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ON THE DYNAMIC CONTROL OF MATCHING QUEUES

By Itar GurvicH AND AMY WARD
Northwestern University and University of Southern California

We consider the optimal control of matching queues with ran-
dom arrivals. In this model, items arrive to dedicated queues, and
wait to be matched with items from other (possibly multiple) queues.
A match type corresponds to the set of item classes required for
a match. Once a decision has been made to perform a match, the
matching itself is instantaneous and the matched items depart from
the system. We consider the problem of minimizing finite-horizon cu-
mulative holding costs. The controller must decide which matchings
to execute given multiple options. In principle, the controller may
choose to wait until some “inventory” of items builds up to facilitate
more profitable matches in the future.

We introduce a multi-dimensional imbalance process, that at each
time ¢, is given by a linear function of the cumulative arrivals to
each of the item classes. A non-zero value of the imbalance at time ¢
means that no control could have matched all the items that arrived
by time ¢. A lower bound based on the imbalance process can be
specified, at each time point, by a solution to an optimization prob-
lem with linear constraints. While not achievable in general, this lower
bound can be asymptotically approached under a dedicated item con-
dition (an analogue of the local traffic condition in bandwidth shar-
ing networks). We devise a myopic discrete-review matching control
that asymptotically—as the arrival rates become large—achieves the
imbalance-based lower bound.

1. Introduction. We consider the matching of items that arrive ran-
domly over time. Items of different classes arrive sequentially and wait in
their respective queues — a queue for each class. Items can leave the system
only after being matched to items of other (possibly multiple) classes. Once
matched, the items leave the system together. We refer to such systems as
matching queues and are concerned with their optimal control. The items
may be thought of as people with relevant needs and/or skills (such as in an
online market setting) or as inanimate components that must be combined
to form completed products (such as in a manufacturing setting).

In the example depicted in Figure 1, there are 4 classes of items, and
items of class i arrive according to a time-varying Poisson process A; having
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F1c 1. A queueing network view of a system with four input streams and two matchings.

instantaneous rate A;(t), i = 1,2,3,4. Items of class 1 can be matched to
items of class 2. Items of class 2 can be also matched with items of classes
3 and 4. This structure is reflected in the graph in Figure 1 where each
rectangle corresponds to an item class and each of the circles A and B to
matching types. When a class 1 item is matched with a class 2 item they
both leave the system: matchings are instantaneous. An item of class 4 must
be matched to both a class 3 and a class 2 item to depart. The matching-to-
queue adjacency matrix (henceforth, the matching matriz) is given in this
case by

10
11
M= 0 1
0 1

The controller must decide when to perform a matching and which match-
ing to perform given multiple options. If the decision is to perform d 4 match-
ings of type A and dp matchings of type B, (Md); units are depleted from
the class i queue, where d = (da,dp). The controller may choose to wait
even if items are available. In Figure 1, suppose that there is a single item
available in each of the class 1, class 2 and class 4 queues but none in the
class 3 queue. The controller may be greedy and match the available class 1
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N

FiG 2. The simplest matching network — one matching type and two item classes.

item with the available class 2 item, which would result in two items depart-
ing the system. It may be, however, preferable to “inventory” this class 2
item until a class 3 item arrives at which point it can be matched with one
class 2 and one class 4 items — depleting three items.

A first (and central) step in optimizing these networks is to identify a good
state descriptor. This choice is simple if one were to consider the simplest of
matching networks — one with two item classes and one possible matching;
see Figure 2. Assuming one performs matchings whenever there are items to
be matched, either queue 1 or queue 2 must be empty. In turn, the imbalance
between the arrivals

S(t) = Ar(t) — Aa(t),

is a sufficient state descriptor: the size of each of the queues at time t is
determined by the value of the imbalance. In particular,

(1.1)
Q1(t) = [Ar(t) — A(1)]" = [S()]" and Q2(t) = [A1(t) — A2(t)]” = [S(¥)] -

Given a strictly increasing non-negative cost function C' : Ri — Ry, it is
trivial now that under any control

(1.2) C(Q1(1), Q2(t)) = C([SWHI, [S®)]7), t=>0.

If the imbalance at time ¢ is non-zero, then matching all arriving items is
infeasible and the instantaneous cost must be strictly positive.
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More generally the definition of the imbalance process is not as simple.
The conceptual implications, however, remain valid in great generality:

e [f the imbalance process is non-zero at time ¢, then there is no control
that could have matched all items that arrived by time ¢ > 0.

e A [ower bound on the holding costs under any matching control is given
by a simple function of the imbalance process, as in (1.2).

In this paper, we show how to explicitly construct such an imbalance process.
The imbalance S is constructed as a linear mapping of the arrival processes.
If qo is the vector of queues at time ¢t = 0, then

(1.3) S(t) =Y (q0 + A1),

where the imbalance matriz Y has dimension I x J, with I being the number
of classes and J the number of possible matchings; see Section 3. In the
simple example of Figure 2, Y is the column vector (1, —1)T.

Our objective is to propose a matching control that minimizes the finite
horizon cumulative cost, [, C(Q(t))dt, where u > 0 is the time horizon and
C : RL — Ry is the instantaneous cost function. Finite horizon (rather
than long-run average) objectives are natural because the matching queues
we consider here are inherently unstable: for the simple example in Figure 2,
either the queue sizes blow up to oo (if A\; # A2) or the imbalance process
is null recurrent (if A\; = A2).

A lower bound on the instantaneous holding cost based on the imbalance
process in (1.3) is given by

(1.4a) min  C(q)
(1.4b) st. Ylg=5(t)
(1.4c) q >0,

at every time ¢ > 0. That is, one optimizes the queue sizes ¢ subject to the
constraint that the appropriately weighted (by Y7) sum of the queues must
equal the imbalance process. Obviously, there is no reason to expect that
the lower bound in (1.4) is achievable as it ignores past actions; namely, the
fact that once an item is matched, it can not be “unmatched”. In Figure 1, if
the controller matches a class 2 item with a class 1 item when a class 4 item
was waiting but a class 3 item arrives shortly after, the controller cannot
“unmatch” the class 1 and 2 items in order to match instead the class 2, 3,
and 4 items.

In this paper, we show that a simple discrete review matching control
achieves the imbalance based lower bound for a large class of networks
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(specifically, those that satisfy a dedicated item condition — see Assump-
tion 1), when the arrival rates become large. In brief, our proposed control
minimizes the costs given the backlog of items at specified decision epochs
t1,...,ty: at time t,,, we determine the number of matches of each type d,,
and the resulting queues ¢, by solving:

(1.5a) min  C(gm)
(1.5b) st. qn=Qtm—) — Mdy,,
(1.5¢) Gm, dm > 0,

where M is the matching matrix. The algorithm is fleshed out in detail in §4.

The discrete-review matching control (1.5) is (partly) greedy—in the case
of Figure 1, our control will not “inventory” items of class 2 in anticipation
of arrivals of classes 3 and 4. However, the term “greedy” must be used with
care. Discrete review means that we do nothing between review periods, so
that items accumulate. The inventory accumulated between review periods
provides the flexibility to achieve the lower bound in (1.4) at each decision
epoch. Decision epochs must be close enough so as not incur significant hold-
ing cost, but sufficiently spaced out so that enough items have accumulated
between review periods to provide matching flexibility.

In summary, the main contribution of this paper is to introduce a model
for matching queues, identify the imbalance process as a key concept, and
prove that a simple control is asymptotically optimal for holding cost mini-
mization.

Organization of the paper. We conclude this section with a literature re-
view. We specify our model in §2, and explicitly construct the imbalance
matrix Y and the imbalance process S(t) in §3. We fully describe our pro-
posed control in §4. We state our first asymptotic optimality result in §5.
That first result assumes that, in fluid scale, all items can be matched. When
there is no such fluid balance, our asymptotic optimality result requires ad-
ditional conditions, and that setting is studied in §6. Proof essentials appear
in §7 and numerical examples in §8. We make concluding remarks in §9. The
proofs of propositions and theorems appear in the main body of the paper,
and there is an appendix for the proofs of lemmas.

Literature review. There are two streams of literature that are relevant to
our work: that on stochastic processing networks and that on assemble-to-
order systems.

The stochastic processing networks (SPNs) literature. In Harrison’s SPN
framework [6], a matching network can be viewed as a SPN with I classes of
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items that are processed via J activities. For the matching network drawn
in Figure 1, there are I = 4 classes and J = 2 activities that can be used to
process these classes. Each of the J activities is undertaken by a resource and
all processing is instantaneous (so that each resource has infinite capacity).

Our model can thus be viewed as an extension of assembly-queues. One
early example is the model studied in [4], which has I classes, a single activity
served by a finite capacity resource, and positive processing times. Although
the matching requirement is similar, there are two important distinctions.
The first is the fact that we have instantaneous processing. A consequence of
this is that the imbalance process can be approximated by an unregulated
diffusion. With positive processing times, the appropriate approximation
is a regulated diffusion. The second important distinction is that with a
single activity there is no question of control. In contrast, our focus is on
networks with multiple matching types, in which the network performance
is determined by decisions concerning which activities to undertake when —
that is, by the matching decisions. This question of matching control has
not been fully explored in the SPN literature.

Studies of SPNs typically follow a hierarchy in which one first consid-
ers a static planning problem, and subsequently a waiting- or holding-cost
minimization problem. The second step is often facilitated by use of the
“standard Brownian machinery” proposed in [5]; namely, by introducing a
heavy-traffic asymptotic regime in which resources are almost fully utilized
and queue-lengths can be approximated by a function of a Brownian motion.
An equivalent problem of lower dimension, that can be more easily solved,
is constructed based on the workload process (see [8]) whose construction,
in turn, relies on the dual of a static planning problem. A class of SPNs that
is closely related to matching networks is that of parallel-server networks
(Figure 1 serves to visualize this similarity). That class is studied using the
standard Brownian machinery in, for example, [2, 7, 11], and those papers
identify resource-pooling conditions under which the workload process is
one-dimensional. The solution to the one-dimensional equivalent workload
formulation is used to construct a control for the original SPN that is proved
to be asymptotically optimal in heavy-traffic.

In spirit, our analysis of matching networks follows this same hierarchy.
The construction of the imbalance process is based on the dual to an appro-
priate static planning problem, and we perform an asymptotic analysis to
motivate a dynamic control and prove that the proposed control is asymp-
totically optimal. The conventional notion of heavy traffic does not, however,
apply in our setting because there is no obvious notion of resource capacity.
The appropriate analogue to the heavy-traffic asymptotic regime involves
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balance among the various input flows, which effectively “serve” one an-
other. The network in Figure 2 is balanced when A;(t) = Ay(t) for all ¢t > 0,
and that of Figure 1 is balanced when \;(¢) + 0.5(A3(t) + A\4(t)) = Aa(t)
and A3(t) = A4(t) for all ¢ > 0. Instead of the resource pooling condition,
a reduction in problem dimensionality is achieved here by a dedicated-item
condition which is an analogue of the local traffic condition developed in [10]
for a bandwidth sharing model. The control problem does not, however, col-
lapse here to a single dimension.

The assemble-to-order system literature. Our interpretation of the imbal-
ance process is closely connected to the interpretation of the inventory po-
sition in an assemble-to-order (ATO) system. In such a system, stochastic
demand for a set of end products is met by assembling components. Dif-
ferent end-products use different (possibly overlapping) subsets of compo-
nents and the controller must decide dynamically which end products to
assemble given the backlogged demand for products and the inventory of
components; see, e.g., the survey paper [15]. The components may either be
arriving stochastically, if the capacitated component production is explicitly
modeled, or they may be ordered, in which case they arrive after a lead time.
Regardless of the component delivery method, the relevant state descriptor
is the inventory position which tracks the number of components required
to satisfy product demand, and is positive (negative) if the system has extra
(is short of) components. Our imbalance process is similar in that it tracks
which items are plentiful and which items are in short supply.

In the assemble-to-order setting with component production, as in [12],
the notion of heavy-traffic equates the rate at which products are demanded
to the rate at which components are produced. When those rates are in
balance, the standard Brownian machinery can be used to construct an
asymptotically optimal control that specifies dynamically which products to
assemble. An important similarity (and a departure from traditional queue-
ing networks) is that, in both the ATO context and in our matching setting,
capacity — be it the queue of components in the ATO setting or the queues
of items in our setting (that serve as “resources” for other items) — can
be “banked” and is not perishable. Yet this is where the connection to the
matching setting partly breaks down. In the matching setting there is no
natural notion of physical capacity as items play the dual role of “products”
needing components and “components” that are used in other products.
This duality requires a different notion of “heavy-traffic”.

The standard Brownian machinery is applied also in the study of ATO
systems where components are ordered; see [3] and [13]. These papers uses
functional central limit theorems to show that, as the lead times grow large
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(and so does, in particular, the demand for products during the lead time)
a certain lower bound stochastic program is attained. This is also the spirit
of the analysis in this paper: to use functional central limit theorem method-
ology to show that when the arrival rates become large, the lower bound in
(1.4) can be attained. In our setting, the absence of capacitated resources
allows us to cover, within a single asymptotic framework, balanced and non-
balanced networks.

Notation. We let R denote the real numbers and R denote the positive real
numbers. The set of integers is Z and N denotes the non-negative integers.
For a set S, |S| denotes its cardinality. All vectors are assumed to be column
vectors. The transpose of a vector v is denoted by v’. The notation |v|
denotes the Euclidean norm of v. We let e be the vector of all 1’s, and e; be
the vector of all 0’s except with a 1 in the jth place. All processes considered
in what follows are assumed to be right continuous with left limits, and
D0, 00) denotes the space of such functions from [0, 00) to R?. For a process
r € DU0,00) and a constant u > 0 we let ||7]su = Supy<i, |2(t)] (We
abbreviate to ||z|, if s = 0) and define Az(t) = x(t) — z(t—).

For asymptotic optimality we consider a sequence of systems indexed by
n € Ry. We use the notation = to denote convergence in distribution as n —
oo in the space D70, 00). We use the same notation for weak convergence
of random variables and the correct interpretation will be clear from the
context. For a sequence of random variables {X"} and a sequence of non-
negative numbers a” we say that X" = op(a™) if | X™|/a"™ — 0 in probability,
as n — oo.

2. The matching model. The model consists of a set Z of input
streams, or item classes, and a set of matchings J. A matching corresponds
to a subset of Z that contains at least two item classes. We let Z(j) be the set
of item classes participating in matching j € J and J (i) be the set of match-
ings which involve item class i € Z. The matching matriz M € {0,1}1*7,
where I = |Z| and J = |J|, has M;; = 1 if i € Z(j) and 0 otherwise. We
assume that for each i, there exists at least one j such that M;; = 1; that
is, each item class is connected to at least one matching. In Figure 1,

1 0

(2.1) m=| o1
1

S O =

and

Z={1,2,3,4} and J = {A, B}, for A ={1,2} and B = {2, 3,4},
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I(A) = {172}7I(B) = {273’4}"-7(1) = {A}vj(Q) = {A7B}v
and J(3) = J(4) = {B}.

Class i items arrive according to a (possibly time varying) Poisson process
A; = (Ai(t),t > 0) with instantaneous rate A;(t), so that A;(t) = fot Ai(s)ds
is a first order approximation for the cumulative arrivals up to time t.! We
assume that

0 < Anin S Ai(t) < Apax < 00, t>0,i €.

The control is the vector of processes D; = (Dj;(t),t > 0), j € J, where
Dj(t) tracks the cumulative number of times matching j has been performed
in [0,¢], and has

(2.2) D(0) =0, AD(t) €N,

Let go; be the number of items in queue 7 at time 0. The number of class %
items waiting at time ¢ > 0 is then

Qi(t; D) = qo; + Ai(t) — > Dj(t),

JeJ (@)
or, in vector notation
(2.3) Q(t; D) = qo + A(t) — MD(t).
Naturally, we only consider controls under which
(2.4) Q(t; D) >0 for all t > 0.

Also, since matching j € J is only feasible at times ¢ > 0 in which at least
one item is waiting in each of the queues i € Z(j), we require that for all
jeJ,i€I(j)and t >0,

(2.5) ADj(t) > 0 implies Q;(t—; D) + AA;(t) > 0 for all ¢ € Z(j),

where we define Q(0—; D) = qo. A control D is admissible if (2.2)—(2.5) hold.

Given a non-negative and convex function C' : RE. — R that has C(0) =
0 and is strictly increasing with respect to the natural partial order on RL
we seek to solve the problem

(2.6) minimize / C (Q(t; D)) dt over all admissible controls D,
0
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Fic 3. (LHS) DI violated (RHS) DI satisfied.

for any given u > 0, where the minimization should be interpreted in a
stochastic sense. In words, we wish to minimize the finite horizon costs of
having items waiting (holding costs).

Our proposed solution will be pathwise (asymptotically) optimal under
our assumptions. As a corollary, if one considers go = 0 and the particular
cost function

(2.7) C(q) = Zqi for g € R,
i€

the solution minimizes ) ;. Q;(t) for each ¢ > 0 and, consequently, maxi-
mizes the total number of items matched in [0, u].

Dedicated item condition. The following condition is the analogue of the
local traffic condition in [10, Assumption 5.1], defined there for a bandwidth
sharing network. In words, the condition requires that each matching has
at least one class that is used by that matching and that matching only.
In Figure 1, class 1 is served only by matching A and classes 3 and 4 are
served only by matching B. The dedicated item condition is not satisfied,
for example, in Figure 3(LHS) where matching B has no such item class,
but it is satisfied in Figure 3(RHS).

DEFINITION 1 (dedicated item (DI)). For each j € J there exists i € Z
such that M;; = 1 but M;;, = 0 for all k£ # j.

mposing a Poisson structure simplifies discussing non-stationary arrivals but is not
necessary for some of our results; see Remark 3.
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ASSUMPTION 1. The network satisfies the DI condition.

Since a matching must have at least two classes, the dedicated item con-
dition implies that I > J. It also implies that the matrix M (after possibly
re-arranging indices) has the form M7” = (I, M) where I is the J x J iden-
tity matrix and My is some J X (I — J) matrix. In particular, the matrix M
has rank J. A useful implication of the structure of the matrix M is that
Mz > 0 if and only if £ > 0. In the algebraic literature this property is re-
ferred to as inverse monotonicity and it is this implication of the dedicated
item condition that is central to our proofs.

We say that a network is fluid-balanced if for each t > 0, there exists
z = z(t) > 0 such that Mz = A(t): starting with empty queues one can
(in first order) match all arrivals by time ¢ and make the “fluid” queues
empty.

Conversely, we say that a network is not balanced if there exists ¢ such
that Mz # A(t) for all z > 0. In this case, no control can empty the queues
completely in fluid scale — there must be some positive queues some of the
time.

This separation according to fluid balance is not central to the develop-
ment of our proposed control in Sections 3 and 4. However, the conditions for
asymptotic optimality are stronger for non-balanced networks; see Section 6.

3. The imbalance matrix and process. Our proposed control is
based on the imbalance process (1.3). The imbalance process is used to iden-
tify the lower bound on the achievable cost given in (1.4). In this section, we
provide one possible construction of the matrix Y in (1.3), and relate this
construction to the duality of item classes as customers and servers.

To motivate the imbalance process, suppose that no action is taken until
time t. At this time, it is feasible to match all items if there exists d > 0
that solves

(3.1) Md=qy+At), deRy.
The dual to (3.1) is given by the linear program

max,cpr Y’ (qo + A(t))

3.2
(3:2) s.t. y'M <o.

By strong duality (3.1) has a feasible solution d* if and only if (3.2) has a
finite optimal solution y* (any such solution must have (y*)? (go+A(t)) = 0).
Suppose that go+ A(t) > 0, i.e., that all components of the vector gy + A(t)
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are strictly positive. Then, by the dedicated item condition it must be that
d* > 0 and, by complementary slackness, that (y*)"M = 0. Thus, for
qo + A(t) > 0, the primal has a feasible solution d* if and only if the dual
has an optimal solution y* with (y*)T(qo + A(t)) = 0 and (y*)'M = 0. If,
on the other hand, there exists y such that y” M = 0 but y” (go + A(t)) > 0
there is no solution d > 0 to Md = gy + A(t) so that, regardless of our
actions, some queues must be positive at time ¢.

We construct a process S = (S(t),t > 0) having S(t) = 0 if there exists
d > 0 such that Md = qo + A(t) and S(t) # 0 otherwise. We fix a matrix ¥

whose columns span

(3.3) Y={yeR:yT"M =0},
and define
(3.4) S(t) =Y (qo + A(t)) for all t > 0.

The process S(t) obtains values in the subspace
(3.5) M={secR" . yTy =5 for some z > 0}.
The following formalizes our heuristic motivation of the imbalance process.

LEMMA 1. Suppose that Assumption 1 holds. For each x > 0 such that
Y T2 =0 there exists a unique solution d to the system of equations Md = x,
and this solution is non-negative.

As a corollary of this lemma we observe that the network is fluid balanced
if, for all ¢ > 0, YTA(t) = 0 as this guarantees the existence of z(t) > 0 such
that Mz = A(t).

ExampPLE 1. Consider the network in Figure 1 and assume that gg = 0.
Then, y© = (—1,1, —a, — (1 —a)) (with arbitrary a € (0, 1)) satisfies y? M =
0. One possible choice for Y is

YT:<_1 1 —1/2 —1/2>’

0 0 -1 1
so that when ¢gp =0

—A;(t) + Aa(t

B )= 1 (As(t) + Aa(t))
St = ( M)+ Anlt) )
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Then, So(t) = 0 only if As(t) = A4(t), which is consistent with the fact
that—assuming no matchings are performed by time t—all class 3 and 4
items can be matched at that time only if the exact same number of each
class is present. If Sy(t) = 0, then S;(¢) = 0 only if

Aylt) = Ar(0) + 5 (As(0) + Aa(0)
= A1(0) + Ay (1),

so that there are enough class 2 items to match all items of classes 1, 3, and
4 that are present in the queues at time t. ]

In general, there may be multiple choices for the matrix Y. The choice of
Y does not affect our results so we do not make this dependence explicit in
our notation. Regardless of how Y is chosen, its rank is I — J (recall that
rank(M)=J <1I).

There are standard (algebraic ways) to construct such a matrix Y. The
following is a construction of Y that has an intuitive physical interpreta-
tion and is rooted in the greater relative importance of some item classes.
In Figure 1, for example, class 2 is such a class. It is the only class that is
used in more than one matching so that, by allocating items of this class
between the two distinct matchings A and B, the system manager can con-
trol item departures. In this sense, class 2 is a “resource” for class 1, 3,
and 4 “items”. Formalizing this idea is conceptually useful and facilitates an
explicit construction of the matrix Y.

DEFINITION 2. We say that a class i € 7 is a resource class if |J(i)] > 1
(it participates in more than one matching). We let S C Z be the set of
resource classes and let C = Z \ S be the remaining classes, which we refer
to as the customer classes.

The algorithm shown below can be used to construct an appropriate ma-
trix Y (that is, one whose rows span (3.3)). In the presentation of this
algorithm, we use the notation r to refer to a resource class and ¢ to refer
to a customer class. Then, for a row vector y in the matrix Y7 (which has I
entries), the notation y, (y.) refers to the position in the vector y associated
with that resource (customer) class. For easier understanding, we illustrate
each step by applying it to Example 1.

(0) Start with an “empty” matrix Y7 that has I —J rows and I columns.

r r T T
v =
r r Tr
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(1) For each resource class r € S:

(i) Add a row vector y that has a 1 in the entry associated with that
resource class.
r=2andy=(z,1,z,2)

(ii) For each matching j € J(r):
For each customer class ¢ € CNZ(j):
_ -1
Ye = enzl
J(r) = {4, B)
CNZ(A)={1} and soy = (—1,1,z,x)
CNI(B) = {3,4},[CNI(B) =2,
and soy = (—1,1,-1/2,—-1/2)

(2) For each matching j € J having |[CNZ(j)| > 2, fill one of the remaining
rows in the matrix Y with the vector y constructed as follows:

(i) Arbitrarily designate a customer class ¢(j) € CNZ(j).

(ii) Let yejy = —1, yo = 1 for all ¢ € CNZ(j), ¢’ # c(j), and set all
remaining entries to 0.

j=B,c(B)=3,d =4, and y = (0,0, —1,1).

In the application of the last step to the network in Example 1, note that
matching A has a single customer class so that this step applies only to
matching B. Overall, we generate exactly I — J rows, each of size I. To
see this, note that step (1) creates |S| rows. Then, step (2) creates |C| — J
rows, because each matching j yields |C(j)| — 1 rows and there is no overlap
between local inputs. Finally, the independence of the columns of Y (rows
of YT) follows immediately by construction as does the fact that Y7 M = 0.

4. The proposed discrete-review control. Consider first the case
that ¢o = 0: the initial queues are empty. A modification of the algorithm to
account for general initial conditions is provided at the end of this section.

At each decision epoch 0 < t1 < t9 < --- <, <u, we solve for the num-
ber of matches of each type d,,, and the resulting queues ¢, that minimize
the instantaneous holding cost; that is, we solve for (d;,, ¢,) in

(4.1a) min  C(gm)
(4.1b) st gm = Q(tm—1) + A(tm) — A(tm—1) — Md,,,
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The proposed control D, and queue-length processes are
D, (tm) = Dy(tm-1) + dp, and Q(tm, Dy) = .

From (4.1), it is straightforward to see that the constructed D, is piecewise
constant, satisfies (2.2)—(2.5) and is thus admissible.

The optimization (4.1) is exactly (1.5) in the Introduction because
AA(ty,) = 0 for all m almost surely when arrivals are Poisson, so that

Q(tm—1) + Altm) = A(tm—1) = Q(tm-1) + Alt,) — Altm-1) = Q(t,)-

In particular, substitution shows that the constraints in (4.1) and (1.5) are
identical. This is important because the formulation (1.5) does not require
tracking the arrival increments A(ty,) — A(tm—1).

To see the connection of our proposed control with the imbalance process
introduced in §3, we multiply by Y7 in (4.1b). Then, recalling that Y7 M = 0
and the imbalance process definition in (3.4), we find

Y g = YT (Qtye1) + Alty) — A(tm—1))
=YTQ(tm1)+ S(tm) — S(tm-_1).

YTQ(tm—1) = S(tm_1), then Y7q,, = S(t,,). This is true at time ty = 0
and will subsequently hold for all m by the definition of the algorithm. Then,

(4.1) can be equivalently written as

(4.2a) min  C(gn)

(4.2b) st YTq, = S(ty),

(4.2¢) Im = Q(tm—1) + A(tm) — A(tm—1) — Md,,
(4.2d) Im; dm > 0.

For each m the problem (4.2) has the lower bound given in (1.4) of the
introduction (set t = t,,):

(4.3a) min  C(q)
(4.3b) st. YTqg=5(t)
(4.3¢) q>0.

The source of the potential higher cost under the proposed discrete-review
matching control in (4.2) and the lower bound in (4.3) comes from the
constraint (4.2c), that prevents previously matched items from being “re-
matched” more advantageously.
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In particular, a lower bound on what the algorithm can achieve (or, in
fact, on what any algorithm can achieve) is given by

(4.4a) min /Ou C(q(s))ds,

(4.4b) st. YTg=S(t), forall 0 <t <u,
(4.4c) q(t) >0, forall 0 <t <,

Obviously, given a function Q : M — ]Rfr defined as

(4.5) Q(s) € argmin{C(q) : YTq = s},

q=0
Q(S(t)) is optimal for (4.3) and, given a sample path (S(t),t > 0), the
sample path (Q(S(t)),t > 0) is optimal for (4.4).

Thus, the imbalance-based process Q(S(t)) generates a lower bound on
the original finite horizon cumulative cost objective (2.6). To understand
how our algorithm overcomes the gap between the original formulation and
this lower bound it is useful to formalize an equivalence between (4.4) and
the original cumulative finite horizon cost formulation (2.6).

Eliminate first the requirement in (2.6) that only integer numbers of items
can be matched. The original problem formulation then becomes:

min /u C(Q(t; D)) dt
0
st. Q(t) = qo+ A(t) — M D(t), for all 0 <t < u,

(4.6) D(0) =0, D is increasing ,
/OO 1{Q; (t—) + AA;(t) = 0 for any i € Z(j)}dD;(t) = 0,
0

Q(t) >0, forall 0 <t <.

The imbalance-based problem formulation is:

min /Ou C(q(s))ds,

(4.7) st. YTq(t) = S(t), forall 0 <t <u,
A(t) — A(s) > q(t) — q(s), for all 0 < s <t < u,
q(t) >0, forall 0 <t < w.

A function (¢(t),t > 0) is said to be admissible for (4.7) if it is RCLL
and satisfies all the constraints. The following establishes that, under the
dedicated item condition (Assumption 1), these problems are equivalent.
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THEOREM 1. Suppose that Assumption 1 holds. If (Q, D) is an admissi-
ble solution for (4.6), then, Q is admissible for (4.7). Conversely, if Q is an
admissible solution for (4.7), then there exists a process D such that (Q, D)
is admissible for (4.6).

The simple proof appears at the end of this section. Theorem 1 tells
us that, to study the original problem formulation, it suffices to study the
imbalance formulation (4.7). Note that the formulation (4.7) is the lower-
bound problem (4.4) with the added constraint A(t) — A(s) > q(t) — q(s);
in other words, that constraint is the source of any potential cost gap. For
the solution Q(S(t)) to be feasible for (4.7) we need that

A(t) — A(s) > Q(S(t)) — Q(S(s)), 0 < s <t < u.

This is the key observation underlying our proposed control. By spacing out
the decision epochs far enough we can guarantee that, with high probability,

Atmt1) = Altm) 2 Q(S(tm+1)) — QS (tm)).

Our control will then be able to track the trajectory of queues Q(S(t)) at
decision epochs; that is, the solutions to (4.2) and (4.3) will be the same.
Assuming that the decision epochs can still be spaced close enough so that
the cost build-up during a review period is negligible, our proposed discrete
review matching control (4.2) will achieve a near minimum cumulative finite
horizon cost.

In summary, the essential element is that there are sufficiently many ar-
rivals during sufficiently short review periods.

REMARK 1. It is important that if (@, D) is a feasible solution to (4.6),
then the feasibility of @ for (4.7) does not require the DI condition. It follows,
in particular, that regardless of any assumptions the optimal value in (4.7)
serves as a lower bound for (4.6) and, in turn, for (2.6). O

REMARK 2 (when Q is not unique). If, for each > 0, the solution Q(x)
in (4.5) is guaranteed to be unique (say, if C(-) is strictly convex), the explicit
form of @ is not required in order to use our algorithm and generate the
optimality results that follow. In the absence of such uniqueness we modify
the algorithm and use the explicit Q.

At review epoch t,,, if there exists d,, > 0 such that (d,,, Q(S(tm)))
satisfies (4.1¢) (and, in turn, is optimal for (4.1a)—(4.1c)) choose this
solution, i.e, set Q(tm,, Di) = Q(S(ty)) and Dy(ty,) = Di(tm—1) + dp.

In words, at review epoch t,, the algorithm chooses Q(S(t,,)) whenever
feasible. O
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PROOF OF THEOREM 1. Let (Q, D) be an admissible solution for (4.6).
Then, the first equation in (4.6) together with the fact that D is an increasing
process guarantee that A(t) — A(s) > Q(t) — Q(s) for all 0 < s <t < w.
Also, since Y'M = 0 by construction, we have that Y7Q(t) = YT (qo +
A@t) —YTMD(t) = YT (qo + A(t)) = S(t). Hence, Q is feasible for (4.7).
Next, we will show that if @) is a solution to (4.7) then there exists a process
D such that (Q, D) is a solution to (4.6). We construct the process D(t) as
follows: Let z(t) = qo + A(t) — Q(t), where qq is defined to equal Q(0). Note
that since @ is a solution to (4.7) we have, in particular, that z(¢) > 0 and
Y7Tx(t) = 0. Using Lemma 1 let D(t) be the unique non-negative solution
to MD(t) = z(t). We claim that the process D(t) constructed this way is,
in fact, increasing. Indeed, by construction M (D(t) — D(s)) = z(t) — x(s).
Since z(t) —x(s) > 0 (by the second constraint in (4.7)) and since Y7 x(t) =
Y7Tx(s) = 0, we have by Lemma 1 that D(t) — D(s) must be the unique
(non-negative solution) to this system. Thus, D(t) is increasing. Finally,
since A(t) is RCLL and so is, by definition Q(¢), they both have a finite
number of discontinuity points on any finite interval. Thus, to show that the
third constraint in (4.6) holds, it suffices to show that if (s, ] is an interval
such that Q;(u—)+AA;(u) = 0 for all u € (s,t] then D;(t)—D;(s) = 0 for all
j € J(i). Since @ > 0 and A is an increasing pure jump process we have on
this interval that Q(s) =0 for all s <t and AA;(u) =0 for all u € (s,t]. In
particular A4;(t)—A;(s) = 0. Suppose to reach a contradiction that there exist
J € J(i) with D;(t)—D;(s) > 0. In this case (M (D(t)—D(s))); > 0 and, by
our construction of D, Q;(t)—Qi(s) = A;(t)—A;(s)—(M(D(t)—D(s)))i <0
which, since Q(s) = 0 for all s < ¢ is a contradiction to the non-negativity
of Q. O

General initial conditions. We end this section with a modification of the
algorithm to accommodate general initial conditions. Such a modification is
needed only if at time 0 gy # Q(Y7qp). Otherwise, if go = Q(YTqq), then
the algorithm can be used as presented.

Let

(4.8) to=min {t > 0: g+ A®t) — Q (Y7 (g + A1) > 0}

At time tg, ¥ = qo + A(t) — Q(YT(qo + A(t))) > 0 and YTz = 0 so that,
applying Lemma 1, there exists d > 0 that solves

Md = qo+ A(to) — Q(Y (g0 + A(to))),

and we can set D, (tg) = d to obtain Q(ty) = Q(Y T (go+ A(tg))). From here,
we can proceed as in our original algorithm.
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5. Asymptotic optimality for balanced networks. We consider a
sequence of systems, indexed by n, in which the arrivals are accelerated:
AM(t) = nA;(t) is the instantaneous arrival rate of class i items at time ¢, and
AM(t) = nA;(t) is the mean cumulative number of class i item arrivals. We
assume, without loss of generality, that A\, = 1, so that n is interpreted as
the maximal aggregate arrival rate over the time horizon. The review epochs
are

1\ 2/3
(5.1) t”m:t8+m<—> form=1,2,...,
n

and we have at most [un?/3| review epochs on [0,u]. If t§ = 0, then 7 =
m(1/ n)2/ 3. Our convention is to superscript with n any process or quantity
associated with the n'® network. Thus, for example, qg is the initial queue-
length vector in the n** network. It is standard to construct non-stationary
Poisson processes from unit-rate Poisson processes (A;, i € Z) as follows

AT(t) = Ai(nh(t)), for i € T.

Given a control D™, the queue process Q" is constructed as in (2.2)—(2.5).
With some abuse of terminology we henceforth say that a sequence {D"}
is an admissible control if D™ is admissible for each n (i.e., D™ satisfies
(2.2)—-(2.5)).

From the functional central limit theorem for renewal processes and the
random time change theorem it follows, when the underlying Poisson pro-
cesses are independent, that

A" — A"

(5.2) A :7:>A:B0A,asn—>oo,

where B is a standard I-dimensional Brownian motion. In turn,

Sn_yTn_yTAn R .
3)_ = S=YTA, as n — co.
n

When the system is fluid balanced, Y7A™ = 0. Then, for continuous Q,

and assuming ¢ /v/n — §o, as n — 0o,
1 -~ ~ P
TS = Q0 g /v £ 5") = QY o + 5).

In particular, the lower-bound cost is of the order of y/n. The fluid queues
would be 0 in this case, so that y/n is the cost of stochasticity. Following the
standard notion of asymptotic optimality, we say that a control is asymp-
totically optimal if its optimality gap is negligible relative to /n.

(5.3) S =
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)“1 l‘) }\43

F1G 4. An example with one resource class and a one dimensional matriz 'Y .
DEFINITION 3. The control {D}} is asymptotically optimal if

1
(5.4) NG

/u C(Q™(t, D™))dt — /u C’(Q(S”(t)))dt' 0, as 1 — o0,
0 0

The informal weak-convergence argument in the previous paragraph sug-
gests that our proof of asymptotic optimality hinges on the following conti-
nuity assumption. Below, M is as in (3.5) and, recall, |v| is the Euclidean
norm of a vector v.

AssumMPTION 2 (Lipschitz selection). There exists a function Q(-) and
a constant K, such that, for each s € M, Q(s) is a minimizer in (4.5) and

1Q(s") — Q(s”)| < [s' — 8%, s's* e M.

ExAMPLE 2. The matching network in Figure 4 has the matching matrix
10
M=111/[,
0 1

and it clearly satisfies the DI assumption. The unique (up to multiplicative
constant) vector that spans Y is y = (—1,1, —1)7. Consider the cost function

Clq) = Z g

1€
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for m > 2. The function C' is convex and strictly increasing if ¢; > 0, i =
1,2, 3. Next, the solution to

argmin {C(q) : —q1 + g2 — g3 = s}

q=0
for s € M, is
Qi(s) = 5] ( Qo) =7 ) =13,
(2¢1)" m=1 + (2¢3) m-1
and
Qs(s) = [s]7,

so that Q is, in particular, Lipschitz continuous in s (regardless of m). O

THEOREM 2. Fix u > 0 and suppose that Assumptions 1 and 2 hold,
that C(+) is Lipschitz continuous, and that the network is fluid-balanced. If

qy/v/n — qo, then,

(i) For any admissible control {D"} and all n,
(5.,5)  C(Q"(t,D")) > C(Q(S"(t))), for allt >0 almost surely.

(ii) For the proposed control {D}}, as n — oo,
1
vn
1

n 1C@Q"(- DY) = C(QUS" (g u = 0,

and {D}'} is asymptotically optimal.

1Q" — Q™I = 0,
(5.6)

REMARK 3 (General arrival processes). We restricted Theorem 2 to
Poisson arrivals as this facilitates covering stationary and non-stationary ar-
rivals in one result by having the weak convergence (5.2). However, neither
the Poisson assumption nor independence between the I components of A™ is
required. The key requirement in the proof of Theorem 2 is that the bounds
in Lemma A.2 in our appendix hold. This would be the case, for example, if

T,..., A} are renewal processes with finite 5" moment for the inter-arrival
time (see the proof of Lemma A.2 and the references therein). O

We postpone the proof of Theorem 2 to Section 7, after we have considered
the case of non-balanced networks.
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6. Asymptotic optimality for non-balanced networks. The fluid
optimization problem is

min / C(¢"(s))ds

st q"(t) + A"(t) — Mz"(t), for all 0<t<u,
2"(0) =
q"(t) =

When the network is balanced there exists a solution (z"(t),t > 0) to
Mz"(t) = A"™(t) so that if ¢f = o(n), the queues can be kept small in
fluid scale. For networks that are not fluid-balanced, the optimal queue-
length fluid trajectory is non zero and is, specifically, constructed using Q
as follows: multiplying the first constraint by Y7 on both sides and using
YT M =0, results in the equation Y7¢"(t) = YT (gi + A™(t)). With

(6.2) q"(t) = QY (g5 + A" (1)),

I c ))ds provides then a lower bound on the optimal cost for (6.1).
Further 1f q" is such that

(6.1)

@)

9
0, z" is increasing,
0,

for all 0 <t < w.

(6.3) 7"(t) = q"(s) < A™(t) = A"(s), s <t <u,

then zg, = A"(t) — A"(s) — (¢"(t) — ¢"*(s)) > 0 satisfies Y 2., = 0 so
that by Lemma 1, there exists a non-negative solution ds; to Md = ;.
Constructing 2™ by setting 2(0) = 0 and 2"(t) — 2"(s) = ds+ > 0, we have
that (¢", 2") is feasible and optimal for (6.1).

What we seek to achieve with our control is to track the stochastic fluc-
tuations of the optimal trajectory around the fluid

Q(S"(t)) — QE[S™(1)]) = Q(S" () — QY (g5 + A" (%))

To that end, we impose conditions that guarantee that Q is well behaved
in the vicinity of YT (g% + A™(¢)). For simplicity of exposition, we focus for
the remainder of this section on stationary arrivals, i.e, on the case
that \(¢) = A > 0, so that A"(¢t) = nAt. The proofs apply to non-stationary
arrivals but the conditions in that case are less transparent and we relegate
them to the appendix.

AssuMPTION 3 (Contraction). There exists a function Q that satisfies
Assumption 2 and a constant n < 1 such that

QYTN) < nA.
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AssuMPTION 4 (Homogeneous cost function).  The function C(-) is ho-

mogeneous; that is, there exists § such that for all x € Ry and all kK > 0
C(kx) = KOC(x).

Notice that, if the network is fluid balanced, YA = 0 and Q(YT\) = 0, so
that Assumption 3 is trivially satisfied. In general, whether Assumption 3
holds or not is a property of both the cost function C(-) and the rate .
Verifying this condition merely requires solving the optimization problem
(4.5) at the single point s = YT\, Consider, for example, the network Fig-
ure 4 with linear holding costs C(x) = hTx with hy = 0 and hy = h3 > 0.
Suppose that arrivals are stationary with instantaneous rate A = (2,1, 1).
Then, Q(YT)\) = (2,0,0) £ (2,1,1) so that Assumption 3 is violated. In
this same example, if there exists € € (0,1) such that Ao = (1 + €¢) and
A =223 =1 < X then Q(YTA) = (2-¢,0,0) < (2,1 +¢1) and the
assumption is satisfied.

The intuition behind this requirement is as follows: to keep the queue of
class 3 small, the “capacity” of resource class 2, Ao, must be strictly greater
than the input of class 3. The reason the inequality is strict is that the con-
troller must have enough flexibility to guard against stochastic fluctuations
in the arrival process that result in no class 2 jobs being present when class 3
jobs need them.

Note that with g = 0, Assumption 3 implies that

V() — 7%(s) = QY TnAt) — Q(Y Tnds) = n(t — s)Q(YT )
<nn(t —s)A = A"(t) — A"(s).
The fact that
(6.4) @) — (3)] < m(AZ(E) — AL (s),

which, in words, means that optimal fluid queue of each item class increases
slower than the arrivals, is the only consequence of Assumption 3 that we
use in our proofs. If (6.4) can be verified directly by computing Q, then
the requirement that arrivals are time-homogeneous is not needed. In fact,
homogeneity of the cost function, as in Assumption 4, is not nec-
essary. More general (but less transparent) conditions are specified in the
appendix; see Remark 5.

THEOREM 3. Suppose that the network is not balanced. If, in addition
to the Assumptions of Theorem 2, A(t) = A and Assumptions 3 and 4 hold,
then the conclusions of Theorem 2 continue to hold.

Non-Lipschitz cost functions. The assumption that C' is Lipschitz con-
tinuous in Theorems 2 and 3 can be relaxed. But that relaxation does not
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come for free. The difference between the minimum achievable cost and the
lower bound cost may be larger than y/n, and the definition of asymptotic
optimality must be modified accordingly. Assuming that Q is Lipschitz con-
tinuous,

Q(S™(1) — 7"(t) = Q(S™(t)) — QY (g5 + A™(1)))
= Q(g + A™(t) + vnS"(t)) — QYT (g + A" (1))
~ VS (t) ~ V.
In turn, the lower bound cost should satisfy, in order of magnitude, that
C(Q(S"(1)) — C(T" (1)) = L(T"(1)) (QS™ () — T"(t)) = VnL(T"(t)),
where

)

C(q) - C
L(k)= sup ‘ (qz (9)]
ailavigss 14— 4l
is the local Lipschitz constant of the convex function C'. A control is asymp-

totically optimal if its distance from the optimum is negligible compared to
the “cost of stochasticity” /nL(g"(t)).

DEFINITION 4. The control {D}'} is asymptotically optimal if, given
€ > 0, there exists K such that, for all § > 0,

(6.5)
liznjolipIP’ {% /Ou C(Q"(t,D}))dt — /Ou C(Q(S"(t)))dt‘ > 6EZ(K)} <,
where

Liy(K) = L (Evn+1q"|) -

REMARK 4 (Lipschitz C'). When the cost function C' is Lipschitz con-
tinuous, LI'(K) < f8 for all n and K, where f3 is the Lipschitz constant of C'.
In this case, asymptotic optimality reduces to the simpler requirement that,
for all €, > 0,

limsup P

m s {% /OUC(Qn(t,Df))dt—/OUC(Q(S"(t)))dt‘ >5}§e,

which is consistent with Definition 3. O

THEOREM 4. Theorems 2 and 3 hold for non-Lipschitz cost functions
with (i) in Theorem 2 replaced by

(ii) For the proposed control {D}}, as n — oo,

1 " n
—nHQ —Q(s )\|t37u:>0 as n — 0.

(6.6) v
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Furthermore, given € > 0, there exists K such that for all 6 > 0

(6.7)
imsup P { —1CIQ"(. D)~ CQ(S"()lig > SE() | < 6

and D} is asymptotically optimal is in the sense of Definition 4.

To make the connection between the bound in (6.7) in Theorem 4 and
that in Theorems 2 and 3 more concrete, recall that for Lipschitz con-
tinuous C' limsup,, ., L?(K) < oo and the optimality gap is op(y/n). If,
alternatively, one has separable costs of the form C(q) = ), c;q/" then,
L™(0) = m(||g"|].)™'. Here, if ||g"||, = 0, we have a gap that is op(v/n"),
but if ||g"]|, ~ n (as one expects, e.g., in the non-balanced case), the opti-

mality gap is op(n™ " '/n).

7. Proof essentials. We prove Theorem 4, which is the most general
statement of Theorems 2 and 3. The key to its proof is the following lemma
showing that the queue length under the proposed control tracks the path
of Q(S(t)). Let r"(u) be the number of review epochs by time u. That
is, r™(u) = max{m € N : ¢? < u}. Then r"(u) < r* = |un®?3| and
= |un?®3| if t§ = 0.

LEMMA 2.  Fizu > 0 and suppose that the conditions of Theorem 4 hold.
Then, under the proposed control { D7},

(7.1) lﬂng{Q" (tn)=Q(S™(tr)) forallm=1,....r"(u)} =1,

and for any € > 0 there exists K (€) and to(e) such that

(7.2) limsup, o0 P {t§ > tole)/v/} <
(7.3) lim sup, oo P {|Q" — QS lip = K(€)v/} < e,
and

(14)  tmsupP{JQ" LV QS = K(Wa + "} < e

The proof of Lemma 2 requires Assumptions 3 and 4, and this is the only
place those assumptions are used in the proof of Theorem 4.

PROOF OF THEOREM 4. From Remark 1, the further lower bound (4.4)
and its solution (4.5) it follows that for all n and all ¢t > 0,

C(Q"(t, D")) = C(Q(S"(1)),
which immediately proves (5.5).
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In what follows we write Q" (-) instead of Q" (-, D). We first prove that (6.6)
implies (6.7) and the asymptotic optimality. Fix € > 0 and define the event
A" (€) Z{HQ"Hu VIQ(S")lu < K(e/16)v/n + (13",
1Q" — Q(S™)llgy < K(¢/16)v/n, 1 < to(e/16)/V/n},

with K(-) and ¢o(-) as in Lemma 2. Then, P{A"(e)} > 1 —3¢/16 > 1 —¢/4
for all sufficiently large n and, on A" (e),

1IC(Q™) = C(QS"N g < Lu(K(e/16)) [|Q™ — Q(S™) Iy »
so that for all 6 > 0

1 . " O Fn(g(e
P 10Q") - Sl > SLat(e/16) )
< ()} + P { -

n n 6
\/EHQ _Q(S )||t87U> _}7
and from (6.6) it follows that

2

liﬂsolip]? {% 1C(Q™) = C(Q(S™))Ilep 0 > gLZ(K(e/m))} < %’

which establishes (6.7). In turn,

o@Dy — | c(sn )t

n n
tO tO

1
limsupP < —
ey {\/ﬁ

o -, €
> §uLu(K(e/16))} < 3

Since this is true for all 6 > 0, it is also true (replacing du without ) that
(7.5)

1
limsup P {—

mswpP{ | [ o@D~ [ (s ()

n n
tO tO

0-, €
> SEL(K(/16) ) < 5

for all § > 0. For asymptotic optimality it remains to prove that, for all § > 0,
(7.6)

"o omya— [ C<Q<S“<t>>>dt\

1
limsup P {—
0 0

n—00 \/ﬁ

0 - €
> ELU(K(6/16))} < 3
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On A"(e), however,

1 ‘6 n nyy _ n

- /0 C@Q(t, D)) — C(Q(S™ (1)) dt
to(€/16)K (¢/16) L1 (K (¢/16))
(K (e/16)),

<

MI%§‘H

where n is taken sufficiently large so that %to(ﬁ/lG)K(E/lG) < §/2. This

proves (7.6) and, together with (7.5), establishes asymptotic optimality.
It only remains to prove (6.6). To that end, note that

1Q" = Q (Sl =  max sup  [Q"(t) = Q(S"(®))].

0% m=0,1,2,...0m(u) g, <t<tn
Since matches are only made at review epochs we have that
Q"(t) = Q"(ty,) + A™(t) — A™(t,,),

for t € [t],, 17 . 1). Thus,

m’ “m—+1

—= IIQ" Q (5"l

0%

II%

1
o sup - —=|Q"(th,) — Q(S" () + A"(t) — A" (1,
m=0,1,2,...,r" (u) tn <t<It)7iLJr1 N Q" (tm) (5™ (tm)) (t) (thm)

+Q(5"(t)) — 2 (5"(1) |-
We note that A"(t) — A"(s) = A”(t) — A™(s)+/n(A"(t) — A"(s)). Recalling

that Apez = 1, we have |[A"(t) — A"(s)| < nApmaz(t —s) = n(t — s). Since
[t —tn| <tn o — 1 <n~23 for t € [t7, ¢, ] it follows that

1 A A
—= [A™ () = A (tp)| < ‘A"( m) = AN |+ 0P (b — 1)

ND
— | A"t g0) = A(E3)] + 70,
This results in the upper bound
T Q" — (S")Htg,
(77 < max  —|Q"(ty,) — (5" (t;,))]

m=0,1,2,...,r™(u) \/ﬁ
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7.8 An(tr ) — A" ~1/6
@A - A6

(7.9) + max sup (S™(ty)) — Q(S™(1))] -

Q
m=0,1,2,...,r" (u) ¢n, <t<tn +1\/_’

To complete the proof, we argue that each of the terms (7.7)—(7.9) con-
verges weakly to zero. The term (7.7) converges in probability to 0 by (7.1) in
Lemma 2. The weak convergence of A" to a continuous limit process in (5.2)
implies that the term (7.8) converges weakly to 0. Finally, to prove that (7.9)
converges weakly to 0, note that for ¢ € [t .t 1), letting § = maxy [V

1S™(tn) — S™(t)| =[S () — S™(t) — nY T (A(ty,) — A1)
+ [YTn(A(t) — Adt))]
<|S™(tm) — S™(t) — nYT(A(th) — A(t))| + 2503
< V| () - 8" ()] + 2,

and we used again the fact A(t) — A(t7) < (t —t7) < n=%/3 for all t €
[tn ). The Lipschitz continuity of Q (Assumption 2) then implies

m» m+1

2= 10(571) — (8™ 0)] <

so that

8" () — 5" (1)) +20m7°) |

max sup = QS (H) — Q(S™(2))|

m=0,1,2,...;7™(u) ¢, <t<tn | /T

< max sup < S (th) — " (t)‘ + 217”—1/6>

m=0,1,2,....;r" (u) tn, <t<tn

The right-hand side converges to 0 by the weak convergence of S™ to a
continuous limit (5.3), and we conclude that (7.9) converges weakly to 0
and, in turn, that (6.6) holds. O

8. Numerical experiments. For our experiments, we use the net-
works in Figures 1 and 3(ii). We refer to these as network I and network
1T respectively. The DI condition holds for both networks. We consider
separable quadratic cost of the form C(q) = ), c,-qi2 with the coefficients

=(2,1,5,7) for network I and ¢ = (3,1,5,7,0) for network II.

We fix the horizon to be [0,1]. Given a sample path of the arrivals
(A(t),0 <t < 1) we generate the corresponding sample paths of (Q(S(t)),
0 <t <1)andof (Q(t, Dy),0 < t < 1). In the figures, ¢ = (Q;(S(t), t > 0),
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is the trajectory of the lower bound queue trajectory and ¢ = (Q;(t, D),
t > 0) is the trajectory of queue i under the proposed algorithm. We also
compute the associated costs fol C(Q(S(t))dt and fol C(Q(t, Dy))dt. The fact
that the gap between qiL and ¢ and the gap between the costs are all small
is the numerical manifestation of our mathematical result in Theorem 4.
Our experiments show an impressive precision when the proposed solution
is applied to a concrete network.

Figures 5 and 6 depict the sample paths for the stationary balanced and
non-balanced networks. Assumption 4 holds for this example since C is a
homogenous function. It is also checked (by solving numerically for Q(Y 7))
that Assumption 3 holds for Network I but is violated for Network II. Nev-
ertheless, the algorithm performs well in both settings. The costs appear in
a box in the top-left corner. Each figure lists also the arrival-rates that are
used.

Finally, we consider a non-stationary setting with sinusoidal arrival-rate
functions of the form A;(¢) = a; + b;sin(c;t). The arrival rates are specified
by three vectors a’ = (ay,...,az), b* = (by,...,br) and ¢’ = (c1,...,c1).
All sample paths are initialized with empty queues at time ¢ = 0. The result
is displayed in Figure 7. While verifying the conditions for non-stationary
non-balanced networks (as in the appendix) is complex, it is evident that
the algorithm performs extremely well in the test settings.

9. Concluding remarks. We have introduced a matching queue model.
The control question of interest is how to match items in order to minimize
holding costs. We established that a simple myopic discrete review matching
control performs well, both analytically (by proving asymptotic optimality)
and numerically (through simulation), for the broad class of networks that
satisfy the dedicated item condition. The central idea of this work is the
identification of an imbalance process that facilitates the construction of a
lower bound and the design of a policy that asymptotically achieves this
bound.

The analogue in parallel-server networks to the imbalance process is the
workload process. In that setting, the workload process and workload for-
mulations have played a central role in solving a variety of queueing control
problems. A natural question is, then, whether the imbalance process can
play a similar role in solving a variety of matching control problems. In what
follows, we hint to how it could.

Imbalance-based control problems. The purpose of the discussion here is to
illustrate how the results of this paper may be leveraged towards the control
of more elaborate matching models. We do not pursue the construction of
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Lower bound cost = 4063.38
Algorithm cost = 4194.87
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Queue length
8

20 -

10

250

Lower bounds cost = 51745.89
Algorithm cost = 51749.67

150 —03

Queue length

ey

@é?@"»@@"@"f

F1G 5. Balanced (TOP) Network I: AT = (300, 600, 300,300), (BOTTOM) Network II:
AT = (300, 600, 600, 300, 300).

a formal framework or the proof of asymptotic optimality. Our derivation
is purely formal and intended to illustrate how the imbalance process can
potentially be used to construct a lower dimension control problem in other
matching models.
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Lower bound cost = 15517.5
Algorithm cost = 15615.45

Lower bound cost =70926.87
Algorithm cost = 70929.18

N

509

Fi¢ 6. Non-balanced (TOP) Network I: AT = (450,600, 200, 250), (BOTTOM) Net-
work II: AT = (350, 750, 500, 230, 270).

A problem of input regulation/admission control serves this illustration
purpose. Suppose that arrivals of class i follow a (possibly non-stationary)
Poisson process E; = (E;(t),t > 0) with instantaneous rate \;(t). In contrast
to our original model assume here that the controller may accept some of
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Lower bound cost = 1410.115

Algorithm cost = 1446.482 ?
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Lower bound cost = 2110.864
Algorithm cost = 2123.518
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FiG 7. Non-stationary (TOP) Network I: a™ = (300, 600, 300, 300), b™ = (75, 150, 50, 25),
¢ = (15,10,5,10) (BOTTOM) Network II: a”

(75,100, 75,25,0), ¢ = (12.5,15, 10, 5, 0).

= (300,600,600,300,300), b=

the arriving items and reject others upon arrival. Let R; = (R;(t),t > 0) be
a process that counts the number of class ¢ items rejected by time ¢. This is

a control process.
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Suppose there is a penalty p; for rejecting a class i item. The relevant
control problem is to minimize

/O " OOt B, D))t + p/ R(u),

where we now have two controls — an admission control R and a matching
control D. Let
Ai(t) = Ei(t) — R;i(t)

be the cumulative class 7 items that enter the system by time ¢. The con-
straints (2.2)—(2.5) remain valid, and the constraint that R; can increase
only in points of increase of E; must be added.

In the same spirit, the definition of the imbalance process remains

SE(t) = YT (g0 + A(t)).

It is then natural to consider the following analogue of the imbalance for-
mulation (4.7)

mln/ C(q(s))ds + p'R(u),

s.t. YT() SE(t), for all 0 <t < u,

A(t) — A(s) > q(t) — q(s), for all 0 < s <t < u,
E(t) — E(s) > R(t) — R(s) forall 0 < s <t < w,
q(t) >0, for all 0 <t < u,

Using, instead of ST(t), the control invariant process S(t) = qo + E(t), we
re-write the above as

min / C(q(s))ds + p'R(u),

st. YT (q(t) + R(t)) = S(t), forall 0 <t < u,
A(t) — A(s) > q(t) — q(s), for all 0 < s <t < u,
E(t) — E(s) > R(t) — R(s), forall 0 < s <t <u,
q(t) >0, for all 0 <t < u,

which leads to the lower bound

mln/ C(q(s))ds + p'R(u),

st. YT (q(t) + R(t)) = S(t), for all 0 <t <u,
q(t) >0, for all 0 <t < u,
R(t) < E(t), for all 0 <t <.
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Despite the addition of the constraint on R(t), a useful re-shuffling inter-
pretation is maintained. Our lower bound, recall, had the interpretation of
allowing the controller to take corrective actions by “unmatching” items
that were already matched. Here, we are allowing to “un-reject” items that
were previously rejected. The solution to this lower bound may not be as
simple as (4.4). Nevertheless, it is a significant simplification relative to the
original formulation.

From a solution point of view, it stands to reason that the following
modification of the action in the review epochs will generate near optimal
solutions:

min  C(qm) +0'rm
S.t. YT(qm + Z T‘k) - S(tm)7
k=1

dm = Q(tm—l) + E(tm) - E(tm—l) —Tm — Mdma
'm S E(tm) - E(tm—l)y
d?ﬂnQﬂl?rm 2 O

A formal study of this heuristic derivation and, more broadly, of a va-
riety of control problems for matching networks seems a promising (and
challenging) direction for future research.

APPENDIX

PrROOF OoF LEMMA 1. First note that every z > 0 that satisfies YT =0
(as in the statement of the lemma) is in the image of M. This follows from the
fact that Y spans the orthogonal space to M and thus z (being orthogonal
to Y) must be in the column space of M: there must exist d such that
Md = x. The result is now immediate from the DI condition. As noted in
the paragraph following Assumption 1, with the DI condition Md = x > 0
implies d > 0. U

PROOF OF LEMMA 2. For 2 € M? = {y € R . YT (¢} + A™(¢)) +
y € M}, define

Qf' () = Q" (g5 + A" () +2), and Qf(w) = Qf () —"(t), and & € M.

Recall that ¢"(t) = Q(YT (¢ + A™(t)), so that Q"(z) captures the effect of
second order perturbations around the optimal fluid trajectory; see (A.11)
below.
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LEMMA A.1.  Suppose that there exists a function c(t),t > 0 such that
A(t) = Ae(t) for some vector X >0 and 0 < Cmin < ¢(t) < Cmax < 00. Under
Assumption 4, there exists v > 0 so that

(A.2) 197 (z) — Q2 ()| < vlz — yl + g(s,)(|=] + ly)),
for allx € MP,y e M? and 0 < s <t < wu where g(-,-) is such that,

(A.3) g= sup g(s,t) < oo,

and for any function h(e) > 0 satisfying e 3/*h(e) — 0o as € — 0,

(A.4) lim sup e Yig(t—et)=0.
=0 teln(e),u)]

Note that, by setting ¢(t) = ¢, Lemma A.1 applies in particular to sta-
tionary arrivals as assumed in §6.

REMARK 5 (Beyond the stated assumptions). In all that follows, the
only properties of the primitives C(-) and A(-) that we use are (A.2)—(A.4)
and (6.4). If the network is balanced, (A.2) (with g = 0) follows trivially from
the Lipschitz continuity of Q in Assumption 2 and recalling that ¢"(¢) = 0 in
that case. The latter also guarantees (6.4). Consequently, Lemma 2 applies,
in particular, to the setting of Theorem 2 which is, in turn, a corollary of
the proof of Theorem 4.

More broadly, If Q is given in closed form and (A.2)—(A.4) and (6.4) can
be verified directly, Lemma A.1 and the proof of Theorem 4 apply. O

We also require the following auxiliary lemma.

LEMMA A.2.  For any finite constant o > 0,

liminf]P’{ max : |A™ (t, 1) — A"(th,) — n(A(t), 1) — Alty))] < an!/3

n—00 m=1,...,r"(u

=1,

and

(A.5)
liminf]P{ max g(t;z,t;zﬂw(rﬁ"(z+1>\+r§"<ta>r)goml/g}:l.

n—00 m=1,...,r"(u

The proofs of Lemmas A.1-A.2 are found at the end of this appendix.
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Let 7 be as in Assumption 3 and choose « so that

Amin (1 —
< min( _ n)
2+yl

)

where v is the Lipschitz constant in Lemma A.1 and § = maxyy |Yy|. For
each n, define the events

A = { s, A (Eh) — A — (A ) — AR < an1/3} |

m=1,...,r"(u

m=1,...,r"(u)

A ={ max - gten v (86 + 57(ER)) < ant).

Let
A" = A7 (A5,

It then follows from Lemma A.2 that, given € > 0,
P(A™) > 1 —e.

for all sufficiently large n.
We claim, and will establish shortly, that on A",

(A6)  AP(tnp) — Ailty) — (Qi (8" (i) — Qi (S"(t))) 20,
i€, neN m=1,...,r"(u).

Assuming that (A.6) holds, equation (7.1) is argued now by induction on the
review epochs starting with m = 1. Recall the optimization problem (4.2)

(A.7) min  C(gm)

(A.8) st. YT, =5"t")

(A.9) G = Q" (8, 1) + A () — A™(E2,_,) — My,
(A.10) Gy dm > 0.

At time ¢ we have by construction (recall (4.8)) that Q" (tf) = Q(S™ (7))
At t7 we choose (q1,d;) that satisfy

@ = Q(S"(#1)) and Mdy = A" (#7) — A"(t5) — (Q (5" (1)) — (5" (¢5)))-

The vector ¢; is, by definition, optimal for (A.7)—(A.10) (recall (4.5)). Fur-
ther, setting x = A™(t})— A" (t§) — (Q(S™(t})) — Q(S™(0))) we have by (A.6)
that z > 0 and Y72 = 0 so that by Lemma 1, d; as above exists. Thus,
(q1,d1) is feasible and optimal for (A.7)—(A.9).
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Assuming next that

Q" (th—1) = Q5" (th—1))-

forallm =0,...,k—1 (and, in particular for m = k—1), we choose (g, d)
so that

a = (5" ()
Mdy, = A™(tg) — A™(t;-1) — (Q(S"(t)) — Q(S"(ti-1))) -
Such a choice is feasible building again on (A.6) and Lemma 1. This con-

cludes the induction argument.
It remains to prove (A.6). By definition

Q8™ (t)) = QYT (g} + A"(1)) + v/nS"(t))
= QI(V/nS"(t))
= O (VnS"(t)) + ¢"(t),

for all ¢ > 0, where QF and Q\? are as defined prior to Lemma A.1. By (A.2)
we have

(A.11)
(5" (t41)) — Q(S" (1)) — (@ () — T"(t5))]
= |97 (V8" (t,1)) — QF (V" (t7,))]
< WSt ) = S ()| + gt i)V (187 E)] + 18" ()]

The second element on the right hand side is bounded by an'/? on A".
Furthermore, on A",

Vi ([S™ () — S ()| = [S™ () — S™(tm) — nY T (A(tn ) — A(ER))]
<y |AM(thar) — A" () — (A1) — A(t,))]
< Iagn'/?,

We conclude that, on A",
(A.12)

|Q (5™ (ts1)) — Q™ (t)) — (@ (tgr) — T"(t))] < an'3(1 +~g1),
and, in turn,
AT () — Ait) — (Qi (8™ (th41)) — Qi (S™(t1,)))
> n(Ai(ts1) = i) = (@ (Ehgr) — 3"(8)) — an'/*(2 4 91)
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(L= m)n(Ai(th 1) — Ait) — an'/3(2 4+ 4g1)

(1= m)Amin — (2 +7T))n' >,

on A" where 1 < 1 in the second inequality is as in (6.4). We conclude that
(A.6) holds and, in turn, so does (7.1).

We next prove (7.2). Recall the definition of ¢{ in (4.8). By subtracting
and adding terms we have, for all ¢ > 0,

o +A™(t) — Q(S™ (1)) = ¢*(0) + A™(t) — ¢"(t)
(A.13) — |A™(#) = A"()] = lgg — ¢"(0)]
—1Q(S™ (1)) — 7"(1)]

Recalling that S™(t) = YT (¢ + A™(t)) and q"(t) = Q(Y T (¢} + A™(t))) we
have, by Assumption 2, that

Q(S™(1)) = T"(t)] = [Q(Y T (45 + A™(1))) — QYT (¢ + A"(1)))]
< rylA™ () — A" (8)],

ALY,

for all t > 0. By the FCLT for the Poisson process it then holds that, given
e > 0, there exists K (e) such that

P{]|A" — A", > K(e)v/n} < e.

By the conditions of the theorem |gf — ¢"(0)| < ¢y/n for some constant ¢
and we conclude that, given € > 0, there exists a (re-defined) constant K (e)
such that

P {qg + A™(t) — Q(S™(t)) > 7" (0) + A™(t) — §"(t) — K(e)y/n, for all t < u}
>1—ce.

Next, by (6.4), [¢"(t) — @"(0)| < nA"(t). Thus, for all ¢ > 0,

q"(0) + A™(t/vn) —q"(t/v/n) = q"(0) + A" (t/v/n)(1 —n)
> n)\mint(l - 77)/\/%7

and we can choose to(e) such that ¢"(0) + A"(t + 0/v/n) — §"(to//n) >
K(e)y/n. In turn,

(A.14) B{t] > to(e)/v/n} < €

which proves (7.2). We turn to (7.3).
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As no actions are taken on [0,{), we have that sup,<» [Q"(s) — qg| <
|A™(t3)]. In turn, for each K > 0,

P{sup |Q"(s) — q5| > Kv/n} <P{|A"(t5)| = Kv/n}.

s<tgy

Using (7.2), it follows from the functional strong law for A™ that, given
€ > 0, there exists K (e) satisfying

P{|A™(t5)| > K(e)vn} <P{t§ > to(e/2)/v/n}
+]P’{|’A"Ht0(e/2)/\/ﬁ > Kl(ﬁ)\/ﬁ} <e€/2.

Since g8 —g"(0)| = |g8 —Q(Y T q})| < ey/n by the assumption of the theorem,
we then have the existence of a (re-defined) constant K7 (e) such that

PUIQ™ = 7" (0)llgg > Ki(e)vn} < e/2.
Recall that g"(0) = Q(YT (g% + A™(t))) so that by Assumption 2
1Q(S™) = @ (O)lg < 1Q(S™) = QY™ (g5 + A"l < £v/1l|S"lu;

and it follows from the FCLT for S™ that for each e there exists Ks(e) such
that

P{IQ(S™) = 7" (0)llig = Ka(e)} < €/2.
Taking K (e) = 2max{K;(€), K2(€)} we have that

PLIQ™ — Q(S™)llyy > K(e)vn} < P{IQ™ — ¢"(0)llig > Ki(e)v/n}
+P{IQ(S™) = " (0)llgy > Ka(e)v/n} <,
which proves (7.3).
Finally, to prove equation (7.4) recall that (6.6) in Theorem 4 does not

build on (7.4) so we may use it here without having a circular argument.
Note that

105" lu V IIQ" [l < 1QCS™) [l + 1Q(5™) = @™l

(4.15) <15+ 1205™) = @l + 1Q(S™) = Qg
By (6.6), for each e there exists Kj(€) such that
(A.16) PIQ(S™) — @l > Ka(e)Vi} < /3.

By (7.3), there exists Ks(e) such that
(A.17) P{|Q(S™) — Q"llg > Ka(e)vn} < ¢/3.
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Using, as before, the fact that
19(5™) = QYT (g + A™))lu < £V ]IS [y
we have, by the FCLT for S, the existence of a constant K3(€) such that
(A.18) P{IQ(S")llu = K3(€) + 17" lu} < €/3.

Combining (A.15)—(A.16) and letting K(¢) = 3max{K;(e), Kao(e), K3(€)}
we conclude that

PUIQMS™)lu VIQ Il > K()vVn + (17" |u} < e

This proves (7.4) and completes the proof of the lemma. O

PROOF OF LEMMA A.1. Assume that ¢o = 0, C(+) is homogeneous and
there exists a function ¢ : Ry — R such that A\;(t) = A\ic(t), and 0 < Emin <
c(t) < Gmax < 0o for all ¢ > 0. Let w(t fo s)ds. Then, A;(t) = a;w(t).

Fix s,t > 0 and consider the optlmlzatlon problem min{C(q) : YTq =
YTA(t)+z}, for z € R. Due to the assumed homogeneity of C' this problem,
for t > 0, is equivalent in terms of its optimal-solution set, to the problem
min{C(q) : Y'q=YTX\+ z/w(t)}, where A = (\1,..., A1) is as in the defi-
nition of A;(¢). To see this, replace g with ¢/w(t) and apply the homogeneity
of C(+). In particular, for all ¢ > 0,

q(t) = QY™ Nw(t), QYTA®) +2) = w(t)Q(Y  a+ z/w(1)),
and
Ou(z) = Q(YTA(t) + ) — q(t) = w(t) (QVTa + x/=(t)) — Q(YTN),

for all such ¢. Then, for s,t > 0,

Qu(z) - Qs(y) = w(t) (QY "N + z/w(t) — QY a))
—@(s) (Q(YTA +y/w(s)) — QYTN))

= w(s) (Q(YT/\ +x/w(t)) — YT)\))
—@(s) (QYTA+y/w(s)) — QYT N))

+(@(t) —@(s) (QY A+ z/w(t) — QYT N))
Since by Assumption 2,

QYA+ 2/w(t)) = QYA +y/w(s))| < klz/w(t) —y/w(s)|
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and
QYA+ z/w(t)) — QYT N)| < klz|/w(t),

it follows that
Qi(x) — @s(y)( < w(s)kle/@(t) —y/@(s)| + (@(t) — @(s)) klz|/=(t).
Furthermore, since

w(s)|x/w(t) —y/w(s)| = |w(s)z/@(t) -z +z -yl

@ (s) — @@ o\
we find that
3 5 |w(s) —w(®)|
Q1) = Qulw)| = sl — ]+ 20—

Next, |w(s) — @(t)|/|w(t)] < Cmax|t — $|/Cmint iImplies

O ?) _maX t_
‘Qt(ﬂf) - Qs(y)‘ < klr —y| + 2/{2 . It =l

min t

(] + y]) -

Finally, letting v = k and defining for 0 < s <t

Crax |t — S|

g(s,t) =2k

— )
Cmin t

we see that

- 3/4 3/4
e Mglt — 1) = 2 PE < W for all ¢ € [(e), ).

so that the result follows recalling that, by assumption, h(e) satisfies that
e 3/4h(e) = 0o as € — 0. O

PrROOF OF LEMMA A.2. The first part follows from [1] (see the explana-
tion in the proof of Lemma 4.1 in [12]). We do not repeat the proof. For the
second part, from strong approximation theorems follows the existence of a
I-dimensional Brownian motion B and a constant ¢ (depending on u) such
that

lim sup P{[|A(n) — n- —B(n-)||y > en'/*(logn)} = 0.
n—oo
Recalling that A" () = (A(nA(t))—nA(t))//n and that A(t) < t (Amaz = 1),
we have
B(nA("))
Vn

1

7 T

||A(n) -n: _B(n')HA'nmwu’
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so that

limsup]P’{ sup /n|A™(t) — B(nA(t))/v/n| > cn1/4(logn)} =0;

n—0o00 0<t<u

see e.g. [9, Theorem 2.1]. Since S” = YT A" (5.3), we have

timsup P { /]| () = YT BrA() /vl > en/*(logn) } = 0.

n—oo

For simplicity of notation we let B™(t) = B(nA(t))/\/n. Then, for each
m=1,...,7"(u),
Vi (18"t + 187 (1) < VYT B ()] + ValY T B ()|
+ VYT B (t,41) = 8" (th11)]
+ VYT B (#) - 5t
< Vg (|B"(th41)| + [B™(t7,)])
+2v)| 8" = YTB"|..

where, as before, § = maxy; |Yi|.
For all sufficiently large n, en’/*logn < (a/2)n'/? so that, since by (A.3)
g= SUPg<i<uy 9(57 t) < 09,

ot P{max gt )2VAIS - YT BY < a1,

n—oo m:17___77""7'(

and to establish (A.5) it remains to prove that

n—o00 m=1,...,r"(u)

imsupP{ s g(th )V (B ()| + B ) > a0
0

Fix 0 <7 < 1/6 and let m”™ = [n!/6t7]. Let
T = 9t e )VNG (| B (thi)| + B (85,)1) -
Then,

(A.19)
]P’{ max )x’,}l > %nl/g} §]P’{ max Ty, > %nl/g}

m=1,...,r"(u =1,....m
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—HP’{ max Ty > nl/g}
m=m"+1,...,r"(u) 2

We will argue that each of the elements on the right-hand side converges to
0 as n — oo starting Wlth the second element.

Define h(e) = €172". we observe that e “3/4h(€) — 0o as € — 0 and for
all n € N and m > m”, ¢ = [n!/06t7] /n?/3 > n=1/241 = p(n=2/3). Since,
by construction, ¢ | — 7, = n~2/3, we have by (A.4) (replacing e = n~2/3)
that

(A.20) max nSg(tn | ma1) =0

m=m"+1,...,r"(u)

as n — oo. Also, B"(t) = B(nA(t))/+/n has the same law as B(A(t)) and,
in particular, since Ajqr = 1, [|B"||, has the same law as || B||,. Then,

P { max Ty, > — 1/3}
m=mn"+1,...,r"(u) 2

P{ max gt )2l Bll > 1/3}

m=m"+1,...,r"(u)

IN

P £ 92 Bl > S b 0
{ oot thn 2Bl > §

where the convergence follows from (A.20) and the well known fact that,
limg oo P{||B||, > K} = 0 for any u > 0; see e.g. [14, Excercise 11.1.23].

We turn to treat the first element on the right-hand side of (A.19). Pro-
vided that t{ < §n_(1/2_"), tr < on=1/2 for all m = 1,...,m" and all
sufficiently large n. In turn, for all sufficiently large n and on the event that
tg < to//n, it holds that |B"(t7)| + [B™(t7, 1) < 2||B™|lgpn-1/2, so that,
by (A.3),

P{ e a(th VD (B (@) + 18725 > an'ls |

1
< P{2§ﬂ\/ﬁ||BH2/\/a > oml/?’} +P {tg > in_(1/2"7)}

=2 {22 n1/4gy|rBH1>an”3}+P{ %n‘“/”’}
>

@ 1
=P{|B|h > n1/12}+]P’{t" —n—<1/2—’7>}—>0,
fii > 52— 52

as n — o0. In the second line of the display we use the fact that *= e B(2t //n)
is equal in law to B(t). The convergence to 0 of the first item on the last line
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follows, as before, from the fact limg o P{||Bl|, > K} = 0 for any u > 0.
The fact that P{t§ > in'/27"} — 0 follows from (7.2) in Lemma (2). Note
that (7.2) does not rely on Lemma (A.2) and hence can be used here. [
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