy.
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The constant k in our bound may depend on all system and cost parameters
but not on n. In particular, it may depend on (u;, ¢;,a;;i € Z) and 8. Its value is
explicitly defined after the statement of Theorem 4.1.

Theorem 2.1 implies, in particular, that the optimal performance for nonpre-
emptive policies is close to that among the larger family of preemptive policies.
Indeed, we identify a nonpreemptive policy (a tracking policy) in the queueing
model whose cost performance is close to the optimal value of the preemptive
control problem.

The rest of the paper is devoted to the proof of Theorem 2.1, which proceeds by
studying a sequence of auxiliary Brownian control problems. The next subsection
offers a heuristic derivation and a justification for the relevance of the sequence of
Brownian control problems to be considered in later sections.

2.2. Toward a Brownian control problem. We proceed by deriving a sequence
of approximating Brownian control problems heuristically, which will be instru-
mental in deriving a near-optimal policy for our original control problem. It is im-
portant to note that we derive an approximating Brownian control problem for each
n as opposed to deriving a single approximating problem (for the entire sequence
of problems). This distinction is crucial for achieving an improved optimality gap
for n large because it allows us to tailor the approximation to each element of the
sequence of systems.

To this end, let

I =)} — ujvin fori eT.

Fixing an admissible control U" for the nth system [and centering as in (8)], we
can then write (12) as

v v t N4 v v
(20) X;’(t) = X,’-’(O) + l,”t — Wi ./0 (Xf’(s) — Ui”(s)(e . X”(s))+)ds + W,-”(t),
where

Win(l‘) = N*W') — Mt + i /Ot(}?f(s) — U (s)(e - )V(n(S))+) ds
2D t
- N (/u fo (X7(s) +vin — Ul (s)(e- X" (5))7) ‘“)'

In words, Wi” () captures the deviations of the Poisson processes from their means.
It is natural to expect that an approximation result of the following form will hold:
(X}, W/;i € T) can be approximated by (X}', W/';i € T) where

i i i

A A [ A A A
K00 = K20) + 1 — g /0 (R2(s) = Ul (s)(e - X()) ) ds + Wi (1),

W;(t) = B¢ (A\'t) + BS (ui fo t(f(?(s) +vin— U s)(e- X"(5))™) ds)
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and B”, B* are [-dimensional independent standard Brownian motions. Moreover,
by a time-change argument we can write (see, e.g., Theorem 4.6 in [9])

A A t A A

X'y =X"0)+ 1"t — i f XM (s) = Ul (s)(e- X"(s))+ds
(22) °

+ fot AT (R0 ) + vin — U (s) (e - X7 () ) dBis),
where B is an /-dimensional standard Brownian motion constructed by setting
B = [ CABS (i 3R @) + vin — U o)(e - R @)) du)
0 (X () + vin — Ul (s)(e - X7(s))
B (A1)
At

Taking a leap of faith and arguing heuristically, we next consider a Brownian
control problem with the system dynamics

A t A A [ A A
(23) X”(t):x—l—fo bn(X"(s),U"(s))ds—l—/0 o (X" (s),U"(s))dB(t),

where U" will be an admissible control for the Brownian system and

(24) b u) =1 — wi(xi —ui(e-x))
and
(25) ol (x.u) = /A + pivin + i (xi — ui(e - 0)*).

Note that the Brownian control problem will only be used to propose a candidate
policy, whose near optimality will be verified from first principles without relying
on the heuristic derivations of this section.

To repeat, the preceding definition is purely formal and provided only as a
means of motivating our approach. In what follows, we will directly state and
analyze an auxiliary Brownian control problem motivated by the above heuristic
derivation. The analysis of the auxiliary Brownian control problem lends itself to
constructing near optimal policies for our original control problem. To be more
specific, the system dynamics equation (23), and in particular, the fact that its vari-
ance is state and control dependent, is crucial to our results. Indeed, it is this feature
of the auxiliary Brownian control problems that yields an improved optimality gap.

Needless to say, one needs to take care in interpreting (23)—(25), which are
meaningful only up to a suitably defined hitting time. In particular, to have o”
well defined, we restrict attention to the process while it is within some bounded
domain. Actually, it suffices for our purposes to fix « > 0 and m > 3 and consider
the Brownian control problem only up to the hitting time of a ball of the form

(26) B! ={x eR':|x| < k/nlog" n},
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where | - | denotes the Euclidian norm. We will fix the constant m throughout and
suppress the dependence on m from the notation. Setting

27 n(k) =inf{n € Zy:0"(x,u) > 1forall x € B}, u e U},

the diffusion coefficient is strictly positive for all n > n(x) and x € B}. Note that,
forallieZ,x e B} andu e U,

(07" (x, )2 = A + jivin — 2k /nlog” n,

so that (o' (x, u))? > u;vin/2 > 1 for all sufficiently large n and, consequently,
n(k) < oo.

REMARK 2.2. In what follows, and, in particular, through the proof of The-
orem 2.1, the reader should note that while choosing the size of the ball to be en
(with € small enough) would suffice for the nondegeneracy of the diffusion coeffi-
cient, that choice would be too large for our optimality gap proofs.

3. An approximating diffusion control problem (ADCP). Motivated by the
discussion in the preceding section, we define admissible systems as follows.

DEFINITION 3.1 (Admissible systems). Fix « >0, n € Z and x € R, We
refer to 0 = (2, F, (F;), P, U, B) as an admissible («k, n)-system if:

(a) (2, F, (F),P)is a complete filtered probability space.
(b) I?(-) is an I-dimensional standard Brownian motion adapted to (F;).
(c) U is U-valued, F-measurable and (F;) progressively measurable.

The process U is said to be the control associated with 6. We also say that X is
a controlled process associated with the initial data x and an admissible system 6
if X is a continuous (Ft)-adapted process on (€2, F, P) such that, almost surely,
fort <17,

R t “ n t ~ N ~
X(t):x—i—/o b"(X(s),U(s))dS—i—fo o (X (s),U(s))dB(t),

where b"(-,-) ar}d o"(-,-) are as defined in (24) and (25), respectively, and
T =inf{r > 0: X (¢) ¢ B}. Given « > 0 and n € Z, we let ®(x, n) be the set
of admissible («, n)-systems.

The Brownian control problem then corresponds to optimally choosing an ad-
missible (k, n)-system with associated control (U (¢),t > 0) that achieves the min-
imal cost in the optimization problem

n

(28) V'(x,k)= inf Ez[/orke_VSZc,'lA]i(s)(e-)A((s))+dsi|,

0e®(k,n) T
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where Eg[-] is the expectation operator when the initial state is x € R’ and the
admissible system 6. Hereafter, we refer to (28) as the ADCP on B};. The follow-
ing lemma shows that the Definition 3.1 is not vacuous. The proof appears in the
Appendix.

LEMMA 3.1. Fix the initial state x e R!, x >0, n > n(k) and an admissible
(k, n)-system 0. Then, there exists a unique controlled process X associated with
x and 6.

To facilitate future analysis, note from the definition of 7;' and (28) that

(29) Vi(x, k) < l(e-c)/c\/ﬁlogmn.
y

DEFINITION 3.2 (Markov controls). We say that an admissible («, n)-system
0= (Q,F,(F),P, U, B) with the associated controlled process X" induces
a Markov control if there exists a function g"(-):B; — U such that U 1) =
g”()A( (1)) for t < 7. We extend the function g" to R’ as follows:

n — g " ('x ) ’ X € BZ ’
(30) o (x) = { el, otherwise,
where e is the /-dimensional vector whose first component is 1 while the others
are 0. We refer to 4" (-) as the tracking function associated with the admissible
system 6.

In what follows, a policy U will be called optimal for the approximating dif-
fusion control problem (ADCP) on B} if there exists an admissible («, n)-system

0 =(Q,F,(F),P,U, B) such that

on
V" (x, k) = kY |:/ Cems Zci Ui (s)(e- )A((s))Jr ds]
0 iel

Recall that X and U are used to denote performance relevant stochastic pro-
cesses in both the Brownian model and the original queueing model, and that we
add a hat, that is, we use X and U in the context of the Brownian model. To avoid
confusion, the reader should keep in mind that hat-processes correspond to the
ADCP while the ones with no hats correspond to the original queueing model.

Roadmap for the remainder of the paper. The main result in Theorem 2.1
builds on the following steps:

1. In Section 4 we show that for each n, the HIB equation associated with the
ADCP has a unique and sufficiently smooth solution. Using that solution we
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advance an optimal Markov control for the ADCP together with the correspond-
ing tracking function. We also identify useful gradient bounds on the solutions
to the sequence of HIB equations; cf. Theorem 4.1.

2. In Section 5 we conduct a performance analysis of A-tracking policies in the
queueing system; cf. Theorem 5.1.

3. The result of Theorem 5.1 together with the gradient estimates in Theorem 4.1
are combined in a Taylor expansion-type argument in Section 6 to complete the
proof of Theorem 2.1.

As a convention, throughout the paper we use the capital letter C to denote a
constant that does not depend on n. The value of C may change from line to line
within the proofs but it will be clear from the context.

4. Solution to the ADCP. This section provides a solution for the ADCP on
B} for each n € Z and k > 0. The HJB equation is a fully nonlinear and nonsmooth
PDE. As such, it requires extra care when compared with the usual semilinear
PDE:s that arise in the analysis of asymptotically optimal controls in the Halfin—
Whitt regime. We will build on existing results in the theory of PDEs and proceed
through the following steps: (a) establish the existence and uniqueness of classical
solutions; (b) relate this unique solution to the value function of the ADCP and (c)
establish useful gradient estimates on the solution for the HIB equation. The last
step is not necessary for existence and uniqueness but is important for the analysis
of optimality gaps.

In what follows, we fix ¥« > 0 and n > n(x) and suppress the dependence of
the solution to the HIB equation on n and «. The following notation is needed to
introduce the HJB equation. Given a twice continuously differentiable function ¢,
define

¢ 3%

i =— and ¢;j=—=.
¢l GXi ¢ll ax[z

Also, define the operator A, for u € U as follows:
1
(31) A=) b Cowdi+ 2 3 (07 (1) i,
i€l i€l

Defining
L(x,u)= Zciui(e cx)*T

i€l
forx e Ri and u € U, the HIB equation is given by

(32) 0= inf {LCx,u) + Ayp(x) =y ().
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Substituting b" (-, -) and " (-, -) into (32) gives

0=~y -+ (e -minfr -+ it () = Sy (0
(33) o
+ D 0 — pixi)i(x) + 3 D (M 4 i vin + x0)) i (x).
i€l i€l

Our analysis of the HIB equation (33) draws on existing results on fully non-
linear PDEs, and, in particular, the results on Bellman—Pucci type equations; cf.
Chapter 17 of [6].

In what follows, fixing a set B C RL, C%(B) denotes the space of twice contin-
uously differentiable functions from B to R. For u € C2(B), we let Du and D*u
denote the gradient and the Hessian of u, respectively. The space C>*(B) is then
the subspace of C>(3) members of which also have second derivatives that are

Holder continuous of order «. That is, a twice continuously differentiable function
u:R! — Risin C>%(B) if

|D?u(x) — D*u(y)| s

sup )
x,yEB,x#y |x — y|¢
where |- | denotes the Euclidian norm. We define d, = dist(x, 98) = inf{|x —

y|, y € 9B} where 9B stands for the boundary of 5 and we let dy ; = min{d,, d;}.
Also, we define

2 2 2
|D“u(x) — Du(y)|
N D By e
j=0 X, yeB,x#y y

where [u];‘-’B = SUP,cp d){|Dju(x)| for j =0, 1, 2. Note that dl denote the jth
power of d, and, similarly, d)%f;“ is the (2 + a)th power of dy y. Finally, we let
|u|8’3 = [u]gvg = SUPyep [u(x)].

In the statement of the following theorem, ¢; is the /-dimensional vector with 1
in the jth place and zeros elsewhere. Also, By, m and n(k) are as defined in (26)
and (27), respectively.

THEOREM 4.1. Fix k > 0 and n > n(x). Then, there exists 0 < a <1 (that
does not depend on n) and a unique classical solution ¢, € co1 (B,’C’) N Cz’“(BZ)
to the HIB equation (33) on B} with the boundary condition ¢; =0 on dB}.
Furthermore, there exists a constant C > 0 (that does not depend on n) such that

(35) 6115 0.y = C/loglon,
where kg =4m(1 4+ 1/a). In turn, for any ¥ < 1,

logk2n

Nz

C C
(36)  sup |DY(0)] < log'n and  sup ID2¢Z(x)|§ﬁ

n —_ 19 71
xeBy, xeBy,
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withky = ko —m and ky = kg — 2m. Also,

sup| Y ((@1)ii () — (@i (1)) (0] (x, u))*
ueld iel
(37)
< — o logk1 n

forall x,y € By, with |x —y| <1.

Note that (36) follows immediately from (35) through the definition of the oper-
ation | - Iia? g 10 (34). Henceforth, we will use k;, i = 0, 1, 2 for the values given in
the statement of Theorem 4.1. Moreover, the constant k appearing in the statement
of Theorem 2.1 is equal to kg + 3.

Theorem 4.1 facilitates a verification result, which we state next followed by
the proof of Theorem 4.1. Below, yr (x, «) is the value function of the ADCP; cf.
equation (28).

THEOREM 4.2. Fix k > 0 and n > n(x). Let ¢} be the unique solution to
the HJIB equation (33) on B} with the boundary condition ¢;} =0 on dB}. Then,
ol (x) = Vi(x, k) for all x € B}. Moreover, there exists a Markov control which
is optimal for the ADCP on B}. The tracking function h}>" associated with this
optimal Markov control is defined by h}>" (x) = e;n(y), where

1
(38) i"(x)=min argmin{ (c,- @i — Sk (¢z>,-i(x))<e - x>+}.

i€l

The HIB equation (33) has two sources of nondifferentiability. The first source
is the minimum operation and the second is the nondifferentiability of the term
(e - x)*. The first source of nondifferentiability is covered almost entirely by the
results in [6]. To deal with the nondifferentiability of the function (e - x)*, we
use a construction by approximations. The proof of existence and uniqueness in
Theorem 4.1 follows an approximation scheme where one replaces the nonsmooth
function (e-x)" by a smooth (parameterized by a) function f, (e-x). We show that
the resulting “perturbed” PDE has a unique classical solution and that as a — oo
the corresponding sequence of solutions converges, in an appropriate sense, to a
solution to (33) which will be shown to be unique. Note that this argument is
repeated for each fixed n and «.

To that end, given a > 0, define

> !
. Y= a0
(39) fa(y) = , 1 1 1 1
- _ e <y< —
@ 2y+16a’ 4a_y_4a’

0, otherwise.
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Replacing (e - x)™ with f,(e - x) in (33) gives the following equation:

. 1
0= —y9() + fule-x) - minle; + i () = S pidhi ()}
(40) )
+ D A = pixi) i (x) + > D (A + wi(vin + x0)) i (x).
i€l iel
To simplify this further, let ' = B! x R} x R? x R/* and for all y € T, define
the function

(41) FXyl=min{F}[y], ..., F/y1},
where fork e Z and y = (x,z, p,r) €T,

FXy1 = fale- x)[Ck + Uk pr — %,U«krkki| + ) U = wixi)pi
42) 1 <
T3 Z(A:’ + wi(vin +x))rii — yz.
ieT
Then, (40) can be rewritten as
43) Fulx,u(x), Du(x), Dzu(x)] =0.

In the following statement we use the gradient notation introduced at the begin-
ning of this section.

PROPOSITION 4.1.  Fix « >0, n > n(x) and a > 0. A unique classical solu-
tion ;. , € co-1 BHN Cz""(B,’C’) exists for the PDE (40) on B}! with the boundary
condition ¢, , = 0 on By Moreover,

(44) 160 413,050 < Clo oI5 n logon < C

Jor ko =4m(1 + 1/a) where 0 <o <1 and C > 0 do not depend on a and n and
C does not depend on a. Also, ¢, , is Lipschitz continuous on the closure B with
a Lipschitz constant that does not depend on a (but can depend on k and n).

We postpone the proof of Proposition 4.1 to the Appendix and use it to complete
the proof of Theorem 4.1, followed by the proof of Theorem 4.2.

Proof of Theorem 4.1. Since we fix n and «, they will be suppressed below.
We proceed to show the existence by an approximation argument. To that end,
fix a sequence {a*;k € Z} with a¥ — 0o as k — oo and let ¢« be the unique
solution to (40) as given by Proposition 4.1. The next step is to show that ¢« has
a subsequence that converges in an appropriate sense to a function ¢, which is, in
fact, a solution to the HJB equation (33). To that end, let

(45) Cr4(B) = {u e C**(B): |ul} 4 5 < 00}.
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Then, Cz’“(B) is a Banach space (see, e.g., Exercise 5.2 in [6]). Since the bound in
(44) is independent of a, we have that {¢«} is a bounded sequence in C f*“ (B) and
hence, contains a convergent subsequence. Let u be a limit point of the sequence
{¢,«}. Since the gradient estimates in Proposition 4.1 are independent of a, they
hold also for the limit function u, that is,

(46) lul3 o5 < Clulf glogn < C

for constants « and C that are independent of n. Proposition 4.1 also guarantees
that the global Lipschitz constant is independent of a so that we may conclude that
u € C%1(B) and that u = 0 on 9.

We will now show that u solves (33) uniquely. To show that u solves (33), we
need to show that F[u] = 0 (where F[-] is defined similar to F,[-] with (e - x)T
replacing f,(e - x)). To that end, let {a*, k € Z} be the corresponding convergent
subsequence [i.e., such that ¢« — u in Cf’“ (B)]. Henceforth, to simplify notation,
we write

Foy [ ()] = F ot [x, ¢ty (x), Dby (x), Dby (x)]

(and similarly for F[-]). Fix 8§ > 0 and let B(8) = {x e R! : |x| < k/nlog™ n — §}.
Note that since ¢, — u in C2*(B) we have, in particular, the convergence of
(¢ 4 (x), D iy (x), D*p 1y (x)) — (u(x), Du(x), D?u(x)) uniformly in x € B(3).
The equicontinuity of the function F“[-] on I" guarantees then that

(47) |F gy [ ()] = For [u(x)]] < €

for all / large enough and x € B(§). Note that sup, s | fa(e - x) — (e -x)F| <€ for
all a large enough so that,

(48) sup | F [u(x)] — Flu(x)]| <€
xeB

for all / large enough. Combining (47) and (48), we then have
sup | F iy [@ ()] — Flu(x)]| < 2e
xeB

for all / large enough and x € 3(8). By definition Fak[d)akl (x)]=0forallx e B
and since € was arbitrary we have that F[u(x)] = 0 for all x € B(§). Finally, since
8 was arbitrary we have that F[u(x)] = 0 for all x € B. We already argued that
u =0 on 3B, so that u solves (33) on B with u = 0 on 955. This concludes the
proof of existence of a solution to (33) that satisfies the gradient estimates (35).

Finally, the uniqueness of the solution to (33) follows from Corollary 17.2 in
[6] noting that the function F[x, z, p, r] is indeed continuously differentiable in
the (z, p, r) arguments and it is decreasing in z for all (x, p,r).

Using Theorem 4.2 [which only uses the existence and uniqueness of the solu-
tion ¢} (x) that we already established] together with (29) we have that

A 1
¢ lo.sr = sup V" (x, k) < ;K\/Elogmn.

xeBy
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The bounds (35) and (36) now follow from (46) and we turn to prove (37).
To that end, since ¢} solves (33), fixing x, y € B! we have

1 1
’5 D O+ i vin + x) (@i (x) — > D (A + pi(vin + yz‘))(¢,'<l)ii(y)’
ieZ ieZ

< ylg(x) — ()]
(49)

+

1
(- x)* mgl{c @) — Sp (¢;’>,-,-<x>}

. 1
= ey minfe + @) - @D ||
ieT 2
We will now bound each of the elements on the right-hand side. To that end, let
i(x) be as defined in (38) and for each x, z € B, define
M} (2) = i) + i) @i 2) = 3 i) (D)ot (2)-

Using (36), we have by the mean value theorem that

(50) 8 (1) = 1 ()] < |x — ylmax sup |(§)i(2)] < Clog' n

U
z€By,

forall x,y € ng with |[x — y| < 1, and we turn to bound the second element on
the right-hand side of (49). Here, there are two cases to consider. Suppose first that
i(x) =i(y) =i. Then, using (36) and the mean value theorem we have

" n " logk2 n
1(@)i (x) — ()i (W] < |x — y|max sup [(¢,)ii(2)| =C
= z€B},
and, in turn, that
" " logk2 n
(51) M7 () = M} (0] = €=

forall x, y € B, with |x —y| <1.Now, |x|V |y| <k/nlog" nforall x, y € Bj,
and, by (36). sup.cgr_|(@)ii ()] V 1@ (2)] < Clogh! n so that

(e - )T M (x) — (e- )M} ()]
(52) < k/nlog" n|M'(x) — M{'(y)| + sup |M;'(2)|

zeB!,
<C logk1 n.
If, on the other hand, i (x) # i (y) then by the definition of i (-),
Cito) F i) @D ico () — 1o/ (@i i ) (¥)
< Ciy) + Rity) B () = 313 (B i i) (X)
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and
City) F i @i () — 2ti ) (@i i ()
< Cigr) + i) @i ) — i) @Diwicn )
That is,
(53) M (o) < M, () and MD () < M ().

Using (36) as before we have for x, y € B, with |x — y| <1 and i(x) #i(y) that

logk2 n

R

By (53) we then have that
|M;1(x)(x) - Min(y)(y)| = |Min(x)(x) - M,'n(x)()’)|
+ ’Min(y)(x) - Min(y)(y)|

logh2 n
N

for all such x and y. In turn, since |x| V |y| < k/nlog™ n,

<C

(54) (e - x) T M]{) (x) — (e - )T M|, (y)| < Clogh n

for x, y € B, with |x — y| <1 and i(x) #i(y). Plugging (50), (52) and (54) into
the right-hand side of (49) we get
1 1
‘5 Z(k? + i (vin 4 x;))(9)ii (x) — > Z()»f-’ + wi vin =+ yi)) (9)ii ()
(55) iel ieZ
<C logkl n

forall x,y e ng with |x — y| < 1. Finally, recall that

o' (x,u) =\/k? + pivin + pi(xi —uie-x)*)

so that for all u e U,

S (@i () — @i () (0f (x, u))?

ieZ

D@D (DA + pivin + pi(xi —uile-x)1))
ieZ

— (D) ) (AL + pivin + i (xi —ui(e - x)T))
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1
< ‘5 SO s (vin +x0)) (@i ()
i€l

1
-3 (M + pi(vin + )’i))((f),?)ii()’)‘

ieZ

1
- ’5 D @D piuie - x)t = (@i (Mpiuile - y)*

ieZ

1
+ ’5 D @i )i (xi — yi)
i€l
The last two terms above are bounded by C log"! n by (36) and using |x| V |y| <

Kk 4/nlog™ n. Together with (55) this establishes (37) and concludes the proof of
the theorem.

Proof of Theorem 4.2.  Fix an initial condition x € B} and an admissible (k, n)-
system 0 = (2, F, (F3), P, U , B) and let X" be the associated controlled process.
Using It6’s lemma for the function ¢(¢, x) = e7"'¢”(x) in conjunction with the
inequality

L(x,u)+ Aupp(x) —yd(x) >0 forall x e B, u el

[recall that ¢} solves (33)] we have that

AT

P (x) < Ei/ CeTVSL(X"(s), U(s))ds + Ee 7 U@ (X (1 A M)
(56) ’ IAE!
~E Zfo CeTS (@i (X ()0 (X" (s), U (5)) dB(s).

iel
Here, 7! is as defined in Definition 3.1 and it is a stopping time with respect to
(F) because of the continuity of X”. We now claim that

E/[e VN (X"t AT))] =0 ast— oo.
Indeed, as ¢ is bounded on B}, on the event {f,) = oo} we have that
eTVINEIGN(X (1 AEM)) >0 ast—> oo.

On the event {" < oo} we have X" (") € 9B and, by the definition of 7", that
o) ()A( "(z)) = 0. The convergence in expectation then follows from the bounded
convergence theorem (using again the boundedness of ¢; on B}). The last term in
(56) equals zero by the optional stopping theorem.
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Letting + — oo in (56) and applying the monotone convergence theorem, we
then have

n

o (x) <Ef [/Or e TVL(X"(s), U(S))ds:|.

Since the admissible system 6 was arbitrary, we have that ¢} (x) < yn (x,x). To
show that this inequality is actually an equality, let

(57) hZ(x) = e,-n(x),

where e;n(y) is as defined in the statement of the theorem.
The continuity of ¢! guarantees that the function i" (x) is Lebesgue measurable,
and so is, in turn, A} (). Consider now the autonomous SDE:

~ t . t R
(58) X"(t):x—lrfo b”(X”(s))ds—k/O " (X" (s))dB(s),

where b (y) = b"(y, h"(y)) and 6" (y) = o™ (y, h"(y)) on B". Then, 5" and &"
are bounded and measurable on the bounded domain B}. Also, as the matrix ¢"
is diagonal and the elements on the diagonal are strictly positive on B, it is
positive definite there. Hence, a weak solution exists for the autonomous SDE
(see, e.g., Theorem 6.1 of [10]). In particular, there exists a probability space
(Q, G, P), afiltration (G,) that satisfies the usual conditions, a Brownian motion
B(t) and a continuous process X"—both adapted to (G;), so that X" satisfies the
autonomous SDE (58). Finally, since X" has continuous sample paths and it is
adapted, it is also progressively measurable (see, e.g., Proposition 1.13 in [9])
and, by measurability of A} (-), so is the process U (t) =h} ()A( "(t)). Consequently,
0 = (fz, g, g, If", 17, B) is an admissible system in the sense of Definition 3.1 and
X" is the corresponding controlled process.

To see that 0 is optimal for the ADCP on B, note that for s < 7', we have by
the HJB equation (32) that

L(X"(5), U(s) + A, b (X" (5)) — v (X" (5)) = 0.

Applying Itd’s rule as before, together with the bounded and dominated conver-
gence theorems, we then have that

sto0 =l |

and the proof is complete.

.En

S eTVSL(X(s), U(s))ds:|

5. The performance analysis of tracking policies. This section shows that
given an optimal Markov control policy for the ADCP together with its associated
tracking function /", the nonpreemptive tracking policy imitates, in a particular
sense, the performance of the Brownian system.
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THEOREM 5.1. Fix k and k' < k as well as a sequence {(x",q"),n € 7}
such that (x", q") € X", and |x" — vn| < M \/n for all n and some M > 0. Let ¢’
and hiy" be as in Theorem 4.2 and define

Y (x,u) =L(x,u)+ A ¢, (x) — y oy (x) forxeBl,uel.
Let U}l be the ratio control associated with the hy'" -tracking policy and let X" =
(X", om,z" X") be the associated queueing process with the initial conditions
0"(0) =4q" and Xn (0) = x"™ — vn and define
ty p =inf{r > 0: X" (1) ¢ B} AT logn.
Then,

L . . .
IE[ [ e R, U = 9 R ) B R ) ds} < Clogh s
0
for a constant C that does not depend on n.

Theorem 5.1 is proved in the Appendix. The proof builds on the gradient es-
timates in Theorem 4.1 and on a state-space collapse-type result for certain sub-
intervals of [0, /", ,.].

REMARK 5.1. Typically one establishes a stronger state-space collapse result
showing that the actual queue and the desired queue values are close in supremum
norm. The difficulty with the former approach is that the tracking functions here
are nonsmooth. While it is plausible that one can smooth these functions appropri-
ately (as is done, e.g., in [2]), such smoothing might compromise the optimality
gap. Fortunately, the weaker integral criterion implied by Theorem 5.1 suffices for
our purposes.

6. Proof of the main result. Fix « > 0 and let ¢; be the solution to (33)
on By (see Theorem 4.1). We start with the following lemma where b} (-, -) and
o/'(-,-) are as in (24) and (25), respectively.

LEMMA 6.1. Let U™ be an admissible ratio control and let X" = (X", Q",
Z", X™) be the queueing process associated with U". Fix k' <« and T > 0 and
let

/) p =inf{t > 0:X"(t) ¢ BL.} A T logn.

Then, there exists a constant C that does not depend on n (but may depend on T,
k and k') such that

Ele .1 ¢) (X" (t)) )] < ! (X"(O))+E[ / e‘”A’Z]n<s>¢Zo?”<s>>ds]

T v
— VEU r e—VS¢g(x"(s))ds] + Cloghi*!n
0

<Efe W7 (X" () p)]+2Clog ! n
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We will also use the following lemma where ¢ = (cy, ..., cy) are the cost coef-
ficients (see Section 2).

LEMMA 6.2. Let (x", q") be as in the conditions of Theorem 2.1. Then, there
exists a constant C that does not depend on n such that

w v
(59) ]Ei])l’qn |:/ e "(e-c)e- X”(s))+dsi| <Clog’n
T
and
(60) EY, ole T g (X" (2l )] < Clog?n

for all n and any admissible ratio control U.

We postpone the proof of Lemma 6.1 to the end of the section and that of
Lemma 6.2 to the Appendix and proceed now to prove the main result of the paper.

Proof of Theorem 2.1. Let hi>" be the ratio function associated with the opti-
mal Markov control for the ADCP (as in Theorem 4.1). Since « is fixed we omit the
subscript k and use h"" = hj>". Let U;/ be the ratio associated with the A" -tracking
policy.

The proof will proceed in three main steps. First, building on Theorem 5.1 we
will show that

t”, . .
(61) E[ / e LX), U,’J(s))ds] < ¢ (X"(0)) + Clogh 3 n.
0
Using Lemma 6.2, this implies

C'(x",q", UM = E[/Ooo e VSL(X"(s), U}Z(s))ds}
(62) 5
< ¢"(X"(0)) + Clogkot3 n.

Finally, we will show that for any ratio control U",
v (o8} .
63 L") <B| [T e LE ). U5 ds ] + Clogh
0

where we recall that k| = kg — m. In turn,
V(" q") = ¢p(x" —vn) — Cloghtn > C"(x", ¢", U}') — 2Clog" *' i,

which establishes the statement of the theorem.



OPTIMALITY GAPS IN THE HALFIN-WHITT REGIME 431

We now turn to prove each of (61) and (63).

Proof of (61). To simplify notation we fix k¥ > 0 throughout and let A" (-) =
h". Using Lemma 6.1 we have

Ele” 7% 1¢ (X" (¢ )]

.L_n
K

(64) < oL + B[ [ e Ay 41X s |

L] .
- yE[/ o e—%‘¢g(x”(s))ds] + Clogh*1n.
0

From the definition of 4" as a minimizer in the HJB equation we have that

.L,I‘l

0= E[/O o T AL, iy X (9)) ds]
—yE| [T e as]

+IE[/OTK/,T eVSLX"(s), hn(;(n(s)))ds]

By Theorem 5.1 we then have that
] v
Clog™n > E[ /0 e A H X 6) ds]

- yEUT”"T e—”¢g(5("(s))ds]
(65) °

B [T s L& ). U (s)) d
+ UO eVSLX(s), UL (s)) s]
> 0.

Since ¢ is nonnegative, combining (64) and (65) we have that
T v v
EU e L(X"(s), Ul (s)) ds] < ¢M(X"(0)) + Clogh3pn,
0
which concludes the proof of (61).

Proof of (63).  We now show that V" (x, g) > ¢ (X" (0)) — C log"+! n. To that
end, fix an arbitrary ratio control U" and recall that by the HIB equation,

AlPR(x) — ydpr(x) + L(x,u) >0
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for all u € U and x € BY. In turn, using the second inequality in Lemma 6.1 we
have that

Ele 71 (X" (¢), 1))]
“ T,?/ “
= gL ("0~ E| [ L 50, U5 ds
—-2C logk‘+l n.
Using Lemma 6.2, we have, however, that
Ele %7 (X" (!, ;)] < Clog’n

for a redefined constant C so that
Cloghn = (X" 0) ~E| ST LR (), UM6) as
—-2C loglirl n
= L)~ E| [T e L), U (50 ds

—2Cloghi*!p
and, finally,

o0

o1 (X" (0)) sE[ [

for a redefined constant C > 0. This concludes the proof of (63) and of the theo-
rem.

We end this section with the proof of Lemma 6.1 in which the following auxil-
iary lemma will be of use.

e VSL(X"(s), U"(s)) ds:| + Clogh*!n

LEMMA 6.3.  Fix k > 0 and an admissible ratio control U" and let X" =
(X", Q", Z", X") be the corresponding queueing process. Let

o =inf{t > 0: X" (t) ¢ B!} A T logn,

and (Wi”,i € T) be as defined in (21). Then, for each i € I, the process Wl."(- A
T, ) is a square integrable martingale w.r.t to the filtration (F}, . ) as are the
processes of

./\.[ll

M) = (W ATl ) —/0 (X (s), U"(s)))2 ds

and

VIO =(WrCATED) — Y (AW ()2

n
SSAT p
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Lemma 6.3 follows from basic results on martingales associated with time-
changes of Poisson processes. The detailed proof appears in the Appendix.

Proof of Lemma 6.1.  Note that, as in (20), X" satisfies
v v t v v
X (t) =X} (0) —i—/ b (X"(s),U"(s))ds + W/ (1),
0

and is a semi martingale. Applying It6’s formula for semimartingales (see, e.g.,
Theorem 5.92 in [14]) we have for all ¢ < t,:’, 7 that

eTVIPN(X" (1)) = ¢ (X"(0))
+ Y e PNX"(5) — (X" (s—))]

s<t:|AX"(s)|>0
-y Y @I X $))AX(s)

T€L s<t:|AX"(5)|>0

+3 /0 e S (@i (X" (s—)b] (X" (s), U™ (5)) ds

iel
t v
—y [ e as
and, after rearranging terms, that
e Vg (X" (1))

v 1 . .
=¢>Z<X”<0>>+QZ Yoo e @i (X (s))(AX](s))?

1€T s<t:|AX"(5)|>0

t v v
+Z/O e " ()i (X" (s—)bi (X" (s), U (s)) ds

iel
t v
L) —y /0 eV (XM (s)) ds,
where
cn= Y e—”[qbz(i"(s»—¢;’<5f”<s—>>
s<t:|AX"(s)|>0

— > (@i (X" (s—)AX(s)

ieZ

1 . .
3 @R ) (AK] (s))z]

ieZ
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Setting t = 7", ;- as defined in the statement of the lemma and taking expectations
on both sides we have

E[e” 7" (X" (1))]

= g (X" (0)) + ZE[ [T e @i s h R 6). U ) ds]
iel
(66)

1 v v
T30 D SRS JE O

i€l “y<t:|AX"(s)|>0

+E[C™ (<] )] — yE[/O o e_)’s(p,'(’()v(”(s))ds].

We will now examine each of the elements on the right-hand side of (66). First,
note that AX7 (s) = AW/ (s) and, in particular,

E[ ) e”<¢,’z),-i(X"<s—))<A)?;’<s>>2]

st |AX" (s)|>0
= E[ > e (@it (X" (s—) (AW} (s))Q]
ST [AX"(s)|>0

Using the fact that V)", as defined in Lemma 6.3, is a martingale as well as the fact

that ¢} (X" (s)) and its derivative processes are bounded up to 7./, we have that the
processes

_ ‘/\f:/T v
67) Pr() = /0 TS (@) (X" (s—)) d VI (s)
and
68) M) = /0 T S () (XM (s =) dM!(s)

are themselves martingales with l_)l” 0) = ./\;l?(O) = 0 and in turn, by optional stop-
ping, that E[Vi"(tf,])] = E[M?(r;’/,T)] (see, e.g., Lemma 5.45 in [14]). In turn,
by the definition of M7 (-) and V! (-) we have

E[ ) e—y“(as,’;),-i()?"(s—»(AWf(s))Z}
s<tl [AX"(s)|>0
d v Y 2
=E[ [ @mixns-paaio) }
0

n

= E|:f0 '\ T e_VS((P,VCl)l,I,(}?n(s_))(o_in(}?n(s)’ Un(S)))zds]
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Plugging this back into (66) we have that
Ele™ %1 (X" (1))]

— g (X"<0))+ZEUO

iel

n

T e (@) (X (s—))bH (X" (5), U"(s)) ds}

g ZE[ / e—yf(qs’;)u(J?"<s—>>(a,~"o?"(s>,U”(s)))zds}
teI
T .
— yE[/O o e—“(;s,’;(xn(s))ds] +E[C"(z) )],
which, using the definition of A7} in (31), yields

Ele 7 ™.1 7 (X" (1))
= §! (X" (0)) + E[ [* e e o) ds]

B VE[/LC/,T efysd)lr(l()v(n(s)) ds:|
0
+E[C™ (] ).

To complete the proof it then remains only to show that there exists a constant C
such that

IE[C"(z}} 1)]] < Clog"*n

To that end, note that by Taylor’s expansion,
Be (X" () = B (X" (s=)) + D_ (@i (X" (s—)AX] (s)

ieZ

+5 Z<¢ i (X" (=) + Ngn (s _)) AXT (5),
leI

where Nin(s—) is such that )V("(s—) + Ngn sy is between )v(”(s—) and )?”(s—) +

AX"(s). In turn, adding and subtracting a term, we have that

PL(X"(5)) — pR(X"(s—)) — Y (@i (X" (s—) AX}(s)

ieZ

(69) ——Z(«p )it (X" (s—)(AX(5))

zEZ

—Z (@i (X" (5=) + N sy) — @i (X" (s—))(AX] (5))°.

leI
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Since the jumps are of size 1 and, with probability 1, there are no simultaneous
jumps, we have that |n Xn(s )| < 1. Adding the discounting, summing and taking
expectations we have

E[C"(®)]

1 .
(70) sE[ T e Y s max (60 (X5 + )

. —~ Dy 1
s<t:|AX"(s)|>0 iez =V PI=
~ @ =) AX ),
and a lower bound can be created by minimizing over y instead of maximizing.

Using again the fact that AX ) = AW{’ (t) and that /\;l:’ and ]_)l” as defined in
(68) and (67) are martingales, we have that

E[C"(1)] <E[/ Z— max (¢;’)ii(>?”(s—)+y)

(71) — (@i (X" (s-)))
x (o (X" (s), U”(s)))zds]
From (37) we have that

1
(72) 1D (@i () — (@i (1) (0] (x, u))z‘ < Clogt' n

2 ieZ

forall u € and x, y € By, with |x — y| < 1. The proof is then concluded by plug-
ging (72) into (71), settlng t=rt .r and recalling that we can repeat all the above
steps to obtain a lower bound in (71) by replacing max, . |y<; with miny. |y <
in (70).

7. Concluding remarks. This paper proposes a novel approach for solving
problems of dynamic control of queueing systems in the Halfin—Whitt many-server
heavy-traffic regime. Its main contribution is the use of Brownian approximations
to construct controls that achieve optimality gaps that are logarithmic in the system
size. This should be contrasted with the optimality gaps of size o(4/n) that are
common in the literature on asymptotic optimality. A distinguishing feature of our
approach is the use of a sequence of Brownian control problems rather than a single
(limit) problem. Having an entire sequence of approximating problems allows us
to perform a more refined analysis, resulting in the improved optimality gap.

In further contrast with the earlier literature, in each of these Brownian prob-
lems the diffusion coefficient depends on both the system state and the control.
Incorporating the impact of control on diffusion coefficients allows us to track the
performance of the policy better but, at the same time, it leads to a more complex
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diffusion control problem in which the associated HJB equation is fully nonlinear
and nonsmooth. For each Brownian problem, we show that the HIB equation has a
sufficiently smooth solution that coincides with the value function and that admits
an optimal Markov policy. Most importantly, we derive useful gradient estimates
that apply to the whole sequence and bound the growth rate of the gradients with
the system size. These bounds are crucial for controlling the approximation errors
when analyzing the original queueing system under the proposed tracking control.

The motivating intuition behind our approximation scheme is that the value
functions of each queueing system and its corresponding Brownian control prob-
lem ought to be close. In particular, the optimal control for the Brownian problem
should perform well for the queueing system. Moreover, the optimal Markov con-
trol of the Brownian problem can be approximated by a ratio (or tracking) control
for the queueing system. While these observations are “correct” at a high level,
they need to be qualified further. Our analysis underscores two sources of approx-
imation errors that need to be addressed in order to obtain the refined optimality
gaps. First, the value function of the Brownian control problem may be substan-
tially different than that of the (preemptive) optimal control problem for the queue-
ing system. This difference must be quantified relative to the system size, which we
do indirectly through the gradient estimates for the value function of the Brownian
control problem; this is manifested, for example, in the proof of Lemma 6.1.

The second source of error is in trying to imitate the optimal ratio control of
the approximating Brownian control by a tracking control in the corresponding
queueing system. The error arises because we insist on having a nonpreemptive
control for the queueing system. Whereas under a preemptive control, one may be
able to rearrange the queues instantaneously to match the tracking function of the
Brownian system, this is not possible with nonpreemptive controls. Instead, we
carefully construct and analyze the performance of the proposed nonpreemptive
tracking policy. In doing so, we prove that the tracking control imitates closely the
Brownian system with respect to a specific integrated functional of the queueing
dynamics (see Theorem 5.1 and Remark 5.1). Here too, the gradient estimates for
the value function of the Brownian system play a key role.

While the focus of this paper has been a relatively simple model to illustrate the
key ideas behind our approach and the important steps in the analysis, we expect
that similar results can be established in the cases of impatient customers, more
general cost structures as well as more general network structures.

As suggested by the preceding analysis, the viability of these extensions and
others will depend on whether it is possible to (a) solve the sequence of Brownian
control problems and establish the necessary gradient estimates and (b) establish
the corresponding approximation result for the nonpreemptive tracking control.

While we expect that the results of [6] on fully nonlinear elliptic PDEs can
be invoked for the more general settings, extending our analysis which builds on
those results may not be always straightforward. In particular, it is not immediately
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obvious how to generalize the proof of the tracking result in Theorem 5.1 to more
general settings.

Nevertheless, we can make some observations about the extensions mentioned
above:

e General convex costs. As discussed in the Introduction, the analysis of the con-
vex holding cost case will probably be simpler as one tends to get “interior”
solutions in that case as opposed to the corner solutions in the linear cost case,
which causes nonsmoothness. We expect that the enhanced smoothness (relative
to the linear holding cost case) will simplify the analysis of the HIB equations
as well as that of the tracking performance.

e Abandonment. Our starting point in the analysis is that, among preemptive poli-
cies, work conserving policies are optimal. This is not, in general, true when
customers are impatient and may abandon while waiting (see the discussion in
Section 5.1 of [2]). As is the case in [2], our analysis will go through also for the
case of impatient customers provided that the cost structure is such that work
conservation is optimal among preemptive policies.

e General networks. Inspired by the generalization of [2], by Atar [1], to tree-like
networks, we expect, for example, that such a generalization is viable in our
setting as well. Indeed, we expect that the analysis of the (sequence of) HIB
equations and the sequence of ADCPs be fairly similar for the tree-like network
setting. We expect that, in that more general setting, it would be more compli-
cated to bound the performance of the tracking policies as in Theorem 5.1.

APPENDIX

Proof of Lemma 3.1. Up to 7!, both functions b"(-,u) and o"(-,u) are
bounded and Lipschitz continuous (uniformly in «). With these conditions satis-
fied, strong existence and uniqueness follow as in Appendix D of [5]. Specifically,
strong existence follows by successive approximations as in the proof of Theo-
rem 2.9 of [9] and uniqueness follows as in Theorem 2.5 there.

Proof of Proposition 4.1. Fix « > 0, n € Z; and a > 0. Recall that (40) cor-
responds to finding ¢ , € C%(B) such that

(73) 0= Fulx. ¢} ,(x), D} ,(x), D’} ,(x)],  x€B,

and so that ¢,’(l’ « =0on 9B where F;[-]is as defined in (41). Then, Proposition 4.1
will follow from Theorem 17.18 in [6] upon verifying certain conditions. The gra-
dient estimates will also follow from [6] by carefully tracing some constants to
identify their dependence on «, n and a.

To that end, note that the function F a’ (x, z, p,r) [as defined in (42)] is linear in
the (z, p, r) arguments for all k € Z and x € B. In turn, this function is concave in
these arguments. Hence, to apply Theorem 17.18 of [6] it remains to establish that
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condition (17.53) of [6] is satisfied for each of these functions. In the following
we suppress the constant a > 0 from the notation. It suffices to show that there
exist constants A < A and n such that uniformly in k € Z, y = (x, z, p,r) € T,
and £ e R/

(74) 0<AIE*| <) FfIylag; < AlEP,
i,j

(75) max{| Fy[y1l, |FS Iy B IV L Fg DI IS DI < na,
(76) max{| F{ [y]l. [F& [y} < n AU+ [pl + Ir),
where

k 0 k k 0 k

Fl ‘(X»Z’p’r): F (xyzapar)a Fx(x’zapar):_F (xvzapvr)

" 3r,'j ! 8xl
and

k 2 k
(F(x,z,p, )il = o 0% F*(x,z, p,r).

The other cross-derivatives are defined similarly. We will show that we can choose
A = ¢gon, A =¢n, n = &, for constants gg, €1 and &> that do not depend on n and
a—this will be important in establishing the aforementioned gradient estimates.
To establish (74) note that, given & € R/,

()L”—i—,u,(vln—kxl))é , fori =j,i #k,
k .
(T Fij&i&j = (M + wiin +x))&2 — 3 f (e - x), fori=j=k,
0, otherwise.

Hence,
1 1
D FEE =5 ) (W miin +x))g = 5 f (e .
iJ ieT
Consequently, for (x, z, 7, p) € I' we have that

Z REE; < T (0 + tmaxt + fmaxk v/ log" n) Y& + Kflog nt?,

iel

where (max = maxy ug. In particular, we can choose ¢; > 0 so that for all n € Z,
k
Y Fi&E <en.
i’.j
To obtain the lower bound note that, for y € I',

1
Y FlEE > (mlnk +m1anKflog H)Z";‘iz—ié,f/c\/ﬁlogmn.
i,j

ieZ
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Hence, we can find g9 > 0 such that for all n,

k
Y Fl&iE; = eon.
ij

Note that above gp and ¢; can depend on k but they do not depend on n and a.
Hence, we have established (74) and we turn to (75). To that end, note that

F]];k(x,z, p.r)=f(e-x)+1} — uixx and
(78)
ng (x,z,p,r)=1"— pix; fori #£k.

Therefore,

IFEl < (e )T+ 1+ Y 1 + pixi|

1

< Ik+/nlog"n+ 1+ Imax(|I"| 4+ pik+/nlog™ n),
l

where we used the simple observation that f(e - x) < (e - x)* + 1. Clearly, we
can choose &, so that |F§| < gr604/nlog" n. Also sz = —y and F,x = 0 so that

by re-choosing ¢> large enough we have max{lFZk[y]l, |Fka[y]|} < e280+/nlogn.
Finally, by (77) we have that

Fk —0 fori # j,

rinI

FK =0  foris#k,i#],

r”.xj
k 1 .
Fr’m = 5’“ fori #£k,

1
Fk = — [ fori;ék,

riXi — o

x 1 1 0
Frkk)Ck = Eﬂk 3 Ef(e'x),

1 0 .
F}{;ksziaf(e'x) for j #k.

ThuS,
1 r — 2 €-X Mmax — 2 1 ,umax

where we used the fact that f(-) is continuously differentiable with Lipschitz con-
stant 1 (independently of a). Finally,

d 1 1
Fy = B_xif(e 'X)(Ck + mkpr — EMkrkk) — Mipit S il
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so that
(79) |FA 1< lexl + malpl + Suklrl + wil pl + pilrl.
Also, note that

0 1
k f— . —_— —
Frx; = I3 0% fe X)<Ck + Pk 2rkk),

so that

kL 2le+ ek — Swir],  ifle x| <1,
i 0, otherwise.

Combining the above gives
|Fécl < e2e0(1 + [ pl + 1)

for suitably redefined &, which concludes the proof that the conditions (74)—(76)
hold with A = e;n, A = gon and n = &2. Having verified these conditions, the exis-
tence and uniqueness of the solution ¢ , to (40) now follows from Theorem 17.18
in [6].

To obtain the gradient estimates in (44) we first outline how the solution ¢,’\f,a is
obtained in [6] as a limit of solutions to smoothed equations (we refer the reader
to [6], page 466, for the more elaborate description). To that end, let F! be as
defined in (42) and for y € I" define

(80) F'lyl=Gu(E!yl. ..., FlIyD),
where
y—y

Gh(y)=h"! (
h(y) yeRl'o A

)Go@) 45

and Go(x) = min;c7 x; and p(-) is a mollifier on R’ (see [6], page 466). Fh satis-
fies all the bounds in (74)—(76) uniformly in %; cf. [6], page 466. Then, there exists
a unique solution u” for the equations

(81) F'Mu"1=0

on B! with u" =0 on dB".

The solution ¢!’ , is now obtained as a limit of {u"} in the space CZ*(B) as
defined in (45). Moreover, since the gradient bounds are shown in [6] to be inde-
pendent of 4, it suffices for our purposes to fix /& and focus on the construction of
the gradient bounds.

Our starting point is the bound at the bottom of page 461 of [6] by which

(82) "3 4 < Cla,m)(1+ [u"[5 ),

where |uh|§76n = Z?:o[uh]?g and [-]?B,j =0, 1, 2, are as defined in Section 4.
The constant « (a, n) depends only on the number of classes / and on A /A (see [6],
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top of page 461) and this fraction equals, in our context, to €1/¢p and is thus
constant and independent of n and a.

We will address the constant C(a, n) shortly. We first argue how one proceeds
from (82). Fix0<d§ < 1,lete = é/é(a, n)and C(e) = 2/(6/8)1/"‘ (see [6], top of
page 132). Then, applying an interpolation inequality (see [6], bottom of page 461
and Lemma 6.32 on page 130), it is obtained that

h h h
|u G,O,Bﬁ <C(e)|u"lp.q +e€lu |§,a,5’;§-

Plugging this back into (82) one then has

o ols 8
15,05 = C @, n)(l +CCla,m) N gy + "3 B,,)
Ehatlag'e K C(a,n) SO0

for a constant C that depends only on & and «. In turn,

h o 1+1 h
™15 4 n < C(Cla,n) NG

for a constant C that does not depend on a or n.

Hence, to obtain the required bound in (44) it remains only to bound C (a,n).
Following [6], building on equation (17.51) of [6], C (a,n) is the (minimal) con-
stant that satisfies

(83) C(l+ Ma)(1 + iRy + AR3) < Cla, m)(1 + [u"[5 p),

where (as stated in [6], bottom of page 460) the (redefined) constant C depends
only on the number of class / and on A/A = g1 /gy. The constants /i and ji are
defined in [6] and we will explicitly define them shortly. Here one should not
confuse u with the average service rate in our system. In what follows o will only
be used as the constant in [6]. We now bound constants fi and jt. These are defined
by

Dy __cu)(A% Bo )
=aa+my 778 \ae T1+m)
Do = sup {|F!(y,u"(y), Du"(y), D*u" (x))|

x,yeB

+|F'(y, u" (), Du" (), D*u" (x))|| Du" ()|
+F(y, u"(y), Du" (v), D*u" (x)) || D*u" ()]},
Ao =s1ép{|F!;| +IF2),
Bo =s1ép{|F,,x||D2uh| + ||| D*u™| + | Fou || Du" | + | Frxl},

where C (/) is a constant that depends only on the number of classes /, € € (0, 1) is
arbitrary and fixed (independent of n and a) and M, = supg | D?u"|. The constants
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W, (L and M» are defined in [6], pages 456—460, and Ay and By are as on page 461
there.
hs s ~
We note that F}' is a constant, F), is bounded by C /nlog™ n for some constant

C [see (44)] that depends only on « and, by (79), |Ff| <e&xeo(l + |p|+|r]). In
turn, Do < 4exe9+/nlog™ nsupp(l + |Du”| + |D?u"|). Arguing similarly for A
and Bg we find that there exists a constant C (that does not depend on n and a)
such that

Ag<C+/nlog"n and B° < Csup(l+|Du"|+|D%u")),
B

which in turn implies the existence of a redefined constant C such that

- C_’logm n
ucs:ﬁzrljz5sgx1+|0uﬂ4—uﬂuﬂ)

and

g Cloen € (14 [Du"| + [D2u))
su u u"l).
H="", n(l+ My
The proof of the bound is concluded by plugging these back into (83) and setting
Ry = k/nlog™ n there to get that

Cla,n) < C log*m(+1/@

for some C that does not depend on a and n.

The constant C on the right-hand side of (44) (which can depend on n but does
not depend on a) is argued as in the proof of Theorem 17.17 in [6] and we conclude
the proof by noting that the global Lipschitz constant (that we allow to depend
on n) follows from Theorem 7.2 in [13].

We next turn to proof of Theorem 5.1. First, we will explicitly construct the
queueing process under the Ah-tracking policy and state a lemma that will be of
use in the proof of the theorem. Define A” (r) = N7 (A1) so that A” is the arrival
process of class-i customers. Given a ratio control U" and the associated queueing
process X" = (X", 0", Z", )V(”), W™ is as defined in (21). Also, we define

D"(t)=Y N <m fot Zi"(s)ds).

ieZ

That is, D"(¢) is the total number of service completions by time ¢ in the nth
system.

For the construction of the queueing process under the tracking policy we define
a family of processes {A,,,i € Z,H C 7} as follows: let {S,IC; leZys, K CT}be
a family of i.i.d uniform [0, 1] random variables independent of Foo as defined
in (17). For each IC C Z, define the processes (A?,H’ i€l)by

CACRND SR s
k<ikeHM 1 2k<ikeH M
(84) A” (l‘)= 1{’—<§ S;}-
sl ; Iv ZkeH Ak M1 Zke?—l Ak
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We note that for any strict subset H C Z and i € K, the probability that a jump
of D"(¢) results in a jump of A, is equal to A}/ > pep Ay = @i/ Yogep ak and is
strictly greater than A / } ", .7 A} = a;. We define

. ai
(83) T fer Yker ak
and note that €; > 0 by our assumption that a; > O for all i € 7 (see Section 2). Let
€ = min; €; /4.

Note that at time intervals in which i € K(-) = H (see Definition 2.1) for some
& # H C I, the process A7, jumps with probability A}/ > ycy Ax Whenever a
server becomes available (i.e., upon a jump of D"). In turn, we will use the pro-
cesses {AﬁH,i € Z,’H C 7} to generate (randomized) admissions to service of
class-i customers under the /-tracking policy.

More specifically, under the h-tracking policy (see Definition 2.1) a customer
from the class-i queue enters service in the following events:

(i) A class-i customer that arrives at time ¢ enters service immediately if there
are idle servers, that is, if (e - Xn (t—=)” > 0.

(ii) If a server becomes available at time ¢ (corresponding to a jump of D")
and ¢ is such that i € K(r—) = 'H C Z, then a customer from the class-i queue
is admitted to service at time ¢ with probability A}/ ;s Ax. This admission to
service corresponds to a jump of the process A7, as defined in (84).

(iii) If a server becomes available at time 7 (corresponding to a jump of D") and
t is such that K(r—) = @ and i = min{k € 7: Q7 (t) > 0}, then a class-i customer
is admitted to service.

Formally, the queueing process X" = (X", Q", Z", X") satisfies

20 =20+ [ 1{e- X)) > 0} )

t
n Zf i € K(s—), K(s—) = H} AL ,(s)
+cz 0

+/0t H{K(s—)=@,i =min{k € Z: Q}(s—) > 0}} d D" (s)
t

—/\/'id<u,-/ Z?(s)ds), iel,
0

X?(t):X?(O)"‘A?(I)_N;‘d<ﬂi/otz?(5)ds>, i €T,
Or(1)=X}(t)—Z} (), i€l

The second, third and fourth terms on the right-hand side of the equation for Z7'
correspond, respectively, to the events described by items (i)—(iii) above. Finally,
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X" is defined from X" as in (8). The fact that the above system of equations has
a unique solution is proved by induction on arrival and service completions times
(see, e.g., the proof of Theorem 9.2 of [11]). Clearly, X" satisfies (12)—(16) with
U/ there constructed from Q" using (11).

We note that, with this construction, the tracking policy is admissible in the
sense of Definition 2.2. Also, it will be useful for the proof of Theorem 5.1 to note
that with this construction, if [s, ¢] is an interval such that i € C(u) C Z for all
u € [s, t] then

t
B6)  QF (1) — Q) =AM —Al(s)— > | H{K@u—)=H}dA! 1 w).
HcZvS

Before proceeding to the proof of Theorem 5.1 the following lemma provides
preliminary bounds for arbitrary ratio controls.

LEMMA A.l1. Fixk, T > 0and a ratio control U™, let X" = (X", Q", Z", )v(”)
be the associated queueing process and define

' =inf{r > 0: X"(t) ¢ BY} A T logn.

Then, there exist constants C1, Co, Ko > 0 (that depend on T and k but that do not
depend on n or on the ratio control U™) such that for all K > Ko and all n large
enough,

IP’{ sup |W”(t)|>Kﬁlogn}

0<t<2T logn
87)
< Cle_CZKIOg”,
P{IX" (1) — X" (s)| > ((t —s5) 4 (t —5)}) K /nlogn + K logn,
(88) for some s <t <2T logn}
< Cle_CZKIOg",
P{IA"(t) — A™(s) — A"t — s)| > én(t — 5) + K logn
(89) for some s <t <t}
< C1e_C2K10gn, i€,
IP’HD”(t) — D"(s) — Z/Livin(t —5)|>én(t—s)+ Klogn
i
(90) for some s <t < ‘L':’T}

< C1e_C2K10gn,
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¢
}P’{ () — ;ﬁH(s)—,\?(r—s)gE’n(z—s)—l(logn

(91) for some s <t < ‘L',ZT}

< CjeC2Klogn iceT,KCT.

PRrROOF. Equation (87) follows from strong approximations (see, e.g., Lem-
ma 2.2. in [4]) and known bounds on the supremum of Brownian motion (see, e.g.,
equation 2.1.53 in [4]). Equation (88) then follows using this bound together with
(52) in [2] but with X" (¢) — X" (s) instead of X"(¢) (in the notation of [2] wn
is W"). Equations (89)-(91) follow by carefully constructing and bounding the
increments. We outline the proof of (89) and the others follow similarly. To that
end, note that given K and for all n large enough

{|AY (t) — A7 (s) — A (t —s)| < €n(t —s) + K logn,
forall 0 <s <t <2T logn}

AP 1ol
D {max max |4 i/1log n| SK,/logn},

I=N} j>0: jlog! n<3Tlogn /27 /1og! n
1

where A{’l’" = A"((j + 1)/log' n) — A?(j/log'n) and N = max{l:log'n <
A} /logn}. Indeed, given an interval [s,?) we can construct it from smaller in-
tervals. Starting with [ = 0, we fit as many intervals of size 1 into [s, ¢), we then
continue to fit as many intervals of size 1/logn to the uncovered part of the inter-
val and continue sequentially in /. We omit the simple and detailed construction.
Note that with such construction, given an interval [s, ), its covering uses at most
logn intervals of size log! n for each [ > 0. Also, note that N/ < Clogn for all
n and some constant C. From here, using strong approximations (or bounds for
Poisson random variables as in [7]) we have, for each j and /, that

P{ |APP" 37 /1og! n|
,/k?/logl n

Since the number of intervals considered is of the order of nlogn, the bound fol-
lows with redefined constants C1 and Cp. [

> K logn} < (e C2Klogn

Proof of Theorem 5.1. Since « is fixed throughout we use A" (-) = h}"" (). As
in the statement of the theorem, let

Y (x,u) = L(x,u) + AL ¢y (x) — y oy (x) forx e B ,uel,
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so that by the definition of AJ,(x) we have
Y (x,u) = -y (x)

1
(92) +e-0T Y u {ci + (@i (x) — uiiwz)ﬁ(x)}

i€l
1 .
+ 0 — pix) (@i (x) + 3 D (M 4 i in 4 x) (@i (x).

i€l i€l
Defining, as before,

M} (2) = ¢i + 1i (@i (2) — 51 (@i (2),
we have that

V) =9 = e (Do @ - D)
i€l i€l

Let U" be the ratio control associated with the h"-tracking policy, let X" =
(X", 0", Z", X™) be the associated queueing process and define

P (s) = P(X"(s), U"(s)) — ¥ (X" (s), K" (X" (5)))
(93) = (e- X" ()" D RIX" ()M (X" (s))
i€l
—(e- X"()" Y UMM X (s)).
iel

Recall that, by construction, Q7 (s) = (e - X" (s))TU!(s) so that (93) can be re-
written as

P (s) = Y(X"(s), U"(s)) — ¥ (X" (s), K" (X" (5)))
= (e- X"())" Y (X" () M (X" (5))

i€l

=2 O OM] (X" (s5)).
iel
The theorem will be proved if we show that

7, .
(94) EU T eS| (5)] ds] < Clogkot3p,
0
To that end, define a sequence of times {z;'} as follows:
T =inf{t > /' : " (X" (1)) # h" (X" (TN} A r,f,’T forl >0,
where ) =n" AT,  and

log™ n

Jn

(95) n" =t
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for 1) = 4k /€; with €; = miny 7 a; — Zk“;{ a
€

sup{/ € Z4 :7)' <7, r} and set 75 | = 7., . We then have

as in (85). Finally, we define r" =

T v
/ T V3| (s)| ds
0

r'+1

74 .
_ Z/ e V5[ (5)| ds
=1 7t

n+1

r (.rln_l+nn)/\.[ln .
= (f eV ()| ds +
l T,

—1 1 L+

The proof is now divided into three parts. We will show that, under the conditions
of the theorem,

(96) E[ sup sup |¢"(s)|] < Cloght2p,

I<l=r"+1 " | <s<(g]" | +n") AT

V(L")

e“|¢”<s>|ds).

97) IE[ sup sup |1/V/”(s)|] < Clogh*2p,

I<I<r+1 (7 () <s<uV (g +n9")
where we define sup | m)<s <oy ) 1" (s)| = 0if 7' <7, +n". Finally,
we will show that

AT - '
(98) E[/ |1ﬁ”(s)ds|:| < Clog"n.
0

The proof of (96) hinges on the fact that, sufficiently close to a change point 7;",
all the customer classes, i, for which A7 ()V( "(s)) = 1 for some s in a neighborhood

of 7', will have similar values of M ()v( "(s)). This will follow from our gradient
estimates for ¢, . The proof of (97) hinges on the fact that, n” time units after a

change point ;' the queues of all the classes for which (X "(7;")) = 0 are small
because, under the tracking policy, these classes receive a significant share of the
capacity.

Toward formalizing this intuition, define the following event on the underlying
probability space:

Q(K) = {|X"(r) — X"(s)| < K/nlog*n(t —s) + K logn,

foralls <t < t,f’T}
€
Nxez {A?H(t) — Al () = Aj(t —s5) > Eln(t —s)— Klogn

n
foralls <t < ‘L'K’T}

Miez (|A? (1) — AJ(s) = Mt — )| < én(t — 5) + K logn

foralls <7 <7t}
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ForeachOgtft,:’,T andi € 7 let

(99) S(r) = supls < 1:hM(X"(s)) = 1},
(100) S =inf(s >t :h] (X" () =1} AT 4
and

Ay SHt) + 1", if Q7(t) > 4K logn,
(101) si ()= { t, otherwise.

Then, we claim that on Q(K) and for all ¢ with & (t) > ¢2(t),
sup  [(e- X"(5))TUMs) — (e - X" () ThI (X" (s))|

S (=s<g'(1)
(102)
< 12K logn.
Note that since 47 (-) € {0, 1}, the above is equivalently written as
(103) sup Q7 (s) < 12K logn.
SH(n<s<g!'(v)

In words, when the process X" (¢) enters aregion in which A} ()v( "(-)) = 0 the queue
of class i will be drained up to 12K logn within at most 7" time units and it will
remain there up to &' (¢). We postpone the proof of (102) and use it in proceeding
with the proof of the theorem.

To that end, fix / > 0 and let

ji' = minarg min M (X" (]")).
iel

Then, by the definition of the function A" in (38) we have that h;fl* ()v( () =1
and h; ()v(” (7/')) =0 for all i # j;*. In particular,
U(s) = (e- X" () THj (X" () M (X" (5))
— > 0N ()M (X" (s))

ieZ

forall s € [1/', (7' +1") AT ). Let
J)={ieZ:0!z/'—)>4K logn}.

Then, simple manipulations yield

el Y. OFE)IMIX" ()]
i¢j(r[”)U{jl*}

(104) HIMEX G| X"6) = Y 0l

iej(rl")U{jl*}

+ Y QIOIMIX () — MU (X" ())].
ieJ (")
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We turn to bound each of the elements on the right-hand side of (104). First, note
that for all i ¢ 7 (t/") U {j"} it follows from (103) that

sup Q7 (s) < 12K logn.

T <s< (1" +'7n)/\fln+1

Also, by (36) we have for all i € 7 that

(105) sup | M]'(X"(5))| < Clog" n,
Osssr:,j
so that
(106) > 0F)IMMNX"(s)| < 121K Clogh ™ n
i (THULF)

forall s € [7)", (r/' +1") A7/ ) and a constant C that does not depend on n. From
(103) and from the fact that ) ;.7 Q7 (s) = (e - Xn (s))™ we similarly have that

e- X" = Y 0Xs)|=1201CK logh T .

i€ (tHU{ji)
To bound the last element on the right-hand side of (104) note that for each
i € J (1)) there exists 7' — n" <t < 7} such that h’}- (X™(1)) = 1. Otherwise, we
would have a contradiction to (102). We now claim that for each i € J (7}"),

(107)  [M} (X" ()]

Cloghi*Zn

Jn
for all s in [7]" — 0", 7' + n"]. Indeed, by the definition of fZ(K ), we have that

|)V(”(t) — )V(”(s)l < Clogm+2n forall s, in [7;' — ", 7' +7n"]. As in the proof of
(37) [see, e.g., (51)] we have that

(108) M (X" () = M} (X" (9))] <

Cloghatm+2y

for x, y € B, with |x — y| < Clog”" 2 n. In turn,
logh2tm+2 . Clogh*+2p
NN

for all i € 7 and all s,t € [t/' — 1", 7/' + n"] where we used the fact that
ki = ko + m. Since, for each j € J(1}"), there exists 7;' — 5" <t < 1; such that
h? (X"(t)) = 1 we have, by the definition of 4" that j € argmin;ez M;' (X" (¢)) for
such ¢ so that (108) now follows from (110). Finally, recall that } ;.7 Q7 (t) =
(e X"(s))T < Kk /nlog™ n for all s < ‘L':/’T and that ko = k1 + m so that by (108)

(109) IM} (x) — M} ()] < iel,

(110)  |MM(X" (1)) — M (X"(s))| <

> 0HE)IMI(E"(5)) — MU (X"(5))] < Clog™2n,
ieT ()
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Plugging this into (104) together with (106) and (107) we then have that, on Q (K),
sup 10" (s)| < Cloght*"*2p = CK logkot? .
T Ss< (Tl FnAT]
This argument is repeated for each /. To complete the proof of (96) note that,
using (105) together with supg;.n Tle - X"(s)| < k/nlog" n, we have that

SUP<s<t?, |1Z” ()| <Cyn logk1+’" n. Applying Holder’s inequality we have that

]E[ sup sup |1/v/n(S)|]

I<i=r"+1 ¢ <s<(t/" | +n")

<E[ sup sup [ )IHQK)Y]

1<i<rn+1 7:1"71 <s <(1:I"71 +n")

—HE[ max sup |1/V/"(s)|1{5~2(K)C}]

Isl=r+lan <5< +i)

< Clogh 2 + C/nloghi*m nCye—(C2K/Dlogn

for redefined constants C, C» and (96) now follows by choosing K large enough.
We turn to prove (97). Rearranging terms in (93) we write

() =) M (X" ()((e- X" () h (X" () = (e X" () U} (5)),
i€l
so that equation (97) now follows directly from (102) and (105) through an appli-

cation of Holder’s inequality.
Finally, to establish (98), note that from the definition of r,:‘/’T,

sup [ <I  sup X" Y MMX"(1))

O<r<n"Atl) . 0=<t<n"Aty, . ieT

<I sup  Clog" n|X" (1) < Ck/nlog" " n.

<t<nh n
0<r<n AN

In turn,
7 .
(111) E[/ ’ eV’W"(t)Idt} < Clogh*™ n = Cloghon.
0

We have thus proved (96)—(98) and to conclude the proof of the theorem it
remains only to establish (102). To that end, let ¢/ (¢), ¢/ (¢) and ¢'(¢) be as in
(99)—(101). Fix an interval [/, s) € (S/'(¢), ¢/'(t)) such that Q" (u) > 2K logn for
all u € [I, s). By the definition of the tracking policy, (86) holds on this interval so
that, on w € Q(K),

0" (1) — Q"(s) < &n(t — s)n — <n(r — s) + 2K logn
2
(112) .
S—Zln(t—s)—i—ZKlogn.
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Equation (102) now follows directly from (112). Indeed, note for all ¢ < 7/ 1,
Q1 (1) < (e- X"(1))t < |X"(1)] < k/nlog™ n. Hence, Q7 (&i(1)) < k/nlog" n.
In turn, using (112) and assuming that ¢/'(r) > ¢/'(t) + n" we have that
Q;’(g&i(t)) < 4K logn for some time gg’l.(t) < ¢'(t) + n" with " as defined
in (95). Also, let

&8 (1) =inf{r > off ,(1): Q1 (1) > 12K logn)

and

sii(t) =sup{t < ¢ ;(t): Q} (1) < 8K logn}.

Note that (112) applies to any subinterval [[,s) of [gf” (D), gﬁ’, /(). In turn,
gﬁ” ; (1) < &/'(t) would constitute a contradiction to (112) so that we must have that
Q! (s) < 12K logn for all s € [gg,l.(t), ¢ (1)) with g(’)”i(t) < ¢"(t) + n". Finally,
note that g ; (#) can be taken to be ¢ if Q7 (r) < 4K logn.

This concludes the proof of (102) and, in turn, the proof of the theorem.

Proof of Lemma 6.2. Let T, r,f/,T and (x", g") be as in the statement of the
lemma. We first prove (59). To that end, we claim that, for all T large enough,

oo v

(113) Eyn gn [/ e_ys(e-c)(e-X"(s))+ds] <Clog’n
T logn

for some C > 0 and all n € Z. This is a direct consequence of Lemma 3 in [2] that,

in our notation, guarantees that

En gn[|[X"(0)]] < C(1+ [x"| + /(e +1%)

for all ¢+ > 0 and some constant C > 0. We use (113) to prove Lemma 6.2. The
assertion of the lemma will be established by showing that

2T logn . n
By gn [/ e " (e-c)e- X" (s)) ds} < Clog’n.
.[n

«!, T

To that end, applying Holder’s inequality, we have

2T logn . 4
DN [/ e " (e-c)e- X"(s)) ds:|
[

«", T

S E)C”,L]n [(2T logn — TI?/ T)+ Sup (e : C)(e : X’n(t))—’—ds:l
’ 0<t<2T logn
(114)

< JEvp[(@T logn — 1 )*)?]

0<t<2T logn

x\/Exn,qn[( sup (e-c)(e-)?n(t))ws)z].
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Using Lemma A.1 we have that

v 2
(115) Evg[( sup  (e-o)e-X"()) ds) | < Cnlog®n
0<t<2T logn

for some C > 0 (that can depend on T'). Also, since m > 3,

P{z! , <2T10gn}§IP’{ sup X" ()| >K/\/ﬁlog3n—M\/ﬁ].
' 0<t<2T logn

Choosing «’ (and in turn « large enough) we then have, using Lemma A.1, that
C
(116) Plzy r <2Tlogn} < —
’ n

and hence, that
(117) Exn g [(2T logn — ¢ *)*] < C.
Plugging (115) and (117) into (114) we then have that

2T logn . n
(118) En gn [/ e (e -c)e- X"(s)) ds] < Clog’n.
™

k", T

To conclude the proof we will show that (60) follows from our analysis thus far.
Indeed,

E[e” 7" ¢ (X" (2l )]

271
<EY, . [/ ey sup (e-c)(e-)v(”(s))+ds]
= x",q . *

:?’,T 0<s<2T logn

The right-hand side here is bounded by C log? n by the same argument that leads
to (118).

Proof of Lemma 6.3. Recall that W" is defined by W (t) = M!" (1) — M, (1),
where

M} (1) = N (A1) — At
M} (1) = N (m fot(ff? () +vin — Ul (s)(e ??”<S>)+)ds)

t v v
—m/O (XM (s) — Ul'(s)(e - X"(5)) ") ds.
The fact that each of the processes M;fl (1) and M{fz(t) are square integrable mar-
tingales with respect to the filtration (F;') follows as in Section 3 of [12] and
specifically as in Lemma 3.2 there.
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Since, with probability 1, there are no simultaneous jumps of N and ./\/'l.d, the
quadratic variation process satisfies

(W', = [MI'}1 + [M)5];
=D (AM!(9))* + Y _(AM]'(5))*,

s<t s<t

where the last equality follows again from Lemma 3.1 in [12] (see also Exam-
ple 5.65 in [14]). Finally, the predictable quadratic variation process satisfies

(W) = (MP'))y + (M]'5),
=AMt 4w /t()v(?(s) +vin—Ul'(s)(e- )v("(s))Jr)ds
0

- fo (o] (X"(), U"(s)))* ds.

where the second equality follow again follows from Lemma 3.1 in [12] and the
last equality from the definition of o}'(-,-) [see (25)]. By Theorem 3.2 in [12]

((W”(t))2 [W"];, ¢ > 0]) and ((W”(t))2 [Wi”]t,t > 0) are both martingales

4
with respect to (F}"). In turn, by the optional stopping theorem so are the processes

M (-) and V' (-) as defined in the statement of the lemma. Finally, it is easy to
verify that these are square integrable martingales using the fact the time changes
are bounded for all finite 7.
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