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Motivated by call centers, we study large-scale service systems with multiple customer classes and multiple agent pools, each
with many agents. We propose a family of routing rules called queue-and-idleness-ratio (QIR) rules. A newly available agent
next serves the customer from the head of the queue of the class (from among those he is eligible to serve) whose queue length
most exceeds a specified state-dependent proportion of the total queue length. An arriving customer is routed to the agent pool
whose idleness most exceeds a specified state-dependent proportion of the total idleness. We identify regularity conditions
on the network structure and system parameters under which QIR produces an important state-space collapse (SSC) result in
the quality-and-efficiency-driven (QED) many-server heavy-traffic limiting regime. The SSC result is applied here to prove
stochastic-process limits and in subsequent papers to solve important staffing and control problems for large-scale service
systems.
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1. Introduction.

1.1. Parallel-server systems. In this paper we focus on a family of multiclass queueing networks called
parallel-server systems (PSSs). In a PSS, there are multiple classes of customers (or jobs) and multiple pools
of agents (or servers), as depicted in Figure 1. Unlike many queueing networks, in a PSS customers receive
at most one service; they depart from the system after a single service completion.

Customers from a common customer class are homogeneous, as are agents within the same service pool; they
have common parameters. The agents from each service pool are allowed to serve customers from some desig-
nated subset of the customer classes. The allowed routing is depicted by a routing graph, as shown in Figure 1.
The nodes of this graph are the queues and the service pools. There is a set . = {1, ..., I} of customer classes
and a set ¥ ={1,...,J} of service pools. An arc connecting customer-class i to service-pool j indicates that
agents from pool j are permitted to serve customers from class i.

We will be considering Markovian PSSs. Customers arrive exogenously according to independent Poisson
processes, with one for each class. The class i arrival rate is A;. The aggregate arrival rate is A=), ;A,;.
Customers from each class enter service in order of arrival. Pool j contains N; agents. The service times are
mutually independent exponential random variables. When a class i customer is served by a server from pool j,
the service rate is p; ;. Whenever type j agents do not have the required skill to serve class i customers, u; ; =0.
For some of the results here, we will assume, in addition, that u; i depends only on i, or only on j, or on neither.
When customers cannot enter service immediately upon arrival, they go to the end of a queue. Waiting customers
from each queue may elect to abandon if they have not yet started service. The times different customers are
willing to wait before abandoning are also mutually independent exponential random variables, having mean
1/6; for class i. Unlimited patience is obtained by setting 6, =0.

PSSs are used to model various manufacturing and service systems, especially call centers; see Gans et al. [14].
Accordingly, we use the terminology customers and agents instead of jobs and servers. In the call-center lit-
erature, a PSS is often called a call center model with skill-based routing. Motivated by that application, we
consider many-server PSSs with a large number of agents in each pool.

1.2. The queue-and-idleness-ratio (QIR) rule. It remains to specify how the customers are assigned to
agents. Specifically, we need to specify the routing rule, indicating what to do upon customer arrival, and the
scheduling rule, indicating what to do upon service completion. Our proposed queue-and-idleness-ratio (QIR)
rule does both, but in a flexible way that depends on additional parameters that remain to be specified.
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FIGURE 1. A PSS and its corresponding routing graph.

We now explain the QIR control. It uses two vector functions p(-) := (p,(-),...,p;(-)) and v(:) :=
(v (*)y ..., v,(-)), which we call ratio functions, and which are assumed to satisfy p;,(x) > 0, i € .7,
v;(x) ZAO, je g, ZA,-EJ pi(x)=1forall xeR,, and } ;. ,v;(x)=1 for all xeR,.

Let O}(r) and I}(r) be, respectively, the properly scaled class i queue length and type j number of idle
agents at tlme t in the Ath system (see Definition 2.1, and the rest of §2.1 for a fuller explanation). Let
03(t) =Yy Q)‘ (¢) and I "(t) = jes I} I*(2) be the corresponding aggregate quantities. The QIR rule then aims
to achieve ~ R R . . .

0) (1)~ QA()p(0A(1) and D)~ R(D)p(B(1). €T, jed.

That is, it aims to set the scaled queue length of each class and the scaled idleness at each pool so that, when
we divide by the corresponding aggregate queue length and aggregate idleness, respectively, they are specified
state-dependent ratios. Roughly, QIR will achieve this goal by letting an available agent at time 7 serve the
customer class with the greatest queue imbalance, Q)‘(t) Qz(t) pl(Qz(t)) and by routmg an arriving customer
at time ¢ to the agent pool with the greatest idleness imbalance, I )‘(t) — I2(t)p,(12(1)). The aim of QIR is
to drive these imbalances toward 0. We will show that this goal is achieved asymptotically; i.e., we achieve
asymptotic proportionality. In fact, the precise definition of the queue and idleness imbalances will be slightly
more intricate; see Definition 2.3.

However, even with this added complexity, QIR has important simplicity, because at each decision epoch—
customer arrival or service completion—the decision rule uses only local and aggregate idleness and queue-
length information. An available agent will need to know only the queue length of the customer classes that
he can serve and the overall number of customers in the system to choose which customer to serve next. In
particular, he will neither need to know the queue length of all other customer classes nor will he need to know
the detailed occupancy information that specifies the number of type j agents giving service to class i customers.
Moreover, the QIR rule does not depend on the model parameters.

1.3. The QED many-server heavy-traffic limiting regime. To establish asymptotic-proportionality results
for many-server PSSs, we work in the QED many-server heavy-traffic limiting regime, first formalized by Halfin
and Whitt [19] for the M/M /N queue. For the M/M /N model, the QED regime is obtained by letting the
aggregate arrival rate A and the number N of agents grow indefinitely, while holding the service rate fixed, so that
the utilization, p := A/Nu, approaches its critical value 1 in an appropriate manner. Specifically, considering a
sequence of systems indexed by the aggregate arrival rate A, it is assumed that

VA(1=p')—> B as A— oo, (1)

where —oo < 3 < oo. This QED regime is now widely accepted as the most useful heavy-traffic limiting regime
for many-server systems. It is to be contrasted with the conventional heavy-traffic regime, in which the number
of agents (servers) is held fixed while letting p approach one. Halfin and Whitt showed that the limit in (1) holds
for the M /M /N model if and only if the steady-state probability that a new arrival must wait before beginning
service approaches a limit strictly between 0 and 1. Given the appropriate heavy-traffic condition, as in (1), we
then seek to obtain limits for the properly scaled and normalized processes associated with queue-length, waiting
time, etc. However, we point out that the situation is not nearly as straightforward for the more general PSSs
considered here. In particular, we will use mathematical programs to specify the QED regime in the present
context; see §2.
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1.4. State-space collapse (SSC). Like many other multiclass queueing networks, PSSs are quite complex
and challenging to analyze. To address this complexity for queueing networks, recent research has established
special asymptotic techniques to obtain more elementary descriptions of these complex models. The seminal
papers of Bramson [6] and Williams [31] provide a magnificent example of such a simplification by showing
how complex multiclass queueing networks can be approximated by more elementary diffusion models, known
as semimartingale reflected Brownian motions (SRBMs). A key step in this complexity reduction is a state-space
collapse (SSC) result, based on hydrodynamic limits, that connects a high-dimensional queue-length process
with a lower-dimensional workload process, asymptotically, in the heavy-traffic limit.

These initial papers by Bramson and Williams focus on open queueing networks in the conventional heavy-
traffic limiting regime, instead of PSSs in the QED limiting regime, but it is now clear that SSC can serve
as a key step in providing simple solutions for many complex stochastic systems. Indeed, SSC results have
previously been established in the QED regime. Paralleling the history for the conventional-heavy-traffic regime,
the first SSC results for PSSs were based on ad-hoc proofs for specific models and controls. Examples include
Armony [1], Gurvich et al. [18], and Armony and Maglaras [2, 3]. Recently, Dai and Tezcan [12] made the
important step of extending Bramson’s framework to the case of the many-server heavy-traffic regime. They
applied their framework to several settings; see Tezcan [28] and Dai and Tezcan [11, 10].

We contribute to this SSC literature by establishing that our proposed QIR controls produce an important
SSC for a large class of PSSs in the QED limiting regime. The SSC occurring here is due to the asymptotic
proportionality mentioned above. It would be natural to apply Dai and Tezcan [12] for this purpose, but their
results cannot be directly applied to the QIR control because of the general structure of the ratio functions.
Nevertheless, the key ideas in Dai and Tezcan [12], which in turn build on Bramson [6], lie at the heart of the
SSC proofs here.

As a consequence of our SSC results, asymptotically, the multidimensional queue-length and idleness pro-
cesses will be determined by a process of a lower dimension that contains, in the worst case, only the number of
customers in the system of each class. This notion of SSC is somewhat weaker than often seen in the conventional
heavy-traffic regime, where the multidimensional queue-length process actually collapses into a one-dimensional
process; e.g., see Mandelbaum and Stolyar [22]. However, we too obtain a strong one-dimensional form of SSC
in the many-server setting when the service rates are pool-dependent; see Theorem 4.1.

In closing this discussion of SSC, we mention the important paper by Atar [4], which focuses on establishing
asymptotic optimality in heavy traffic for PSSs in the QED regime. In §5 we will show that, for special (tree)
networks, QIR is equivalent to Atar’s control. In these cases the SSC result follows from the analysis in Atar [4].

1.5. The value of QIR and SSC. We illustrate the value of SSC by applying it to establish stochastic-
process limits for the basic stochastic process of interest with an arbitrary QIR control, under regularity condi-
tions, in §4. As usual, the limits are diffusion processes. However, the SSC results are important even without
subsequent stochastic-process limits. We use SSC and the associated asymptotic proportionality to establish
desired properties of QIR controls, even for cases in which a stochastic-process limit remains to be established.
In particular, we demonstrate the power of QIR for controlling PSSs in subsequent papers: In Gurvich and
Whitt [16], we examine a central question in call-center operations, namely how to jointly determine the design,
staffing, and routing (real-time control) of call-centers with multiple customer classes and agent pools. These
decisions need to be made so as to minimize labor-related costs while maintaining predetermined quality-of-
service (QoS) constraints. The control component of our proposed solution is a special case of QIR called
fixed-queue-ratio (FQR) routing.

In Gurvich and Whitt [17] we show that, as long as the service-rates are pool dependent, i.e, when u; ; = u;
for all i and j, QIR with appropriately chosen parameters is asymptotically optimal with respect to convex
holding costs in the QED regime. Moreover, we show that in certain cases QIR is partially equivalent to the
well-known generalized-cu (Gep) rule. By doing this, we are able to partially extend the important results of
Mandelbaum and Stolyar [22] in the conventional heavy-traffic regime to the many-server QED regime.
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1.6. Organization of the paper. We elaborate on the model and define the QIR controls in §2. We state our
main SSC result (Theorem 3.1) in §3. We apply SSC to establish stochastic-process limits in §4. In §5 we relate
QIR to Atar’s control in Atar [4] for a class of tree networks, and use that connection to provide an alternative
proof of SSC. We provide proofs for the results in §§3, and 4, 5, respectively, in §§6, 7, and 8.
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2. The model. We now elaborate on the model description given in §1. The possible routing for a PSS
has a natural representation as a bipartite graph with vertices V = ¥ U.¥. The only edges in the graph connect
customer classes to agent pools: E:= {(i, j) € . x J: u; ; > 0}. An edge (i, j) is present in the routing graph
if class i customers can be served by type j agents. Actually, we may choose to use only a subset of the edges
of E. The eventual subgraph will depend on the solution of a linear program (LP). Figure 1 depicts a PSS
routing graph.

Let Q;(7) be the queue length of class i customers, and let /;(#) be the number of idle agents in pool j, at
time 7. The corresponding aggregate quantities are Qs (?) :=3_,c; Q;(¢) and I5(t) := 3 ;.4 1;(2). Let Z; ;(t) be
the number of type j agents busy giving service to class i customers, and let Z () :=3_,. ; Z; ;(¢) be the number
of busy agents at pool j at time ¢. Consequently, /;(¢) = N; — Z;(t). The overall number of class i customers
present in the system at time ¢ is then given by X}(¢) := Q;(1) + X", Z; ;(1). Finally, let X{(z) be the overall
number of customers in the system (in service and in queue), i.e.,

1

Xs(t) = Z:Xi(t) => <Qi(t) +Z:Zi,j(t)> .

i=1

To construct the heavy-traffic framework, we consider a sequence of systems indexed by A. We add the
superscript A to express the dependence on the index. Thus, Q?(#) stands for the class i queue length at time ¢
in the Ath system. The routing graph and service rates {u, ;, i € .7, j € ¥} do not change with A.

Notational conventions. For an integer d > 0, let D¢ := D“[0, o) be the space of all RCLL (right continu-
ous with left limits) functions with values in d-dimensional Euclidean space R, equipped with the Skorohod J,

metric; e.g., see Whitt [30]. We will often use convergence in probability (commonly denoted by —P>) for a
sequence of random elements of D¢ to the zero function (the function in D? that is identically 0), here denoted
by 0. However, convergence in probability to a deterministic limit is equivalent to convergence in distribution
to that limit, denoted by =>. As a consequence, for a family of stochastic processes, {¥*: A > 0} with sample
paths in D4, we will be showing that Y* = 0 in D? as A — oo; we will write Y*(¢) = 0 in D? to emphasize
that we are considering processes in D¢ instead of stationary distributions on R.

Because the limit processes we consider are either the deterministic zero function or diffusion processes, the
limit process has continuous sample paths, so the notion of convergence on the underlying function space D¢
coincides with uniform convergence on closed bounded intervals. To express that, for a vector-valued process
B(1r) in DY, let ||B|% ; = sup,_,_r [|B(1)|l, where ||B(r)|| = Y_;_, |B(¢)|. These are defined similarly for a pro-
cess B(t) in D¥*™[0, c0), where |B(1)|| = X{_, X1, |By.,(¢)|. We omit the subscripts whenever we refer to
vectors or to vector processes. For example, N* and X*(¢) will stand, respectively, for the vector in Z/ whose
components are Nj)‘ and the vector in R’ whose components are X}(¢). Using this notation, we will say that a
sequence {x*: A > 0} of processes with sample paths in D satisfy that x* = 0,(1) if ||x*||5 = 0 as A — oo.

We will also consider a weaker notion of convergence, using the space D¢ := D?(0, o), where the domain
is treated as open at the left instead of closed. We again let convergence (to continuous limits) be characterized
by uniform convergence over bounded intervals. The restriction to the domain (0, co) means that we exclude
uniform convergence for intervals of the form [0, b]. We have Y*(t) = 0 in DY(0, o) if and only if, for each
0<s<T<oo, [[Y:;=0.

Finally, we mention conventions for vector products: For x,y € R?, xy is the component-wise product
((xy); = x;y;). Whenever x € R? but y € R, xy should be interpreted so that (xy); = x;y. Finally, x - y is the
scalar product and e; is the unit vector with 1 in the jth place and 0O elsewhere.
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2.1. Heavy-traffic conditions and the fundamental mathematical program. We need to make two
assumptions to put our PSS into the QED many-server heavy-traffic limiting regime. The first is a natural
generalization of the condition (1), but that is not enough.

AssUMPTION 2.1 (HEAVY-TRAFFIC CONDITIONS).  There are constants a; >0, i € ¥, and v; >0, j € ¥, such
that, as A — oo, \;/A — a; >0, i € .J, and Nj)‘/)\ —v; >0, j€ . Also, there exist constants §; € (—o0, o),
i€.J and y; € (—00, ), j € F, such that, as A — oo,

A —ad
VA

Nj)‘ — VA
VA

— & and -y

e
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The second QED assumption concerns a mathematical program (in the “fluid scale”). We assume that the
constants of Assumption 2.1 are specified. The fundamental mathematical program is:

Minimize p

Subject to: Y w; v;x, j=a;, i€.9,
jeld
| @
Z'xi,j = P J € j’
ied

p >0, xl-!ij, ied, jeg.

Because the constants of Assumption 2.1 are specified, the mathematical program in (2) is an LP. An optimal
solution is a vector (x, p) € R/ x R, that is feasible for (2) such that no other feasible solution has a lower p
value. We next impose a critical-loading assumption.

AsSUMPTION 2.2 (CRITICAL LOADING).  For any optimal solution (X, p) of (2), > ey %; ;=1 for all j € ¥,
so that p=1.

The fact that Assumption 2.2 applies to any optimal solution is important. From a practical perspective, this
is a natural restriction. If there exists a solution in which some of the agent pools are underloaded, that is,
Y ics X; ; < 1 for some j € ¥, then it makes sense to decrease the staffing levels. From a mathematical perspective,
Assumption 2.2 is imposed to prevent the fluid from drifting into an underloaded state, away from the QED
regime.

With Assumption 2.2, it suffices to denote the selected optimal solution by its x coordinate, because the value
of p will necessarily be 1. Hence, fix an optimal solution x for (2) satisfying Assumption 2.2. We now indicate
how the chosen optimal solution x is used. Because we intend to use QIR for the routing, we do not use x
for the routing, but X plays a critical role in the design. Specifically, we omit all edges with x; ; =0 from the
network routing graph; i.e., we do not allow any class i customers to be routed to pool j if X; ; =0. The routing
graph includes all edges with X; ; > 0; we stipulate that the routing graph is {(i, j) € ¥ x J: X, ; > 0}. If, a
priori, pool j is unable to serve class i or if we do not want pool j to serve class i, then we enforce that by
imposing the constraint x; ; <0 in the mathematical program.

The routing graph determined by x is closely linked to the dynamic control. Indeed, our SSC results for
QIR will depend on characteristics of the routing graph. With that in mind, we note that the LP may well have
multiple optimal solutions, and different optimal solutions may thus lead to different routing graphs, according
to the construction above.

To facilitate the following discussion, we need to be clear about the network graphs under consideration: Our
network graphs are simple undirected bipartite graphs, i.e., with at most one edge connecting any two nodes,
and with edges only between a customer class and an agent pool. Beyond these basic features, we first require
that the graph is connected; i.e., there exists a path between every two nodes in the graph.

AssUMPTION 2.3 (CONNECTED ROUTING GRAPH). The selected optimal solution (X) for (2) produces a rout-
ing graph determined by the edges €(x) :={(i, j) € J x J: X; ; > 0} that is connected.

Assumptions 2.1-2.3 are assumed to hold throughout the rest of the paper. The connected-graph assump-
tion is crucial for the ability to instantaneously balance the system asymptotically; see §2.7 of Atar [4] for
elaboration. We will actually need additional structure beyond connectedness. Connected graphs can be cyclic
or acyclic (a graph is acyclic if there is a unique path between each pair of nodes). This distinction is important,
because QIR works well with cyclic networks only when certain parametric conditions hold; see Theorem 3.1
and Remark 3.1.

Given an optimal solution (X) to (2), J(i)(x) for i € .7 is defined to be the set of agent pools connected to
customer class i; i.e., J(i)(x) = {j € : X; ; > 0}. Analogously, we let /(j)(x) for j € ¥ be the set of customer
classes connected to agent pool j; i.e., I(j)(¥) = {i € F: X; ; > 0}. We will often omit the argument X when it
is clear from the context.

DEFINITION 2.1 (SCALED AND NORMALIZED PROCESSES). Fix an optimal solution x for (2) for which the
edges in €(x) induce a connected routing graph. Then, we define the following scaled processes:
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Once we fix a solution X, which in turn fixes the corresponding routing graph €(x), we assume that Zif j(t) =0
for all (i, j) ¢ €(x). This can be relaxed to allow for initial conditions, Z{f_i(O), that are not consistent with the
routing graph but here we prohibit this option.

2.2. Definition of QIR. We will impose a smoothness condition on our ratio functions. For that purpose,
following convention, we say that an R™-valued function f on a subset S of R* is locally Hélder continuous
with exponent «a > 0 if, for every compact subset K C S, there exists a constant Cy such that ||f(x) — f(y)| <
Cillx —y||* for all x,y € K, where || - || is a chosen norm inducing the usual Euclidean topology, which we take
to be the L! norm: || x| := Y, |x;|.

DEFINITION 2.2 (AN ADMISSIBLE STATE-DEPENDENT RATIO FUNCTION). For an integer d > 0, a vector-
valued function r = r(:): R, > R<, is an admissible state-dependent ratio function if ¢ r(x) =1 for all
x € R, and if every component r,: R, — R, is locally Holder continuous on the open interval (0, co) for some
exponent «; > 0.

For the following definition, we assume that an optimal solution x for (2) is fixed and the routing graph €(x)
is used. We omit the argument x from the notation.

DEFINITION 2.3 (QIR FOR ADMISSIBLE STATE-DEPENDENT RATIO FUNCTIONS). Given two admissible state-
dependent ratio functions v and p, QIR is defined as follows.

e Upon arrival of a class i customer at time t, the customer will be routed to an available agent in pool j*,
where . R R

jr=gr) e argmax {1} = [Xs ()] v, (X3 (D)}
Jjed (@), IMND>0
i.e., the customer will be routed to an agent pool with the greatest idleness imbalance. If there are no such
agents, the customer waits in queue i, to be served in order of arrival.

e Upon service completion by a type j agent at time ¢, the agent will admit to service the customer from the

head of queue i*, where

i":=i"(n) e argmax {0}(1) - [Xs(O]" P (XL (N;
i€l(j), 0}1)>0

i.e., the agent will admit a customer from the queue with the greatest queue imbalance. If there are no such
customers, the agent will remain idle.
Ties are broken in an arbitrary but consistent manner, so that the vector-valued stochastic process (Q)‘ 2’\) isa
CTMC with stationary transition probabilities.

REMARK 2.1 (DEGREES OF FREEDOM IN ROUTING AND SCHEDULING). A careful reading of the results and
proofs that follow will reveal that the actual way in which j* or i* are defined is immaterial as long as they are
chosen so that

jrevt={jeld(i) I’r)>0and I}(t) — [X2()] v;([X2(1)]") > 0},
i*e U = {iel(j): ON¢) >0 and ON1) — [XE(NO] p((XE()]T) > 0}.

REMARK 2.2 (JOINT WORK CONSERVATION AND THE DEFINITION OF QIR). We note that the QIR routing
rule does not work directly with the queue imbalances Q*(f) — pi(Qg(t))QQ(t). Rather, the queue imbalances
are modified so that [)?g(t)]+ appears instead of Qg(t) This modification is important for technical reasons;
indeed, the proofs rely on this heavily. We now explain why this is not only a technical assumption. We first
observe that, for some simple systems, such are the V and inverted-V models depicted in Figure 3, we have
Qg(z‘) = [)?g(t)]Jr under any work-conserving policy. However, in general, that is not the case. Indeed, for the
M model in Figure 3, it is possible to have a positive queue for one of the customer classes while there are idle
servers in one of the server pools. A reasonable policy will try to prevent such situations, at least approximately,
by ensuring that [X2(1)]* ~ Qg(t) and [X2(r)] ~ IX(1). Indeed, QIR does exactly that. It guarantees that the
queues and idleness have the right proportions, but at the same time the system satisfies

(X2 ~08()=0p(1) and  [X(1)]” ~ 1 (1) = 0p(1).

Following Atar [4], we call this joint work conservation. We now show that joint work conservation cannot be
guaranteed if QIR uses the original queue imbalances, Ql"(t) — pl(ég(t))ég(t), rather than the modified ones. To
this end, consider the system with four customer classes and three agent pools as depicted in Figure 2. Assume
that the ratios are p,(-) = p,(-) = p;(-) =0 and p,(-) = 1. In Figure 2, queues 2 and 4 have some customers
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l » l I lx3 lM

Pool 1 Pool 2 Pool 3

FIGURE 2. An example without joint work conservation.

waiting while the other queues are empty. Also, server pools 2 and 3 are completely busy, while there are some
servers available at pool 1. Moreover, assume that at this time 7, [}(r) > Qg(t) and, in particular, [)?g(t)]Jr =0.
Then, because p, =0 and p, =1, a newly available agent in pool 3 will serve a customer from queue 2, which
is the queue with the highest value of Q*(¢) — pi(Qg(t))Qg(t). However, to move quickly towards joint work
conservation, we would prefer this agent from pool 3 to serve class 4. We would prefer to have pool 2 serve
class 2, letting pool 1 handle all the class 1 arrivals. That alternative policy will “move” the work toward the
nonbusy pool 1. Under QIR, which uses [fg(r)]*, this desired action is exactly what the system would do. In
other words, the modified definition of the imbalances is important to force the system to move rapidly towards
joint work conservation.

In some cases, QIR does not depend on which form of imbalances are used. Specifically, assume that, for
all i € .7, the function f;(x) := xp,(x) is strictly increasing. Then, if we change [}’fg(z‘)]+ to Q;‘(t) in the set
{i € 1(j): QM) >0 and O (1) — [X2()]*p;([X2(£)]) > 0}, then the set is unchanged. Consequently, we can
use the original queue imbalances to define QIR. A special case in which this holds is highlighted in Remark 2.3
below. Similar reasoning applies to the idleness ratios. In particular, if the functions g;(x) = xv;(x) are strictly
increasing, then we can use 1 Jf‘(t) - (Ig(t))lé\(t) in defining the actions upon customer arrival.

REMARK 2.3 (SIMPLIFICATION UNDER FIXED QUEUE RaTIOS). If p(-) = (py,...,p;) with p, > 0 for all
i € .7, then QIR is achieved by a newly available agent serving the customer from the head of queue i* where
5 (1
i*=1i*(t) € argmax {Q’—()}
ic1(j). 0} >o L Pi

3. State-space collapse under QIR.

THEOREM 3.1 (SSC UNDER QIR). Fix an optimal solution X for (2) for which the edges in €(X) induce a
connected routing graph. Fix the two admissible state-dependent ratio functions p and v. Let QIR be used,
following Definition 2.3. Suppose that at least one of the following conditions holds with respect to X.

ConpiTION (C1).  The service rates depend only on the agent type: For all (i, j) € €(X), u; ;= ;.
ConpITION (C2).  The service rates depend only on the customer class: For all (i, j) € €(X), u; ; = u;.

ConbITION (C3).  Acyclic routing graph: The routing graph determined by €(X) is acyclic; i.e., it is a tree.

If. in addition, (X*(0), Z*(0)) = (X(0), Z(0)) in R'*'/, then we have SSC:
0} 1) —QA(p(Q(1)) = 0 and TN —I2(v(I2(1) = 0 inD_ A3)

as A — oo for each i € F and j € J. The convergence in (3) is strengthened to convergence in D if we assume
that
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0N0)— Q4 (0)pi(Q4(0)) = 0, ied, and  INO)-ROu(3(0) = 0, jes. (4
Finally, if Condition (C3) holds, then,

1 A
—Z7ZMt) = 0 inDasA— oo, ic.¥, jeg. (5)
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V-Model N-Model M-Model A-Model

FIGURE 3. The V, N, M, and A models.

REMARK 3.1 (NETWORK-GRAPH CHARACTERIZATION). Note that arbitrary connected graphs, including cyclic
graphs, are allowed under Conditions (C1) and (C2). However, Condition (C3) rules out cyclic structures. Some
simple, yet important, tree structures, are the V, N, M, and A (inverted-V) models shown in Figure 3.

At first glance it might seem that the cyclic networks are not required at all, and that one might obtain a cyclic
structure (thus satisfying (C3)) by removing some of the edges. However, that is mathematically incorrect. There
are examples in which the mathematical program (2) does not have any acyclic solutions that are connected but
does have some cyclic solutions. A simple example is constructed as follows: consider a model with two customer
classes and two agent groups. Namely, a model with .¥ = ¥ = {1, 2}, with A, = A, (so that a; =a, =0.5),
m; ;=1 for all i, j € {1,2}, and finally, with v; = v, = 0.5. Then, there exists no connected acyclic solution
to (2). However, there exist infinitely many cyclic solutions; e.g., X; ; = 0.25 for all i, j € {1,2} is an optimal
solution that induces a cyclic connected graph.

REMARK 3.2 (CLASS-PooL OccUPANCY PROCESSES).  We now explain why the limit for the class-pool occu-
pancy processes in (5) holds under Condition (C3) but not under any of the other conditions. The reason is
the tree structure imposed by Condition (C3). In a tree model, controlling the queues and idleness processes
uniquely determines the class-pool occupancy processes Zl.)j ;(#) through a linear mapping (Equation (11)). That is
analogous to what happens in network flows: When the network is a tree, there is a unique way of satisfying all
the demand in the network. In the presence of cycles, however, there are many (possibly infinitely many) flows
that can satisfy all the demands. In cyclic structures, then, QIR self-selects these agent ratios, not necessarily
consistently with the solution X, and the outcome might depend on the actual ratios p and v. In general, this self-
selection might have undesired effects on the system capacity, but not when one of the Conditions (C1) or (C2)
holds. Under one of these conditions, the aggregate “fluid” capacity of the system is invariant with respect
to the self-selection of the class-pool occupancy processes and is given by >, u;¥; under Condition (C1),
or Y ;s M;a; under Condition (C2).

ExaMPLE 3.1 (SSC IN A Two-CrLass MoDEL). Even though SSC is an asymptotic property, systems of
medium size already exhibit this phenomenon. To illustrate, consider a system with two customer classes,
F ={1,2}, and two agents types, ¥ = {1, 2}. Let the arrival rates be A, = A, =200. Assume there is no aban-
donment. Agents of type 1 can serve both class 1 and class 2 customers. They serve class 1 customers at rate
My =1 and class 2 customers at rate w, , = 3. Agents of type 2 can also give service to both classes, and
they do so with rates u, , =2 and u, , = 3. Assume that Ny =100 and N, = 117 which corresponds roughly
to v, =1/4, v, =7/24, and y, = v, =0, so that an optimal solution for (2) is given by X, ; =1, X, , =3/7,
X, ,=4/7, and X; ; =0 otherwise. This solution translates to an N model (see Figure 3).

We simulate this resulting N model to see if SSC holds approximately. Suppose that we use QIR with ratio
vector p(x) = (1/3,2/3) and v(x) = (0, 1). That is, we use a fixed (FQR) ratio function rather than a state-
dependent one. With the given ratio vector p = (1/3,2/3), we should have that Q,(¢) ~2 - Q,(¢). Indeed, the
simulation results in Figure 4 show that Q,(¢) and 2 - Q,(t) are hardly distinguishable.

4. Stochastic-process limits. We now apply SSC to establish stochastic-process limits under each of the
Conditions (C1), (C2), and (C3) of Theorem 3.1. The limits relate the complicated SBR model to much more
elementary models, namely, the single-class multitype inverted-V model and the multiclass single-type V model;
see Figure 3. Toward this end, we define Wi’\(t) = \/XWI»)‘(I) to be the scaled virtual waiting time process of
class i customers in the Ath system. Also, as before, we set a; := A;/A. Throughout this section we fix the
admissible ratio functions p(-) and v(-). To simplify the notation, we define for all x > 0:

Di(x) :=xp;(x), i€, and U;(x) :=xv,(x), jeg.

The first stochastic-process limit shows the consequence of SSC; the multidimensional limit process is a func-
tion of the one-dimensional limiting process X (¢). The joint limits for the queue-length and virtual-waiting-time
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Number of customers in queues 1 and 2
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FIGURE 4. The N model for the numerical experiment.

processes imply the heavy-traffic Little’s law applied in the heuristic explanation of service-level differentiation
in (4) of Gurvich and Whitt [16]. For applications, it is important to realize that we are treating the overall
virtual waiting time, including both customers who will be served and customers who will abandon. When
the abandonment rate is suitably small, there will be little difference between the overall waiting time and the
waiting time conditional on being served.

THEOREM 4.1 (D1rrusioN LiMiT UNDER CONDITION (C1)). Under the assumptions of Theorem 3.1 with
Condition (C1), we have the joint convergence:

(X2, 0}(), .., QN WMD), . WAL BN, . 1 ()
= (R R RO B EO) RO (RO,
RO (0D
in DX a5 A —> oo, where Ry is the unique (possibly weak) solution of the following one-dimensional SDE:

R0 =80 = Xyt + X [ 50RO ds =20 [ AR ds+v2B0. ©)

Jjey Jjey i€ed

with B :={B(t), t > 0} being a standard Brownian motion. Moreover, the convergence of X2 5(t) can be strength-
ened to convergence in D; i.e, Xz(t) = Xz(t) in D as A — oo.

REMARK 4.1 (WHEN (C1) FaiLs To HoLp). The result of Theorem 4.1 is quite strong. While the state of the
PSS is characterized by the multidimensional process, (Q)‘(t) 2 j(1); i€ J, je F), for each A, asymptotically
as A — oo we can characterize the per-class queue-length processes Q)‘(t) and the per-pool idleness processes
1 "(t) in terms of the overall number of customers in the system through the one-dimensional process Xz(t)
We claim that Condition (C1) is actually necessary to obtain this result. Under Condition (C1), it suffices
to know the number of busy agents Z}‘(t) (or the corresponding number of idle agents [ (1)) in each pool,
to know the departure rate from the system. That makes Theorem 4.1 follow directly from SSC, because it
allows us to control the proportions of idle agents. In the absence of Condition (C1), we need more detailed
information to know the departure rate from the system. In particular, we need to know the actual values of
(z} j(); i€ J, j € F), over which, in general, we have no control through SSC.

REMARK 4.2 (EQUIVALENCE WITH THE SINGLE-CLASS MODEL). Whenever u; = u and 6; =0 for all j, the
limit is the same as the one obtained for a sequence of M/M /N + M queues in the Halfin-Whitt regime.
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With the replacement of the space scaling, VA, by the scaling NE", this limit is given in Theorem 2 of
Garnett et al. [15]. If, in addition 6 =0, then the same replacement of scaling leads to the limit process given
in Theorem 2 of Halfin and Whitt [19] for a sequence of M /M /N queues with R+ ((/u3; yj)«/ﬁ +0o(/R)
agents, where R = A/u. Specifically, consider a sequence of M /M /N queues with arrival rate A, service rate w,
and N* =R+ (/Y; ¥,)¥VR + o(v/R). Let X*() be the overall number of customers in the Ath M/M/N
queue and let Y*(¢) := [X*(t) — N*]/+/A. Then, Theorem 2 of Halfin and Whitt [19] is equivalently stated
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as follows: Provided that Y*(0) = Y*(0), we have Y*(¢) = Y(t) in D[0, o), where Y is a diffusion process
satisfying the SDE: .
Y=Y ~p Xyt +u | VO] ds+VIB). (7)
je¥
with B := {B(t), t > 0} being a standard Brownian motion. As a consequence, then, whenever 6, =0 and u; = u,
the PSS and the associated M /M /N queue have asymptotically the same probability law.

REMARK 4.3 (EQUIVALENCE WITH THE INVERTED-V MoODEL). Whenever 6, = 0 for all i € .7, the limit we
obtain is equal to the limit that we would obtain in the associated inverted-V model, namely, in a model with the
same set ¥ of agent pools, the same service rates {u;, j € ¥}, and the same staffing levels {Nj)‘, J € ¥}, but with
a single customer class having arrival rate A. This asymptotic equivalence of the SBR system and the inverted-V
model under the assumption of pool-dependent service rates is used extensively in our two subsequent papers
(Gurvich and Whitt [16, 17]).

The diffusion limits given in Theorem 4.1 characterize the asymptotic behavior on bounded time periods. The
next natural step is to try to understand the asymptotic behavior of the steady-state queue length and waiting
time. In some settings one can actually identify the limits of the steady-state variables with the steady-state of
the diffusion limit. This, however, requires a limit-interchange argument whose main component is to establish
tightness of the scaled steady-state variables. Such an argument was used in simple settings like Halfin and
Whitt [19], Garnett et al. [15], Gurvich et al. [18], and also in the more complicated case of Tezcan [28].
Establishing such an interchange is, however, extremely hard in general. Gamarnik and Zeevi [13] and Budhiraja
and Lee [8] have developed suitable arguments for generalized Jackson networks in the conventional, single-
server, heavy-traffic regime. Their techniques may be adapted, on a case-by-case basis, to certain many-server
systems, as was done in Tezcan [28]. A general framework is, however, still missing.

We do not prove the interchange argument for the general PSS case. Assuming that tightness of the scaled
steady-state variables holds, however, we can easily link this with the steady-state of the limit diffusion. This
link is established in Corollary 4.2 below.

COROLLARY 4.2 (STEADY-STATE LIMITS). Assume that there exists a Ay < oo such that a steady state exists
for all A > X. Assume also that the sequence {(Q%(00), I3(c0)), A > Ay} is tight. Then, as A — oo,

X)) = Xs()  INeo) = 5([Ku(0)]). je
~ oA . 1. - . (®)
01(0) = pi([Xs(o0)]");  and  Wl(0) = ;pi([X):(oo)]+)’ i€
If, in addition, the sequence Qé(oo) is uniformly integrable, then the convergence in (8) holds also in expectation.

The following is a diffusion-limit result under Condition (C2). See §6.3 for the definition of B; and the
construction of the processes X}(z).

THEOREM 4.3 (D1FruUsiON LiMIT UNDER CONDITION (C2)). Under the assumptions of Theorem 3.1 with
Condition (C2), we have the joint convergence

(R, X} (D). X} (0, 01(), . OO, W), W) TN, D ()
= ()?zm, X0, ... X0, 5 (X)), .. .. 5, (X (D], allﬁquz(r)r), e ailﬁ,@?z(r)r),

5 ([Rs(O] ). ﬂ,([)?zm]—))
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in D3 g5 X — oo, where (X,(1),...,X,(t)) is the unique (possibly weak) solution of the following
I-dimensional SDE:
R,(0)=8:0) Byt —p; [ Ri9)ds— (0~ ) [ (R (9] ds +2a,B,(0). ©)

where the processes {{B;(t),t >0}, i € F} are independent standard Brownian motions.

REMARK 4.4 (EQUIVALENCE WITH THE V MODEL). The limit we obtain in Theorem 4.3 is equal to the limit
that we would obtain in the associated V model, namely, in a model with the same set . of customer classes
and respective arrival and service rates {A;, i €.7} and {u;, i € 7}, but with a single agent pool having 3", N}
agents. This stands in contrast to the case of pool-dependent service rates in which the reduction is to a system
with multiple agent pools but a single customer class; see Remark 4.3.
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The following is a diffusion-limit result under Condition (C3). To abbreviate notation, given x, we let p(x) :=
(p(x), ..., p;(x)) and, similarly, v(x) := (v,(x), . .., V,(x)). The mapping G(, ), that is used in the statement
of the theorem, is defined in §5 below.

THEOREM 4.4 (DIFFUSION LiMiT UNDER CONDITION (C3)). Under the assumptions of Theorem 3.1 with
Condition (C3), we have the joint convergence

(X80, XMD, - XN, 010, -, O} (1), W0, .., WO, 1), - T (D)
= (J?za), 200 R0, B (Rs (O], - - By ([Rs ()], ailﬁl([fzmr), L ailﬁ,([fzmr),

5 (Rs (] ... 51([??2(0]))

in DX+ qs X — oo, where (X,(1),...,X,(t)) is the unique (possibly weak) solution of the following
I-dimensional SDE:

)A(i(t) = }A(i(o) —Bit — Z I“Li,j/(;t Gij()’z(s) _ﬁ([)?z(s)r)’ _ﬁ([iz(s)]_)) ds

jeJ (@)
t ~
=0, [ PR ds+V2aB(0), i€, (10)
0
where the processes {{B;(t), t >0}, i € .} are independent standard Brownian motions.

5. QIR and Atar’s control. It turns out that for certain tree networks, under an additional restriction on the
ratio vector v(-), QIR is equivalent to a special case of the control rule introduced in Atar [4]. Consequently, the
SSC for these networks follows from the analysis in Atar [4]. To state the condition, fix an optimal solution x
for (2) for which the edges in €(x) induce a connected routing graph. Then, we will consider networks that
satisfy, in addition, the following condition:

ConDITION (C4).  Only one pool with cross-trained agents: There exists at most one j € § with skill set
1(j)(X) containing more than one element; denote this pool by j*. Also, we require that v = ej..

Networks that satisfy this structural condition are depicted in Figure 3. Clearly, these networks are trees,
so that they also satisfy Condition (C3). We accomplish two objectives in this section: First, we show that
under Condition (C4), QIR and an instance of the control constructed in Atar [4] are equivalent; that is proved
in Lemma 5.1. Second, we show that, although an SSC result does not appear explicitly in Atar [4], the controls
constructed in Atar [4] lead to SSC for tree networks (under Condition (C3)). That appears in Theorem 5.1,
whose proof follows from the analysis in Atar [4]; see §8.

Together, these two results provide an alternative proof of SSC for QIR with the networks satisfying Condi-
tion (C4). A special case of this equivalence—for the N-model (see Figure 3) with constant ratio functions—was
argued and used in Dai and Tezcan [11] in the context of linear-holding-cost minimization.

We start, then, by defining the control used in Atar [4] and stating and proving the SSC result based on his
analysis. We refer to the control in Atar [4] as generalized QIR (GQIR), even though QIR is not a special case
of GQIR. Indeed, GQIR applies only to settings in which the chosen optimal solution x is such that the induced
graph €(X) is a tree. It is not applicable when €(x) contains cycles.

Toward the construction of GQIR, define a function G := G(a, 8): R’ — RY, which is defined as the
unique solution to the following set of linear equations (see Equation (43) in Atar [4]):

D= 2% =B (11)

Jjey ied

with no additional constraints. Atar [4] shows that the tree structure guarantees a unique solution. This uniqueness
can then be used to show that the mapping G (-, -) defines a linear mapping on the domain

D = {(a,ﬁ) e R Zai=ZBj}.

Moreover, the mapping G is such that

Zh(1) == G(X (1) - OMn), =1 (1)). (12)
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that is, given the vector-valued processes X*(r), Q’\(t) and I*(¢), the values of Z)‘(t) can be calculated using
this mapping. We define a new stochastic process Z*(¢) in terms of the triple (X*(r), O*(¢), I*(¢)) through

Z3(1) = Gy(X (1) = [X (O] p((Xs(D]F), ~[XE ()] w([(X2 (D] ), i€ F. jeg. (13)

We are now ready to introduce the GQIR control, as it was constructed in Atar [4]; see §§2.5 and 2.6 of Atar [4].

DEFINITION 5.1 (GENERALIZED QIR: GQIR). Suppose that the routing graph is a tree.

e Upon an arrival of a class i customer at time ¢, if there are any idle agents, route the customer to any
agent pool

ji=j(r) € argmax (Z)(1) — ZA(1)*;
keJ (i), 1}>0

if all agents in J(i) are busy, then the customer waits in queue, to be served in order of arrival.

e Upon a service completion by an agent from agent pool j at time ¢, if a customer in /() is available, then
admit to service the customer from the head of any nonempty queue

i:=i(f) € argmax (Z (1) =27} L)
kel (j). Qk(t)>0

if all queues in /() are empty, then the agent remains idle.

Ties are broken in an arbitrary but consistent manner, so that the vector-valued stochastic process (Q", 2’\) is
a CTMC with stationary transition probabilities.

The following lemma holds for all A; hence we fix A and omit it from the notation. Also, we add a superscript
QIR (or GQIR) to all relevant processes to indicate explicitly the dependence on the control.

LEMMA 5.1 (EQUIVALENCE OF QIR AND GQIR UNDER CONDITION (C4). Fix an optimal solution x for (2)
for which the edges in €(x) induce a connected routing graph and assume that Condition (C4) holds. Assume
that (X99R(0), ZCYR(0)) = (X2R(0), Z9®(0)) and that the same rule is used to break ties under QIR and

GOIR. Then, {(XCR, ZGoRY 1 > 0} L [(X9R (1), ZOR (1)), t > O}.

The following is the SSC result for GQIR for general tree networks (going beyond the domain of equivalence).
It is a consequence of parts (i) and (iv) in Proposition 1 of Atar [4].

THEOREM 5.1 (SSC UNDER GQIR). Fix an optimal solution X for (2) for which the edges in €(x) induce a
connected routing graph. Fix two admissible state-dependent ratio functions p and v and an optimal solution x
for (2). Suppose that GQIR is used as defined in Definition 5.1 and that Condition (C3) holds. If, in addition,
(X*(0), Z*(0)) = (X(0), Z(0)) in R then all the conclusions of Theorem 3.1 hold, including (5).

6. Proof of Theorem 3.1. The rest of this paper is devoted to proving the previous results. In this section
we prove Theorem 3.1. The proof decomposes into three separate proofs, one for each of the three conditions.
Sections 6.2, 6.3, and 6.4 are dedicated to Conditions (C1), (C2), and (C3), respectively. However, we start with
preliminaries.

6.1. Preliminaries. Our approach to the construction of the underlying stochastic processes follows a mar-
tingale approach that is, by now, quite common; see Pang et al. [23] for an overview.

Sample-path construction. We begin with a sample-path construction that is based on independent unit-rate
Poisson processes A;, S; ;, and R; on R, for i € .7 and j € ¥. Given these Poisson processes, let
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lj’

XA(t) 1= XM0) + A (A1) — ZSI,(ul,f z) (s)ds)—Ri<0i/0th‘(s)ds), >0 (14)

jey

By direct construction, the stochastic process {(X}(7), ..., X}(¢)): t > 0} has the correct distribution and is a
process in D!. (A formal argument would follow the proof of Lemma 2.1 in Pang et al. [23].) Equation (14)
does not yet fully define the system dynamics because the dynamics of the queue-length processes Q}(¢) and
the busy-agent processes Zi): ;(#) are not yet specified. To complete the definition, let A;}(t), (i,j)e Fx ¥, be
the cumulative number of class i customers routed to an idle type j agent immediately upon arrival by time ¢; let
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d)i)j ;(0), (i, j) € 7 x F, be the cumulative number of class i customers assigned to a type j agent after waiting
in queue, by time ¢. Then, we write

t
Z} () =27} (0)+ A} ;(D) + D} (1) - S, (Mi,j/o Z} (s) ds>,

0= QX0+ A0 = AL (0~ Xt 0~ R 0, [ 05y as) 13
je¥ i€
INty=N'=>"7Z} ().

We let D}(t) == Ycy Sy fOtZ,i" j(5)ds) be the cumulative number of service completions by type j
agents. The general description of the queueing network above does not yet reflect the specifics of QIR (see
Definition 2.3). To include them, let the scaled queue and idleness imbalances be

UM == 0N — [ O (X2 (O]F). i€,
VA1) =100 — [RA)] v, ((RAD]). je .

Establishing SSC means showing that all of these processes converge weakly to 0 in the appropriate sense. Now
we can write

(16)

A (1) = / i 5-)> 0, j e argmax (9 (s-)} | dal(s),
0 jeJ (i)
, (17)
(0= [ 110} =) > 0, i eargmax{T} (s—)} | dD)s).
0

iel(j)

These processes are uniquely defined because we have assumed that ties are broken in a consistent manner.

Martingales. We now develop a martingale representation. We start by defining the o-algebras
FM1t) = a’{Ai()tis), Xi)‘(s), Qi)‘(s), Zi):j(s), Ri<0i/0 Ql)‘(u) du),

S,,j(u,.,j/o Zi):j(u)du):iej,jej,sft}, >0, (18)

and make them complete by including all the null sets. The collection of all these o-algebras F* := {FA(¢), 1 > 0}
is then the filtration.

We now exploit a martingale decomposition, as in Pang et al. [23]. First, we assume that E[Q%(0)] < oo
for all A, but that is without loss of generality, because it can later be relaxed, as in §6.3 of Pang et al. [23].
A straightforward adaptation of Lemmas 3.2 and 3.4 in Pang et al. [23] to our setting establishes that the
processes A;(A;1), R;(0, fot QX (s)ds), and S; i fot Z;f ;(s) ds) admit martingale decompositions with respect
to the filtration F*. Specifically, the stochastic processes

t t
ij(t):zst,j(/*i,jfo ZiA.j(S)dS) —Mi,j/O Z) (s)yds, €9, jeg,

M) (1) :=A,(\0) = At, i€, (19)
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t t
M) (1) =R, (9i / 0M(s) ds) —9, f OMs)ds, ie.,
! 0 0
are square-integrable martingales with predictable quadratic variations defined by
t
(M) (1) :=,L,.,jf0 Z} (s)ds, i€, jeg,
(M) (1) :=Nt, i€, (20)
t
(M))(1) = 0,./ OMs)ds, ie.J.
! 0

Note that My (1) =0, 1 > 0 for all i with 6, =0.
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As integrals of predictable processes with respect to counting processes, the processes Al’." j(t) and CD;E j(t) also
have corresponding martingale decompositions for all i and j, e.g.,

t
M) (1):= / 1{1}(s—) >0, j € argmax Vj)‘(s—)} d(AMs) — A;s) (21)
" 0 jel (i)
is a square-integrable martingale with predictable quadratic variation
t
(M} ) ()= [ 1{1}(s—) >0, j € argmax V}(s—) }Ai ds. (22)
) 0 jel )

This is a consequence of the preservation of the martingale property under stochastic integration. Specifically,
fixing any T > 0, the martingale M /g\i(t AT)=A;(A(tAT))— A;(t AT) is square integrable and in particular it
is in the space #? defined on p. 124 of Protter [24]. Because the integrand in (21) is left continuous (because
it is defined through the left limits), it is predictable. Because the integrand is also bounded, we can apply
Theorem IV.2.11 (p. 129) of Protter [24] to ensure that the stochastic integral in (21) is itself a square integrable
martingale. Finally, item (ii) of Lemma 5.77 (p. 85) in Van der Vaart [29] guarantees that the predictable
quadratic variation process of (21) is as given in (22). A similar argument is used for the process ®} ().

Instead of giving detailed expressions for the system dynamics in terms of these martingales here, we will
give the required expressions where needed.

Stochastic boundedness and tightness. Our proofs will make extensive use of the concepts of tightness and
stochastic boundedness; again see Pang et al. [23] for an overview. In particular, we will be using these notions
for stochastic processes in D¢ := D[0, 00)¢. We say that a sequence of stochastic processes Y*: {Y*(¢): ¢ > 0}
in D? is stochastically bounded if, for all T > 0,

f}im limsup P{||Y*|% > A} =0,
I B

where the norm || - || is as defined in §2. That is a minor modification of the definition for random variables.

We make especial use of C-tightness. A sequence of stochastic processes {¥*} := {Y*(¢): > 0} in D? is said
to be C-tight if, in addition to being tight (as random elements of D?), every convergent subsequence converges
to a limit that is a.s. continuous. Theorem 15.5 from Billingsley [5] is very useful in establishing C-tightness.
We restate it here:

THEOREM 6.1 (C-TIGHTNESS). Consider a sequence of stochastic processes {Y'} in D. Suppose that
{Y*(0)} is stochastically bounded in R and, for each € >0 and T > 0,

(1$in(1)lim sup P{wya (8, T) > €} =0 where w,(6,T):= sup {|x(?) — x(s)|}.

A—o0 0<s<t<T:|t—s|<b
Then {Y*} is C-tight.

We will want to establish stochastic boundedness and C-tightness for various martingale processes. We use
the general notation M*(¢) (or M* () when referring to the scaled version M*(¢)/~/A using the scaling in Def-
inition 2.1) for martingale components and refer to specific attributes of the martingale in consideration only
where this is needed.

Here are some important general properties:

LEMMA 6.1 (PROPERTIES OF THE MARTINGALES). Let M*(1) be any of the scaled martingales introduced

above (or a finite sum ofAsuch), using the scaling in Definition 2.1, and assume that 0M(0)/A £ 0. Then, the
sequence of processes {{M")(t)} is C-tight. Also, the sequence of processes {M*(t)} is stochastically bounded.
Finally, for any € > 0,

At
D)
=5
24
5 E
>3
mh
RS}
o c
=
©
e c
5
22
23
a
3 e
o <
-
© ©
nQ
S O
>E
Q.'§
S
w2
£g
B
2o
£ 2
@ 9
= 0
S 9
o°
2 E
T ©
o2
L5
O c
T ®©
T o
@2
@&
< =
o)
Lc
- O
£ >
90
T £
E .
C
(o]
8 e
35
==
w_
=2
e o
=
o3
Z-o
=<

limsupP{ sup |1\//i)‘(t)|>€}=0. (23)

A—o00 0<t<T/vA

PrROOF. We begin with C-tightness. Let <1\’/? M)(t) be the scaled version of any of the predictable-quadratic-
variation processes defined in (20). Then,

|<1\71/\>(t) — (MA>(S)| <c(t— s)%max{)\, ZN;\, /S’ 04 (u) du}, (24)

je¥
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for some positive constant c. By Assumption 2.1, 3, Nj)‘ < ¢, A for all A large enough and for some constant c;.

Using the trivial inequality Q3%(u) < Q4(0) + Y, A}(u), the assumed convergence Q(0)/A %0, and the
renewal strong law of large numbers, we also have that
t A d
lim supP{ —fs QE)EM) !

A—o00

> cz(t—s)} =0,
for some constant ¢, large enough. Plugging this back into (24), we conclude that

lim lim supP{ sup (MM (£) — (M) (s)| > e} =0,

-0 oo 0<s<t<T:|t—s|<b

and, consequently, that (M*)(r) is C-tight.

The last two conclusions follow from Lemma 5.8 of Pang et al. [23], which is based on the Lenglart-Rebolledo
inequality, stated as Lemma 5.7 in that reference. The extension to finite sums follows from basic properties
of the quadratic variation processes (see Problem 1.5.7 in Karatzas and Shreve [20] and using the inequality
2(M,, M,) < ({M,)+ (M,)) (see Problem 1.8.9 in Lipster and Shirayev [21]).

6.2. SSC under Condition (C1). For this case, it suffices to consider a less detailed construction of the
system dynamics than the one in §6.1. Specifically, we keep Q and I in (15), but instead of Z, we write

t

20 =220+ DA () + X0 (1) -, (M, [z ds), (25)
iey iey

where Z;\(t) =D iey Zi): ;(#) is the number of busy agents in pool j and S;(-) is a unit-rate Poisson process, so

that the number of service completions in agent pool j is now given by

D}(1)=5; (“j /Ot Z;(s) ds)- (26)

Also, instead of the martingales Mi’} ;(#) in (19), we use the martingales

M\(1) :=Sj<,uj/0 Z;\(s)ds)—puj-/o Z)(s)ds, jej.

Finally, instead of X; in (14), we use
t t
X0 = X0+ T A0 - T8, (1 [ Z0)as) - T (0, [ 02y as). @)
e jeg 0 ie¥ 0

Following §6.1 with respect to the martingale decomposition and applying some algebraic manipulations, we
write

X4(1) = X2(0) + (A - Zu,-Nﬁ)HZu,- [ 1 6ds =06, [ 01 (s)ds+ M0,
je¥ je¥ iey

ME() =3 M) (1) =D M}N1)— Y My (1)

ied Jjey i€y
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By Assumption 2.1,
Sy, = lim T
ey LS A Woss \/X ’

and we define B:=3; ., u;y;. Hence, we may write

R =R B+ L [ s ds— Y06, [ 0Ms)ds + T2 (1) + 0,(1). (28)

jey iy

The o0p(1) term will play no role in our subsequent analysis and we will omit it.
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Having specified the system dynamics, it would be natural to apply Dai and Tezcan [12] to prove the SSC
result. Unfortunately, we cannot apply Dai and Tezcan [12] directly. Indeed, a key assumption in Dai and
Tezcan [12] is the homogeneity condition in their Equation (5.9) or, in its weaker version, in their Equation (7.1).
When interpreted to our setting, the homogeneity condition requires that there exist ¢;, ¢, >0 and 0 <a <1
such that

a’ fi(x) = filax) = @ fi(x),

for f;(x): R, — R given by f;(x) =x — xp;(x) where p,(-) is a ratio function. A similar requirement applies to
the idleness imbalances. Because our ratio functions need not satisfy those assumptions, we cannot apply Dai
and Tezcan [12]. In §7 of that work, it is shown that the homogeneity requirement can be removed if one can, in
advance, establish the stochastic boundeness of the scaled dynamics processes. That stochastic boundeness can
then be used to prove SSC even when the homogeneity does not hold. In our setting, however, the stochastic
boundeness and SSC are interwined and it seems impossible to establish the stochastic boundeness in advance,
before proving the SSC.
To overcome this difficulty, we devise a stopping argument. Specifically, let

B\(1):=X UM, (29)

ied

with lZ"(t) as defined in (16). We first establish SSC assuming that all the processes are stopped at the bounded
stopping time
T":=s¢*AT where ¢* :=inf{r>0]|B"(r)>2B*(0) v 1}. (30)

Because all the processes involved are assumed to be right continuous, the stopped processes are well defined
(see Propositions 1.1.13 and 1.2.18 of Karatzas and Shreve [20]). Note that the value of B*(T*) can be greater
than 213”‘(0) V 1, because there can be a jump at time T2. Still, because all arrival and service-completion
processes have jumps of size 1, there exists a constant K such that

BNTY) <2B*0)v1+K/VA, wp. 1. (31)

The idea of the stopping argument is that, while it is hard to characterize the limits on the interval [0, T]
directly, it is easier to establish these limits for the stopped processes. Once these limits are established, showing
that ¢* L o will imply that the same limiting behavior holds on [0, T]. For the stopped processes, our proof
consists of two main modules. First, Lemma 6.2 establishes that the sequence of stopped processes is stochasti-
cally bounded and that the sequence of processes fg(t AT*) is C-tight. Then, Theorem 6.2 establishes SSC for
the stopped processes using the results of Proposition 6.2 and the Bramson [6] and Dai and Tezcan [12] SSC
frameworks. Finally, the SSC result is extended to the whole interval [0, 7] in Lemma 6.6. Throughout, it is
assumed that the conditions of Theorem 3.1 hold in addition to Condition (C1).

LEMMA 6.2 (STOCHASTIC BOUNDEDNESS OF SCALED QUEUEING PROCESSES). The sequences Qg(t A TH),
L(t AT?), and X{(t AT*) are stochastically bounded. In addition, the sequence {X3(t AT*): A > 0} is C-tight.

ProOOF. By the definition of l7i’\(t) in (16) and Definition 2.2 for state-dependent ratio functions,

BNt =Y UMty = 0% (1) — [X2(D]*, (32)

i€y

where the actual state-dependent ratio functions drop out when we sum over i € .¥. In particular,
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OX(r) = [RA(N)]* + B (1) < |K& (1) + BM(n). (33)

By Definition 2.1, X2(r) = (X2(r) — N2)/VA = (@) + ;e Z)(1) — N2)/V/A, so that [ = Q4 — XA
Consequently,
(1) <1X3(0]+ 05(1) < 2|1X2(1)| + B (1) (34)

Plugging these into Equation (28) and applying Gronwall’s inequality (see Theorem 4.1 and Lemmas 4.1 and 5.6
in Pang et al. [23] or Problem 5.2.7 in Karatzas and Shreve [20]), we have

IX2(e AT < e, (IXSO) +IBIT + 1B AT 5 + 12 ATY|[7) e,
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for some positive constants ¢; and ¢,. By Lemma 6.1, Mé\(t) is stochastically bounded and, by the definition
of T* and Equation (31), B*(t A T*) is stochastically bounded. Here we also use the fact that B*(0) is itself
stochastically bounded by the assumed convergence of X 2(0).

Finally, the sequence )?"(0) is stochastically bounded because it converges; see Corollary 5.2 in Pang
et al. [23]. The stochastic boundedness of )?g(t A T*) now follows from it being bounded by a sum of stochas-
tically bounded sequences; see Lemma 5.5 in Pang et al. [23]. Finally, [2(¢ A T*) and QA(t A T*) are now
stochastically bounded by applying (33) and (34).

It remains to establish the claimed C-tightness of X*(7 A T*). Using (28) once more, we have

R0~ R =816 -9+ S, | s+ 0, [ 00 ds + 0~ ),
je S ie s
and, as a consequence,
X2 = K23 < (1Bt =) + (¢ = )|} AT+ (2 = )| 08¢ AT 7 + M2 (1) = ML(5)])
for all 0 < s <t < T*. Using (33), (34), and Gronwall’s inequality, we obtain
X2(1) = X3 (9)] < &5 (IBI(r = ) + [MR(1) = MA(5)| + (1 = )| B ATH ) e
for 0 <s <t <T?* and for some positive constants ¢; and ¢,. With the definitions in Theorem 6.1,

Wis (8. T) < €53 + g B A T[54 cywga gy (8. T, (35)

for positive constants cs, ¢4, and ¢;. Since ﬁ’\(t A T?") is stochastically bounded by the definition of T*, the
C-tightness of X*(t A T*) is established if we prove the tightness of M2(r A T*). This, however, follows
immediately from Theorem 5.6 in Pang et al. [23] which allows us to deduce the C-tightness of the sequence
of martingales ﬂg\(t A T*) from the C-tightness of the sequence of predictable-quadratic-variation processes,
(M2)(- AT*), which, in turn, follows from Lemma 6.1. Finally, X2(t A T*) is C-tight by (35). O

We are now ready to prove SSC for the stopped processes. With the definition of the processes f]?‘(t) and
l\:’fl (¢) in (16), SSC for the stopped processes is equivalent to the following theorem, as we show in the corollary

elow:

THEOREM 6.2 (SSC FOR THE STOPPED-PROCESSES). For any € >0 and s, 0 <s<T,

limsupP[ sup S |UM1)| > e} =0 and limsupP{ sup > [VA(1)| > 6] =0. (36)

A—co s<t<T je.y A—oo s<t<T* jey
If, in addition, Equation (4) holds, then

limsupP{ sup Z|l7i’\(t)|>e}=0 and limsupP{ sup Z|\7j)‘(t)|>e}=0. (37)

A—>o0 0<t=TA jey A—>00 0si<T* jeg
The following simple corollary shows that Theorem 6.2 implies the desired form of SSC.

COROLLARY 6.3.  Theorem 6.2 implies that
OMtATY) = QA(t ATYP(QA(tATY) = 0 as A — oo forallic ¥, 8)
IMEATY =2t ATY,(I2(t ATY) = 0 as A — oo forall j€ ¥,
where the convergence is in D or D_ depending, as before, on whether Equation (4) holds.

ProOOF. We only prove the result for the queue processes, because the proof for the idleness processes is
similar. Given (16), Theorem 6.2 implies that Qg(t ATY) — [}’@(t A TM]T = 0, where the convergence is in D
if Equation (4) holds, and in D_ otherwise. In turn, using the continuity of the state-dependent ratio functions
and applying the continuous mapping theorem (see §3.4 of Whitt [30]), we have that

p(QY(IATY)) = pi (X2 ATH]T) = 0, as A= oo.
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Consequently, R R R R
UMNeATY) = (QF (AT = Os(t ATYp(Q5 (1 A TY))) = 0,
implying finally that R R R
QNI ATY) = Qs (t ATYP(Q3 (1 ATY) = 0,
where the convergence is in D or D_ depending, as before, on whether Equation (4) holds. O
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In general, then, it suffices to consider the processes U; )‘(t) i€, and V’\(t) Jj € ¥, to establish the result of
Theorem 3.1. We will prove all the results only for the processes U; )‘(t) i € .7, as the results for V)‘(t) je g,
follow similarly.

In preparation for the proof of Theorem 6.2, we first introduce some of the required framework. Our SSC
proof will be based on the general SSC framework of Bramson [6], which was recently extended to the many-
server setting by Dai and Tezcan [12]. Because some of the assumptions in Dai and Tezcan [12] do not apply
in our setting, we give an independent proof.

The framework of Bramson [6] is based on one key idea: By using an appropriate new scaling of time and
space, called the hydrodynamic scaling, we can examine the system dynamics over short time intervals. These
hydrodynamically scaled (HS) processes are shown to be uniformly approximated by a family of deterministic
functions, called the hydrodynamic limit (HL) functions, that satisfy certain equations, known as the hydrody-
namic model (HM) equations. This uniform approximation guarantees that, whenever the HL function exhibits
the desired SSC, so will the HS processes, as well as the original scaled process, through the appropriate map-
ping between the original process and its HS version. See Bramson [6] for a more detailed introduction to these
concepts.

We begin by defining the HS processes and the HM equations corresponding to our system. To simplify the
notation, let

t ~ ~
R(1) = Ri(oi [ o) ds) and (1) := VAR P (RO, e,
0
We will also use D}(t), which was defined in (26). We start with the basic processes indexed by A:
XN(1) = (A7 (1), AL (1), @ (1), D (1), R (1), ©}(1), Q' (1), UND), Z}(1): i € 5, j € F). (39)

Then, for any fixed L > 0, and every nonnegative integer m with m < ~/AT, we construct the hydrodynamically
scaled (HS) processes

XM= (AP (1), AN(E), DY), DY), RET (1), O (1), Q1 "(1), UM (1), 20 (1) i€ T, j € F),

for 1 € [0, L] as follows:
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REMARK 6.1 (THE TIME AND SPACE SCALING). The HS processes in Equation (40) have a more elementary
time-and-space scaling than in Bramson [6] and Dai and Tezcan [12]—see §6.1 of Dai and Tezcan [12] and,
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in particular, Equation (6.1) there. The more complex scaling is required if we cannot prove a priori that the
queue and idleness processes are stochastically bounded. In the absence of stochastic boundedness, the resulting
notion of SSC is the multiplicative SSC, defined in Theorem 5.1 and Remark 5.3 of Dai and Tezcan [12].
However, when stochastic boundedness is available, SSC and multiplicative SSC are equivalent. Then both can
be proved using the more elementary scaling, as illustrated in the proof of Theorem 7.3 in Dai and Tezcan [12].
Because our SSC argument will focus initially on the stopped processes, the stochastic boundedness established
in Lemma 6.2 allows us to use the more elementary time-and-space scaling. [

We will show that the HS processes are uniformly approximated by Lipschitz, and thus absolutely continuous,
deterministic functions called the hydrodynamic limit (HL) functions, denoted by

X o= (A1), Ay (1), By(1), D, (1), Ri(1), ©,(1), 0,(1), Uy(1), Z,(1): i € .5, j € F),

satisfying the following hydrodynamic model (HM) equations. However, the following HM equations, in general,
do not determine the HL functions uniquely. Thus we will show that there is some HL function satisfying the
HM equations that is suitably close to the HS process above. Because we are not aiming for uniqueness, the
hydrodynamic model might contain additional equations, but we specify only those that are relevant for our
purposes.

The hydrodynamic model (HM) equations are:

A()=at, i€,
0,(1)=R,(1)=0, forall r>0,
éi(t) = éi(o) +Ai(t) - Zgij(t) - Z(i)ij(t)’ i€,
~ i€y jey (41)
0,(1)=0, ieJ,
A1), ®;(t), i€¥, je g are nondecreasing,

Z,()=Z,(0)+ Y A () + > D(1) —pw;p;t, jEF.
iey iey
The HM equations in (41) appear in the hydrodynamic model of an arbitrary policy. Letting It(t):={ie .7
U(t) >0}, and J(I7 (1)) :={j e F: i € J(i), for some i € [T(t)}, we also define the following HM equations
that are specific to QIR:

YUM=0 and (1) =00+ A1) = 1 Ay(1) =X @), i€, (42)
ic.y i€ i€y
> Y dd, ()= Y w7, andin particular, (43)
iel+(r) jeJ (i) jeJ(I+(1))
3" dU(t) <—c, whenever I*(r) # @ for some constant ¢ > 0. (44)

iel+ (1)

We have stipulated that these HL functions are Lipschitz. The relevant set of HL functions will depend on
positive real parameters k, L,, and N. Specifically, for appropriate parameters, the set of HL functions will
be a subset of the family E’ of functions in D¢ that satisfy |x(0)| < k and |x(z,) — x(¢,)| < N|t, — t,| for all
t1» 1, € [0, L;]. By the Arzela-Ascoli theorem in Billingsley [5, p. 221], the set E’ is a compact subset of C?
and thus of D¢ for appropriate d. Because the HL functions are Lipschitz, they are absolutely continuous; e.g.,
see §5.4 of Royden [26].

In addition, the HL functions must satisfy the HM equations above. The existence of HL functions satisfying
those HM equations will be a consequence of our analysis and, in particular, of Lemmas 6.4 and 6.5 below. Note
that the final HM equation, Equation (44), implies that there is a constant upper bound ¢ on the rate at which
> .os[U.(1)]* decreases whenever it is positive. Consequently, it reaches 0 within a finite time, after which it
stays at 0, by the first inequality in (42); see Lemma 5.2 of Dai [9] for technical support. We will use this fact
in the proof of Theorem 6.2.

First, however, we identify the relations between the HS processes X*™ and the HL functions X. This is
done in the following theorem, which shows that, for A large enough, the HS process X*™ is close enough to
some HL function X, satisfying the HM Equations (41)—(44).
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THEOREM 6.4 (UNIFORM APPROXIMATION BY HL FUNCTIONS). Forany T >0, 6 > 0, and € > 0, there exist
k:=k(6,€,T), L, Ay and subsets FHMK of the underlying probability space ), such that for all A > Ayt
(@) 1T A Y+ 122 AT+ 10N AT < k on M,
(ii) for each o € F** and m with m < VAT?, there exists an HL function (a Lipschitz function satisfying
the HM equations) X, depending on X and m, such that | X»™ — )?||’£k <e;
(i) finally, P{#M*} > 1-4.

Theorem 6.4 captures the essence of the hydrodynamic limit approach: The idea is to show that, on a suitably
large subset of the sample space, and for all A sufficiently large, the HS process is close enough to some
HL function satisfying the HM equations. We postpone the proof of Theorem 6.4 and apply it now to prove
Theorem 6.2.

PrROOF OF THEOREM 6.2. The proof of the first conclusion consists of two steps. First, we focus on an HL
function, fix € and k, and show that there exists some finite time s* := s*(k, €) such that U,(r) =0 for > s*
and for all i provided that the HL function X satisfies the HM Equations (41)—(44) and Yies |U,(0)| <k +e.

Property (44) implies that the HL function Y, ;[U,(r)]* decreases at a rate of at least ¢ until it reaches 0, after
which it stays there; see Lemma 5.2 of Dai [9] for technical support. Equation (44) directly controls only the
positive part, but Equation (42) implies that the negative part is dominated by the positive part in absolute value.
Hence, when Y, ,[U,(1)]* =0, we also have U,(r) =0 for all i by virtue of Equation (42). These functions
must remain O thereafter, because the positive part cannot increase.

Thus we have the existence of s* := s*(k, €) such that U,(t) =0 for # > s* for all i for any HL function X
satisfying the HM Equations (41)~(44) with Y",_, |U,(0)| < k 4+ €. We now come to the second step of the proof
of the first conclusion, in which we find an HL function appropriately related to the HS process: Fix 6 > 0,
k >0, and A, so that for all A > A,, P{#**} > 1 —§. Also, choose L, > 2[s*], and finally, fix w € F**.
Consider a time t < T* with ¢t > s*/ VA (if such time exists), and let

m (1) :=max{m: m < VAT*, (m+s*) /A <1}.

Then ¢ € [m*(t)/~/A, (m*(t) + L,)/~/A], and, by definition of the HS process, U"(t) A O (At — m(1)).
Now, by Theorem 6.4, for A large enough, there exists an HL function X that sat1sﬁes the HM Equa-
tions (41)—(44) with |Ul-)"mA(t) — (7,|2k < €. In particular, we have Y, |U(0)| < k + €, which by our previous
argument implies that Y, , |U,(t)] =0, t > s*. Since L, > ~/At — m*(1) > s*,

>0

iey

m*(1))| =0 on F*.

Combining these relations, we then have Y",_, |U(r)| < e. Hence,

sup > |17l."(t)| <€ on FMF, (45)
s*/NA<t<T ie.¥

where we naturally set the value to be 0 whenever T? < s*/ V/A. Because the same holds for any w € Mk, for
all A > A,

Pl s Si0wl=e] <o,

s*/NA<t<Th ie.¥

from which (36) readily follows.
For the second conclusion, assume that (4) holds and let
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O = {weQ: > 1UM0)] 56}.

ey

Then, (4) implies that P{Q"} — 1 as A — oo. Consider the process UM°(1) and its corresponding approxima-
tion U, from Theorem 6.4. Then, on #**N Q*, we must have > e |U,(0)] <€, and repeating the same argument
we used above, we will have >, |U(t)| <€ for all 7> 0. In particular, U)‘(t) <2e for all 1 < T As*/+/A.
Adding this to (45), we have on ™% N QA

sup UM1)| < 2e.
20,

0=<t=<T jc g
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Since P{F**NQ*"} > 1—28 for all A large enough, we have established that

limsupP{ sup Y |UM1)| > 26} <28,
A=o0 s<t=sTh ey
implying (37).

PrOOF OF THEOREM 6.4. The proof is similar to corresponding proofs in Bramson [6] and in Dai and
Tezcan [12]. Specifically, it parallels the proofs in §§C.2—C.3 of Dai and Tezcan [12]; however, there are some
minor differences. Hence, we write out the proofs, but abbreviate whenever the proof closely follows Bramson
[6] or Dai and Tezcan [12]. The proof is divided into three lemmas. Lemma 6.3 shows that, on a large enough
subspace of the sample space, the process X" is almost Lipschitz. This is used in Lemma 6.4 to establish the
uniform approximation by cluster points. Together with Lemmas 4.1 and 4.2 and Proposition 4.1 of Bramson
[6], Lemmas 6.3 and 6.4 here imply the uniform approximation by a Lipschitz function. Bramson [6] elaborates
on the compactness and cluster-point structure. Finally, Lemma 6.5 below establishes that each cluster point
satisfies Equations (41)—(44). That primarily means the last two equations: (43) and (44).

We start by defining some important sets. Fix k, A, and L, and define the following sets:

O = {we Q: |[UNCATHG+ 122 CATH G+ 10N ATH; <k},

QM= QM (e) :=[weQ: max [|AM(1) — ar|); 56},
VAT k

m<«/A

46
k=04 ) = {w €Q: max ||DM"(t) —uit|; < e}, (46)
m<«/XT)‘ k

QM= QM (e, N) = {w eQ: max sup [XM7(1) = XM(8) | < Nty — 1,] + e},
m<+/ATA ty, <Ly

where AM"(1) := (AV"™(1), ..., Ay"™(0), a = (a,,...,a;), D*"(1) == (D}"(1),...,D}y" (1), uv :=

(u,7y,...,u,;7,), and N is some fixed constant that depends only on the vectors a, # as well as I and J (and

whose specific value will be made explicit in the proof of the following lemma). Set F** := ﬂle Q,’."k . The

following lemma is the analogue of Propositions 6.2 and 6.3 in Dai and Tezcan [12].

LEMMA 6.3. For any €,8 > 0, there exist k and L, so that liminf, P{#**} > 1 — 8 for Z** defined
above.

PrOOF. By Lemma 6.2, )’fg‘(t ATY), Qg(t AT"), and I2(t A T*) are stochastically bounded. Since Zj(t) =
—I}(1) and, by definition, Y-y ; T (1)] < QA(1) +|X2(1)|, we have

lim limsup P{Q — Q}*} =0. (47)

k=00 )\

We now turn to the set Qg"k (the argument for the set Qg’k is omitted because it follows similarly and is even
easier). By construction, for r < L,,

o= (s (s [ 201 ) =5, ([ 201 a5))

1 (m+1) /X \
Al zew))

where the equivalence in distribution (as processes) follows from the properties of the Poisson process. As a
consequence,

[~

- P TEVS ER Ry
.""t__,/ ‘(s) ds =—|IS;(u,N*t) — w . N t||*,,
J \/X'LLJ /K J L N AR Fej N Bl
where
(m+L)/NK )
= m/ﬁk Zi(s)ds
N} ’
Using the fact that Z}(t) < Nj)‘ and carefully applying Proposition 4.3 in Bramson [6], we have
1 (m+1)/v/X * A
P{HD;‘”’(r) - —,uj/ Z;‘(s) ds|| > eLk} < 6{ .
VAT L wiNML,
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Bounding the distribution of the maximum by summation over the individual probability distributions, we then
have
D)‘ 1) 1 (m H)/ﬁZ)‘( Yy *
") — —pu; / ‘(s) ds
VA wpix ! L
for all A large enough, since N; AN — v; as A — oo. We can then replace € with €/L, and choose L, large
enough so that the probability in (48) is bounded by 8/8J. Finally, since 2(t A T*) is stochastically bounded

(by Lemma 6.2), and since N} = #,A + yj«/_—l- o(~/A), we have

eAT - 2eT
:U«'N'ALk B :U’jﬁij,

P{ max (48)

m<~/ATA

> ELk} <

1 (m+1) /X \ ~
ﬁp,j /m/ﬁ Zi(s)ds — p;v;t

for all A large enough. Repeating the same argument for all j € ¥ and fixing L, sufficiently large, we then have,
for all A large enough,

P{ max
m<ﬁT"

> e} <6/8J,
Ly

P{ max
m<+/ATA
so that P{Q3*} > 1 — /4. A similar, but easier, argument for Q5 shows that P{Q)*} > 1 — 8/4 for all A
large enough. The details are omitted.

We turn now to the set Qi“ k. We first prove probability bounds for each process separately and finally combine
all the bounds to obtain the corresponding bound for the multidimensional process X" ™. We start from the
process Dj"'”(t), j€¥. Since Z}‘(s) < Nj)‘ for all s >0, we have that

DM"(t) — it
Ly

> E} <6/4,

1
sup |[D}" (1)) — D“"<t1>|<7 sup = [S;(u;N 1o /VA) = S;(u Ny VX))

1, <Ly 11, =Ly
For t,,t, <L,,
N}
‘Sj(MijAtz/\/X) - Sj(MijAﬁ/“/X)’ = MjTJX|fz —4]+2 sup ISj(MijAf) - ,U«ij)‘f
<L /YA

Fix € > 0. We then have

N2
P{ max  sup |D)‘ "(t,) — DA m(t1)|>;LjT]|t2—t1|+e’}

m<v/ATM t), <Ly

5\/XT-P= sup |S;(u;N't) — [.LJN/\I|>—\/X}. (49)
1<Li/VX

Fixing &' > 0, applying Proposition 4.3 of Bramson [6] to the right-hand side of (49), and using the fact that
N}/A— ¥; as X — oo, we have, for fixed &' > 0,

P{ max  sup |DA "(t,) — DA ()] > vl — t1|+e}<8/ (50)

m<vATM 1), <Ly

for all A large enough. A similar argument is repeated for A)"(z), i € .7, to show that
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P{ max  sup |AM"(1)) — A;"m(tl)|>ai|t2—t1|+e’}55/. (51)

m<v/ATA 1), <Ly

We now treat the more complicated routing processes CD (1) and A’\ (). We do so by relating their increments
to those of the previously treated processes DJ " (1) and Ar"(1). For (13)‘ ;" (¢) and D’\ "(t), it is important not
to try to match the routed customers to the service of those same customers 1nstead we think of departures
allowing new customers to be assigned to agents. In particular, we apply (17) to get, for all i € .7, j € ¥,

AL (1) = AN (1)] < [AR (1) — AR (1),

(52)
|(I))‘ (1) — Q)’\ m(t1)| = |D/\ "(ty) — D/\ m(t1)|




Gurvich and Whitt: Queue-and-Idleness-Ratio Controls in Many-Server Service Systems
Mathematics of Operations Research 34(2), pp. 363-396, ©2009 INFORMS 385

Combining (50)—(52), we obtain

Pl max sup |AL () = AN ()= N -] +€| =8, ies, jey,
m<VATA 1), 1,<L;, ’
(53)
P{ max  sup [D) (1) — D (1,))] >N/|t2—t1|+e/} <&, ied, jed,
m</AT 1, 1,<L; ’
for all A large enough, where N’ :=max,{a;} v max {u,7;}.
Now consider the processes R " (1), i € .7. By construction,

t+m) /A m/vA
R?»m(t)zRi(Gi/(+ ! AQ;‘(s)ds) —R,-(Oi/ : AQ?(s)ds).
0 0

Hence,

(m+1) /A

M”m—ji[ 01(s) ds

m+t1)/«/x

(m+6)/vVA N
; 2 (s)ds +su
NIRRT Q2 (s) tsLl:

1
[RF"(1) = R (17)] < 6,—=

On Q} ', however, ||Q}‘||’;A <k and
1 (m+t)/vVX

RM(1) — —
NS RUCTER YN

Q;\(s) ds

sup
t<Ly

S

1
— sup |R,(0,kvAt) — 0,kv/ At
\/thLk/«/X| |

Applying Proposition 4.3 of Bramson [6] once again, we have, for all A large enough,

1
P sup |RM"(1,) —RM"™(1)] > 0,—
{W%M| ) =R 0

Since 6,L,/~/A <€ /2 and P{(Q**)°} < &'/2 for all A large enough,

m—hw+€ﬂ}§3ﬂ+PKQVY}

Pl sup [RM"(0) = RN (1) > €} <8 (54)

t,th<Lj
for all A large enough. Now note that
01"(1) = Q1" (0) + A" (1) = YA (1) = Do (1) = Ry (0).
j€¥ i€y
Let N” = (21 +2J)N'. Fixing 8’ > 0 and €’ > 0, we can then choose new values of & and € and combine

(51)—(54) to obtain

P{ max  sup |Qi)"'"(t2)—Qf"m(t])|>N”|t2—t1|+e”}§8”, ic.g, (55)

m</ATA 1), t,<Ly

for all A large enough. A similar argument is used for Z}\’m(t) to show that

P[ max  sup |Z;"”(t2)—Z;’m(t1)|>N”|t2—tl|+e”}55”, jed,

m<vATM 1), <Ly

for all A large enough. We omit this argument.

We now turn to the processes ©*(1), i € .7. Consider w € Q}"*. Then, ||)?§||’;A <k, and the Holder condition
on the ratio function (see Definition 2.2) implies that there exist constants ¢, and «,, depending on k and €’ but
not on A, so that for all 0 < ¢, <t, < T4,

[XE ()] P ([X2()]7) = (X3 ()] P ([XE(1)]F) < 0] X3 (1) — X2 (1) +€/2;

see for example Equation (118) in Atar [4]. Hence,
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P{ max  sup |®f“m(l2)—®i)"m(l1)|>€/}

m<v/ATA 1), t,<L;

= PN+ P sup eIR2(1) = RE(1)| > €2}

0=ty <ty <TA:|ty—1,| <Ly /A
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Because we can choose k large enough so that P{Q}"*} > 1 — §'/2 for any A large enough, because )?g(t ATY)
is C-tight by Lemma 6.2, and because we can move the exponent ¢, first outside the supremum and then to
the other side by raising to the reciprocal power, we can conclude that

p{ max  sup |®,.A*'"(t2)—®f'"(tl)|>e'}55’. (56)

m<v/ATA 1), t,<L;

Combining (55) and (56) and using the fact that

1
UM (1) = 0N (1) — @ (m+ 1)/ VR
(1) (1) 7 (( )/NA)
= UM"0)+ AN (1) = YoAR (1) = Y@ (1) — RN (1) — O (1),
JEF JEF
we can choose new values of € and &’ so that
Pl max sup |U}"(6) = UM (0)] = N = 1]+ €'} < 87 (57)
m</ATA 1), ty<Ly

for all A large enough. Now set N =8(/ +J + 1J). Then, we can combine (50), (51), and (53)—(57) and choose
new values &, 8", €, and € appropriately to conclude that P{Q}*} > 1 — §/4 for all A large enough. Finally,
we can combine the four inequalities for P{Q}*} above to conclude that P{F**} > 1 — & for some k, L;, A,
and for all A>A,. O

Having proved that the family of HS processes can be approximated by Lipschitz functions, we now want
to establish the uniform approximation by HL functions satisfying the HM equations. For this important step
we have the following lemma, which is the analog of Proposition 6.1 in Bramson [6]. The proof is exactly as
in Bramson [6] and is hence omitted.

LEMMA 6.4. For all € > 0, there exists~k >0, L, >0, and Ay, so that, for all A > A;,, w € FAK and
m < ﬁ]j‘, there exists an HL function X (a Lipschitz function satisfying the HM equations) such that
XA =Xllz, <e.

Lemmas 6.3 and 6.4 combined show that, given € > 0 and 6 > 0, we can choose a set FAk (which also
depends on €) with P{F#**} > 1 — &, on which all the process are stochastically bounded and any HS process
can be approximated by an HL function. Lemmas 4.1 and 4.2 and Proposition 4.1 of Bramson [6] imply that
the approximating HL function is Lipschitz.

To establish Theorem 6.4, it remains only to show that all the hydrodynamic limits satisfy Equations (41)—(44).
That is done in the following lemma. The lemma below is mostly an analogue of Proposition 6.6 in Dai
and Tezcan [12]. The major difference is to show that the QIR-specific Equations (42)—(44) hold for any
hydrodynamic limit X.

LEMMA 6.5.  Fix k>0, L, >0, and let X be a hydrodynamic limit of the family of HS processes X*™ over
[0, L,]. Then X satisfies Equations (41)—(44).

ProOF. Using the definitions of the HL function and the set ¥, it is immediate that any HL function
satisfies Equations (41)—(42); see the proof of Proposition 6.6 in Dai and Tezcan [12]. We turn, then, to prove
that any hydrodynamic limit X satisfies (43).

Toward that end, recall the definition I*(r) = {i € .%: U,(t) > 0} and consider r > 0 with I*(¢) # @. Let &(1) :=
min; ) lZ(t) Because every HL function x is absolutely continuous (and thus continuous), we must have an
interval [ — 7, + 7] such that for all u € [t — 7,1+ 7], min;j: U,(u) > (1) /2. Moreover, by the continuity of
ﬁi(t), the interval can be chosen so that U,(u) < &(r)/8 for all i & I*(r) and u € [t — 7,  + 7]. Next, since X is
an HL function, we can fix k and argue that when there exists A large enough, w € Z** and m < VAT?, so that
U™ — 17i||zk <€ for € < €(t)/8. In particular, we can choose L, (and appropriately choose a new value of A)
so that there exists a neighborhood [f — 7/, 7 +7'] of ¢ such that for all u € [r — 7/, t 4 7'], U*" (1) > (3/8)€(1),
ieI*(r),and UM™(u) < (2/8)é(r), i ¢ I*(z). Then, for any j € J(I*(r)) ={j € ¥: i € I(j) for some i € I*(1)},
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argmax U (u) € I (1) (58)
i€l (j)

for all u € [t — 7, t+ 7']. In turn, by the definition of <I>ﬁ ;(#) (see Equation (17)) we have that

X X (@)= =)= 3 (DF"(+7) =D} (1 =7), (59)

iel* (1) el (i) jel I+ (1)
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which corresponds to the fact that every service completion is followed by an admission of a customer from a
class i € I'*(¢). By definition, ||Dj)‘m(t) — w13, < € on HM*. Hence,

YD SNCISUCREDIE YD ED SR s

iel+ (1) jeJ (i) jeJ I+ ()
and, since | X4 — X| <e,

> X ((i)ij(t +7)— Ci)ij(f )= > pp2r —2Je

iel*(r) jeJ (i) jel (1)

Because € was chosen arbitrarily and the bound holds for any 7 < 7/,

Y X ddn = Y uw;

iel*+(r) jeJ (i) jeJ(I+(1)

Equation (43) now follows. Finally, for Equation (44), note that

d Z [Z)‘(t)z Z dA~i(t)_ Z Z dA~ij(t)_ Z Z dd)ij(t)f Z a; — Z MV,

iel+ (1) iel+ (1) iel+ (1) jeJ (D) iel+ (1) jeJ (D) iel* (1) jeI(I+(1)

where the last inequality follows from (43). We now observe that, because of Assumptions 2.2 and 2.3, there
exists ¢ > 0 such that for any strict subset B C .7,

dai=Y Y wiv; < —c.

ieB i€B jeJ (i)

Equation (44) now follows since I*(z) is necessarily a strict subset of .7. We have thus established that any HL
function X satisfies (41)—(44) and the proof of the lemma is complete. [J

With Lemma 6.5 we have completed the proofs of Theorems 6.4 and 6.2 for the stopped processes. Theo-
rem 6.2, under Condition (C1), is then established by showing in the following lemma that s* approaches oo
weakly. This implies that the SSC extends to the whole interval [0, T'].

LEMMA 6.6. For each T >0, P{s* <T}— 0 as A — .

PrOOF. By definition, B*(r) = Y_,., U(r) > 0. Using (30), we can write

P{s" < T} =P{|B"! >2§A(O)v1}=P{ sup Zl?i"(t)>2§A(0)v1}, (60)

GANT =
0<t<T*jcy

where we use the equivalence of the events {s* < T} and {B*(T*) > 2B*(0) v 1} as follows from the definition
of ¢* in Equation (30). To establish that P{s* < T} — 0 as A — oo, it suffices to prove that the right-hand side
of (60) converges to 0. Toward that end, fix > 0. Then, there exists k such that P{F**} > 1—§ for all A large
enough. Fix 0 < € < 1/2. By Theorem 6.4, for all A large enough and w € #*¥, there exists (Z(t) that satisfies
(42)~(44) such that [UM(1) = U(1)l}, <e.
By Equation (44),
d Y U(t)<—c
iel*+(r)

for some positive constant ¢. Consequently, for all 1 <L,,

Y UM @) <BMO) v (4 +e).

ey
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Since U,(t/+/A) = U(z) for all 1 < L,, we have Y, , UM(r) <2B*(0) v 1 for all t < L, /+/A and

P{ sup > UMN1)>2B*0) v 1} <.
0<t<Ly/VAies

Choosing L, > 2[s*] with s* as defined in the proof of Theorem 6.2 and repeating the arguments in that proof,
we have

P! sup Y |UM1)| > e} <8,

Li/vA<t<T*iey
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so that ~ ~
P{ sup Z|Ui"(t)|>ZBA(O)\/1}§8.

Ly /VA<t<TX iey

We conclude by noting that

P{ sup Y. UNr) >21§)‘(0)V1} < P{ sup > UMNt)>2BM0) v 1}

0<1<T* je.y 0<1<Ly/vVAieJ
+P{ sup Y U(t) >2B*0) v 1} <28.
Ly/vA<t<T ic.y

Because & was arbitrary, the proof is complete. [
With Lemma 6.6, we have completed the proof of Theorem 6.2 and in turn the proof of Theorem 3.1 under
Condition (C1). Specifically, we have shown that, for all 0 <s < T,

limsupP{ sup |0 (1)| >e}=0. 61)

A— o0 s<t=<T jc g

If, in addition, Equation (4) holds, then

limsupP{ sup 3|02 (1)| > e} —0. (62)

A— o0 0<t=<T jcy
The proof of SSC for the processes Vj’\(t) follows similarly. Before turning to the proof of Theorem 3.1 under
Condition (C2), we state the following corollary that will be of use in §7.

COROLLARY 6.5. The sequences Qg(t) 1)(1), and X)(t) are stochastically bounded; i.e.,

lim timsup P{I Q317+ 17217 + 1 Xz 117 > 4} =O. (63)

Also, the process )’(\g(t) is C-tight.

ProOOF. These results have already been proved for the stopped processes in Lemma 6.2. This additional
result then follows from Lemma 6.6.

6.3. SSC under Condition (C2). In §6.2, because of the pool-dependent service rates, we could use a some-
what less detailed description of the system dynamics than the general description given in Equations (14)-(17).
We now return to that general description. First we define

B\(t):= 210 )|V IV, (64)
iey i€y
with U} (r) and VA(z) as defined in (16). Then we let Z) (1) := Y jey Z} (1) be the number of class i customers
in service at time ¢ and define Zg(t) =iy Zf‘(t). The arguments leading to (28) are immediately adapted to
show that

RO =RNO0) Bt — i [ ZM)ds— 0, [ ONs)ds + (1) + 0, (1), (65)
0 0

where B; = ;3 ey x; ;v; and A’/ilf\(t) is a square integrable martingale defined through
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MMt) =M} (1) = Y M} () — My (1).

jey
Redefining M2 (t) := Y., M) (1), we have
(1) =R20) - Y Bir — ZM,.[ 2)(s) ds — 29,.[ OM(s) ds + ML(1). (66)
iey ieg 0 ieg v0

The proof proceeds through the same stopping argument used in §6.2, where T* :=¢* AT and s* is defined as
in (30). For the stopped processes, our proof is similar to the proof in §6.2. The main difference between the
proofs for the different Conditions (C1) and (C2), is in the choice of the HS processes and the HM equations.
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Once these are redefined, all the statements of the theorems, lemmas, and corollaries in §6.2 are the same in
this setting with the exception, of course, of replacing Condition (C1) with Condition (C2). Moreover, once the
HS processes and HM equations are redefined, all the proofs are adapted from §6.2 with only minor changes
which should be clear once the required definitions are in place. Hence, we omit the detailed proofs and only
make the required new definitions.

Toward that end, we extend (39) by adding, for each i € .¥ and j € ¥, the process of class i departures from

pool j, given by
t
Di)tj(t) = Si,j(:“i/o Zi}tj(s) ds),

as well as the process of cumulative class i departures given by D} 1) := Y ey Di): j(t). The hydrodynamically
scaled processes are then defined as in (40) with the addition of the following: For m < /AT, we define

=G ) ()
o052 ) () e e

(m+1)/v/X

D/?’,jm( ) D)\ m(t) _ f .

A . .
Zi(s)ds, ied, jej.

The hydrodynamic model equations for
X = (A;(0), Ay (1), @,(1), D (1), D(1), Djy(1), R(1), ©,1), Q:(1), U(1), Z;(1); i € .7, j € F),

are given by the first four equations in (41) and (42) with the addition of the following equations:

Zj(t)zzj(o)_'_ Z Aij(t)"' Z (i)ij(t)_ﬁj(t)7 JEY, (67)
ieJ(i) ieJ (i)
D,(t)y=a;t, i€, (68)
D=0, ied, jeg, (69)
oY dd(n= Y a+e, (70)
iel, (1) i€l (i) iel* (1)
3" dU(t) < —c,, whenever I*(r) # 2. (71)

iel* (1)

Where ¢, and ¢, are strictly positive constants and, as before, I* (1) = {i € .¥: U(t) > 0}, and J(I* (1)) = {j € ¥:
i € J(i), for some i € I (r)}.
We redefine
QMk = Q) (e) —{weQ max DV (1) ~ arll, <e} (72)

m<

with DV (1) = (D}"" (1), ..., D)™ (1)) and add the set

Ak Ak A m VA
Q5" :=05"(e) :==qweQ: max max | D" (1) — [ v Z; (s)ds
py

(i, NEIXF m</ATA

' 56}. (73)

The other subsets Q}"%, Q)°%, and Q}* remain as defined before. Finally, we redefine #** =(_, Q*. With
these definitions, all the statements of §6.2 hold in this section without any change, and the adaptation of the
proofs are straightforward, leading to the proof of SSC under Condition (C2).

6.4. SSC under Condition (C3). In §5 we observed that, for some special tree networks and choices of the
ratio vector v(-), QIR control is equivalent to the GQIR control in Atar [4]. Consequently, the SSC result for
these networks follows from Atar [4]. Here we treat more general tree networks. We use the function G in (13).

Using the sample path construction in (14) and applying the martingale decomposition, we write

XD =XMO+ At = 3 w5 N = 5 [ (20— 5 N ds =6, / Q) (s)ds +MM1),  (74)

jed (i) JjeJ (i)
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where

M (1) = M (1) — 30 M} (1) — My (1), (75)

Jjel (i)

with M} (1), M} (1), and Mp (1) as defined in (20). Scaling by VA we have

RO =REO 81— X s, [ 22,6 ds =0, [ OF) ds+ T D) +0,(1), (76)

JjeJ (i)

where I,
B, = lim At =2 ey Xi ;N

A— o0 \/X
and M (1) := M}(r)/~/A. We now apply (12) to get

RO=RO+B1- X o, [ G R0) = 06, ~P @) ds—0, [ 0 ds+ T D) +0,(1). - (77)

JjeJ (i)

We now proceed using the stopping argument we used in the previous sections. We use E"(t) defined in (29).
As in the previous section we first establish SSC assuming that all the processes are stopped at the bounded
stopping time 7 := ¢* A T in (30). Having defined the stopping time, the proof of SSC follows the proof of §6.2
very closely. Hence, we will abbreviate all statements and proofs and provide details only when the differences
are significant. The most significant modification is in the proof of stochastic boundedness and C-tightness as
stated in Lemma 6.7 below. Hence, we first state and prove this lemma. We then proceed to outline the required
modifications to the arguments in §6.2.

Toward this end, recall that X*(r) := (X}(1), ..., X}(¢)) and Z*(¢) := (Zl.)jj(t); ic¥, jed).

LEMMA 6.7 (STOCHASTIC BOUNDEDNESS OF SCALED QUEUEING PROCESSES). The sequences {Qz(t A TYY,
{I}‘(t ATH), (XMt ATY), and {ZM(t A TN} are stochastically bounded. Also, the sequence of processes
(XMt ATY): A >0} is C-tight.

ProoF. First note that, by the linearity of G(-, -) in (13), we have
G(XM(1) - 0'(1), —I"(1) = G(X (1) = [XE()]Tp(IXE(O]F), —[XE (D] v([XE(D]))
—G(0M (1) — XA p((XE(D]F), I (1) — [XE ()] v([X2(D]D)),  (78)

where
(X p(XEO]F) == (KO p (X2, - . ., [XEOT p, (X2 (O]D)),

and [)’fg(t)]‘v([)?g(t)]‘) is defined similarly from the individual coordinates. Using Equation (77) as well as
the linearity of G(-,-) we then have

t
IX*17 < 1X*0)ll +01T+Cz/0 (XMT+ 1B ds + 1M

for some positive constants ¢, and c¢,. Applying Gronwall’s inequality (Lemma 4.1 in Pang et al. [23]), we have

IXA (e AT < e, (IXNO) + T + 1B C ATHIG + 142 (AT )",

At
D)
=5
24
5 E
>3
mh
RS}
o c
=
©
e c
5
22
23
a
3 e
o <
-
© ©
nQ
S O
>E
Q.'§
S
w2
£g
B
2o
£ 2
@ 9
= 0
S 9
o°
2 E
T ©
o2
L5
O c
T ®©
T o
@2
@&
< =
o)
Lc
- O
£ >
90
T £
E .
C
(o]
8 e
35
==
w_
=2
e o
=
o3
z-c
=<

for some redefined positive constants ¢, and c¢,. By Lemma 6.1, Mf‘(t) is stochastically bounded and, by the
definition of T* and Equation (31), B*(z A T*) is stochastically bounded. Here we also use the fact that B*(0)
is itself stochastically bounded by the assumed convergence of x* (0).

The stochastic boundedness of X A(t A T*) now follows from it being bounded by a sum of stochastically
bounded sequences. Next, [2(r A T*) and Q) (A T*) are stochastically bounded by applying (33) and (34),
which still hold with the new definition of B*. Then Z’\( A T*) is stochastically bounded because (under
Condition (C3)) it involves a linear mapping of O, I, and X (see Equation (12)). The result of the proposition
now follows because the sum of stochastically bounded sequences is itself stochastically bounded. Finally, the
proof of the C-tightness of X A(t AT*) follows very similarly to the proof of Lemma 6.2 by applying Gronwall’s
inequality and making the obvious required modifications. [
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Having Lemma 6.7, the proof of SSC follows the proof in §6.2 for Condition (C1) very closely. However,
some modifications to the hydrodynamically scaled processes and hydrodynamic limit functions are required.
We now outline these modifications:

(i) Augment the state descriptor X*(¢) by adding the coordinates Zi): j(2) forall i€ .7 and j € F. Also,
replace the processes D;.‘(t) with the processes Di): ;(7) defined to be the number of service completions of class i
customers with pool j agents. Namely,

t
D; (1) = Si»j</“"i.j_/(; Z; i(s) dS)-

(ii) Augment the hydrodynamically scaled process X*™(¢) by adding the processes Z)‘ "(t) defined by

Zhm (1) = L<ZA <L + ﬂ) —x N)‘>
LJ . \/X L \/X \/X Ly )
Also, replace the process D)‘ "(t) with the processes D)‘ /" (2) defined in the obvious way from D} (t).
(iii) Augment the hydrodynamlc limit function X by adding Z j(t) foreachie ¥ and je ¥ and replacing

Dj(t) with Dw(t).
(iv) Replace the last equation in (41) with

Zl ](t) _Zl 1(0)+ZA1](t)+Zq)U(t) IJ‘I j'xl jvjt iej’ je j

i€y i€y
(v) Replace Equation (43) with
20 2 db(=" X0 i
iel*+(r) jeJ (i) jelI+(1)

Equation (44) would then follow by noting that the tree assumption implies that given a set BC .¥, > ., a; —
2 ieB,jes(i) Mi, jXi, jV; < —c, for some constant ¢ > 0.
(vi) Redefine

Qk = ) (e) —{weﬂ max DM (1) — w7, <e} (79)

m<

where now DV"(1) := (D} (1); i€ .9, j€ ¥) and uxv = (u; ;X; ;75 i€ 5, j€F).
(vii) In the proof of Lemma 6.3 one replaces the argument for D "(r) with the corresponding argument
for DA (). The arguments follow very similarly with the exception of the following additional step:
sup |D}" (1) = D" (1)) < —= sup

/X 2 /A A
< 3 i Z:(s)ds | =S, ; i»/ Z: (s)ds||.
1, ta<Ly n \/_tl 1=l J(I"L’J_/(; z,j( ) ) J(I"L-J 0 z,j( ) )

In the proof of Lemma 6.3 we use the stochastic boundedness of the process Z)‘(t) Similarly, one should now

use Lemma 6.7 and, in particular, the stochastic boundedness of the sequence {Z"( ATH).
(viii) Equation (59) should be replaced with

XX (@) =@ =)= X YDy (4 T) =D (= 7).

iel+(r) jel (i) jel (I () ked
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With the above modifications, one can easily follow §6.2 to construct the complete proof of SSC under
Condition (C3).

7. Proofs of the results in §4. ~

ProoF OF THEOREM 4.1. The limit for Xg is obtained through an application of the continuous mapping
theorem, e.g., Theorem 3.4.1 of Whitt [30]. In particular, by SSC, we have || X — YJ|| =0 in D_ as A — oo,
where

R = X0 = Xyt + X my / 3([X&()] ) ds — 206, / BRI ds + M3(1),

Jjey JEF iel
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and )A(Q has the representation given in (28). Applying Corollary 6.5, we have that both )?g(t) and ?z)‘(t) are
C-tight. Consequently, the asymptotic equivalence above in D_ extends to D, and we can write

R0 =REO) = vyt + X m, / 5,([X2(5)] ) ds — Y26, / BUIRL()]) ds+ M (1) +0,(1).  (80)

JEF JEF iel

By Theorem 4.1 in Pang et al. [23], this integral representation for X AA(t) is a measurable continuous mapping
from D to itself. In particular, we can get the convergence of X} 5 () from the convergence of the basic martingale
Mg(t) established in the following lemma.

LEMMA 7.1.  Under the conditions of Theorem 4.1, A’@(I) = /2B(t) in D as A\ — oo, where {B(t), t > 0}
is a standard Brownian motion.

The proof of Lemma 7.1 is postponed to the end of this section. We can now apply the continuous-mapping
theorem to (80) and use Lemma 7.1 to get the convergence of X2 $(#). By applying the continuous-mapping
theorem again, we can then extend the limit to the vector process

(@(I),ﬁl([)?é(t)ﬁ), o BIXED]), allﬁl([@(t)ﬁ), e
a%ﬁ;([@(t)]*), 5 (X2, -, f);([f@(t)])) in DL

Then we can apply the convergence-together theorem again to show that this process has the same limit as the
process (X2(1), OM1), ..., O} (1), WA(r), ..., Wr(t), I}1), . .., IX(1)) on D**+/+!. First, the SSC establishes
the connection for the queue-length processes. Then we can apply Puhalskii’s [25] first-passage-time argument
to extend the result from the queue lengths to treat the waiting times as well; see the corollary in Puhalskii [25],
§13.7 of Whitt [30] (especially Theorem 13.7.4), and Corollary B.3 in the appendix of Gurvich et al. [18].
Some care is needed in applying the first-passage-time argument in the model with abandonments. The complete
detailed argument follows the proof of Theorem 4.1 in Talreja and Whitt [27] involving carefully constructed
lower and upper bounds. We omit the complete argument and refer the reader to Talreja and Whitt [27]. We
conclude this proof by noting that Equation (6) has a unique (possibly weak) solution by virtue of established
results for one-dimensional SDE’s; see, e.g., Remark 5.5.19 and Exercise 5.5.38 in Karatzas and Shreve [20].

PROOF OF COROLLARY 4.2. The proof follows an interchange-of-limits argument, following Halfin and
Whitt [19]. It is easy to check (using, for example, Browne and Whitt [7]) that, with the conditions of the
corollary, the diffusion process )A(E(t), as given in Theorem 4.1, has a unique stationary distribution coincid-
ing with the distribution of )A(E(oo). Now, by Prohorov’s Theorem, the tight sequence )’fg(oo) has a convergent
subsequence )?gk (00). Let )?gk (0) be distributed as )?gk (o0). Then )?gk () is a strictly stationary process and since
we already proved that )’fgk(t) = X5 (1), X5 (¢) will be a process with X5 (0) having the distribution of the limit
of X2 X (00). However, since X. )‘k(t) is stationary for each k, so is Xs (7). Hence, the limit of X. ’\k(oo) must be the
unique stationary distribution of Xz(t) The same argument applies to any convergent subsequence and hence
the sequence bl $(00) itself must converge to this limit (see Theorem 2.3 in Billingsley [5]). The convergence of
the moments now follows from uniform integrability. Since Q"(oo) < Qz(oo) almost surely, the sequence Q)‘(oo)
is also uniformly integrable for all i € .. Hence, E [Q;\(oo)] — E[p;([X5(00)]")]. Recalling that A, = a;A, and
using Little’s law, we obtain E[W}(c0)] = (1/a,)E[p;([Xs(c0)]")].

ProoF OF THEOREM 4.3. The proof is very similar to that of Theorem 4.1 and we only outline the differ-
ences. First, similarly to Lemma 7.1, one proves that
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(MMN1),...,MN1)) = ~2aB(t), inD', as A — oo, (81)

where +/2aB(1) = (y/2a,B 1(1), .., +/2a;B,(1)) and B(t), i € .F, are independent Brownian motions. Using
Equation (65) and replacing Z’\(t) = X)(t) — Q(1), one then applies the SSC from Theorem 3.1 and the
continuous mapping theorem, as in the proof of Theorem 4.1, to get the required convergence.

PrOOF OF THEOREM 4.4. Again, the proof is very similar to that of Theorem 4.1 and we only outline the
differences. First, as in the proof of Theorem 4.3, one proves that (81) holds, but here with A//ii}‘(t), i€g,as
defined in (75). Using the representation in (77), one then applies the SSC from Theorem 3.1 and the continuous
mapping theorem, as in the proof of Theorem 4.1, to get the required convergence. In applying the continuous
mapping theorem we use the linearity of the mapping G(-, -) on the domain D; see §5.
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'PrOOF OF LEMMA 7.1 Let MA(t) = (1\712‘] ®),... ,A7If,‘l(t)), MM1t) = (MMNb), ..., M)N1)), and M)(r) =
(My (1), ..., Mg (1)). Then, we prove that

(M\(1), M} (1), Mp(1)) = (VaB,(1),y/uiB3(1),0), in D¥*/, as A — oco. (82)

Here EA(t), és(t) are, respectively, I and J independent Brownian motions. Also a := (a,,...,a,), uv =

(u 7y, ..., u,v,), and the square root and the vector product are interpreted componentwise. Also, 0 in (82) is

the 0 vector in R’. Recalling that

7 7 7 7

My =ZMA,. _ZMj _ZM i’

ie¥ Jjey ie¥
the result of the lemma then follows from the continuity of the addition operator under continuous limits (see
Theorem 12.7.1 in Whitt [30]).
We turn, then, to the proof of (82). The proof is based on a functional central limit theorem for Poisson

processes and on a random-time change argument. Specifically, recall that

MA(I)_A,'()\,-I)—)\J MA(I)_Sj(,uijtZ;\(s)ds)—,u,jfotz;\(s)ds o
A; —T, J - \/X , 1ef, jeg,
d
N Vi R; (6, Jy Q) (s) ds) — 0, fo QM) ds
M}g}_(z‘): = \/X = > e€.g.
Define A;(At) = A S.(Af) — At
> i(AL) — AL ~ : —
Mi()=—"—"=— M{)=——"=—. ieJ jeJ,
Ai() ﬁ ]() \/X jey
d
" TiA R;(At) — At .
Mp ()= ——=——, i€J,

VU
and let M} (t), M)(r), and M2(r) be the corresponding vector-valued processes. Then, as A,(-), R;(-), and S;(-)
are independent unit-rate Poisson processes, we have that

(M} (1), Mg (1), Mz (1)) = (B,(1), Bs(t), Bg(t)), in D'/, as A — oo,

where B, and By are independent /-dimensional standard Brownian motions and By is a J-dimensional standard
Brownian motion (see, for example, Theorem 5.1 in Pang et al. [23]).
The last step of the proof is to apply a random-time change argument. Let

B Jy 23 (s) ds 6, Jy Q! (s) ds

s R ISV
A A

W (1) = e€f, and  Wp(1):=

and W} (1) :=A;/Ar=a;t, i € F. Let Wy, W}, and Wy be the corresponding vector-valued processes. By Corol-
lary 6.5, we have that [ j)‘(t) and Qf‘(t) are stochastically bounded processes for all i € .¥ and j € ¥. This implies

that
N1 L@ 01(1) 07 (1)
T T T
where n(¢) = (0,0,...,0) (see, for example, Lemma 5.10 in Pang et al. [23]). In particular, since Z;‘(t) =
N} —1I}(1), we have that

(Z? () Z;(1) 91(1) 07 (1)

) = 7, inD™, as A — oo,
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T T T >=> 7, in D', as A — oo,

where 7'(¢) = (w7, ..., 4,;7;,0,...,0). We can then apply the continuous mapping theorem with the integral
mapping

t t t t
(x,,...,xj,yl,...,y,)|—><,LL1/O xl(s)ds,...,,u,/O x,(s)ols,@,/0 y,(s)ds,...,@,[o y,(s)ds),

to show that
(Wi (1), W(1), Va(t)) = (a,ut,0), in D', as A — oo.
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Finally, applying the random-time change theorem (see Theorem 13.2.1 in Whitt [30]), we conclude that
(M (@4(1)), MM @) (1)), Mp(@A(1)) = (VaBu(1), VuvBi(1),0), in D+, as A — co.
Because, by definition,
(A0, (1), BT (1)) = (REM(®) (1)), TR (94(0)). FIA(®A (1),
the proof is complete.

8. Proofs of the results in §5.

PrOOF OF LEMMA 5.1.  Fix the sample paths of A,(-), i€ .7, S, ;(-), i€ .7, j€ F, and R;(-), i € F. We will
show that (XS (z), ZOUR(¢)) and (XU (¢), ZUR(¢)) then have the same sample paths. This, in turn, establishes
equivalence in distribution.

Recall that j* is the only agent type with |/(j*)| > 1. Fix the vector v = e;. and note that, by definition,
Yies Zi * (1) =0, for every k # j* (see Equations (11) and (13)). Moreover, because by Condition (C3), the set
I(k) consists of a single class for all k # j*, we have that Zﬁ (t) =0, for all k # j* and i = I(k). This also
implies that —Z{fk(t) = [} >0, for k # j* and i = I (k). In particular, for all >0 and all k # j* and i = I (k)
we have that .

(20 (1) = 22 () =M. (83)

Now, fix a class i, with Q(¢) =0. Then, as Z,.):k(t) =0, for all k # j*, we have that

Z) () =XN0 < X0 = X 200 =Z},.(1),
k)
and in particular that
7\ Z\ +
(2] (1) = Z; ;. (1))" =0. (84)

Combining (83) and (84), we see that, upon arrival of a class i customer, if there are any idle agents in pool
k # j* (and in particular Q}(z—) = 0), then the decision rule of GQIR is equivalent to routing the customer to
agent pool k with k € argmax ;) .+ I (7). If the only idle agents are in pool j*, then route the customer to
pool j*.

On the other hand, under Condition (C3), QIR is such that, whenever [ () > 0, we must have oMt)=0
i €7, and I2(1) = [X2(r)]", by the definition of X2(r). Hence, whenever IA}‘*(t) > 0, we also have IAj); (1) <
1X(t) = [X2(1)]". In particular,

jr=argmax {I'(1) = [X()] v, ((X$()])),

jeJ @), IA(t)>0

only if [, "(t) =0 for all k& 7 j*. Evidently then, the decision rule under QIR reduces to the one given above
for GQIR; i.e., route the customer to agent pool k with k € argmax; ;) y.j- I (#). Route the customer to pool j*
only if the only idle agents are in pool j*.

We now show that the decision rule in a service completion epoch is the same under both controls. Trivially,
the decision rules are the same under QIR and GQIR when the service completion is in agent pool k # j*
because, by Condition (C3), these pools serve a single queue each. Now consider a service completion epoch
in pool j*. Since v = ¢, for all i such that QM1) > 0, we must have that Z} ‘(1) =0 (otherwise OM1) =0)
for all k # j* and, in partlcular Z, (0 =XM1t)—0Mr) — P Zf‘k(t) X)‘(t) QX(1). Using Equations (11)
and (13) as before, we also have Z}, (1) =0 for all k € J (i), k # j*, and Z; m= XM = [X2(O)] pi([X2(D]).
Hence, upon service completion in pool j*,

i € argmax (0, (1) — [ ()] p ([RE(D]H))
k: 0} (1)>0
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if and only if
ie argmax( L0 =Z) (t))+.
ki 0)1)=0
Because we use the same decision rule for breaking ties, both controls will make the same decision in a service
completion epoch. We have shown equivalence of the decision rules of QIR and GQIR under Condition (C3).
By induction, this, in turn, implies that we will have the same sample paths under both controls.
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ProOOF OF THEOREM 5.1.  We will explain why SSC under these conditions is a consequence of Proposition 1
in Atar [4]. First note that their results are given for a Markov control policy (see Definition 4 in Atar [4]) given
by a function h:= (h, h,), where h;: R' = U, i=1,2,

M::{(u,v)eR’“: u;, v; >0, iej,jej,Zui=Zvj=l},

ied jeF

and the functions #; are assumed to be locally Holder continuous away from 0 (with O being here the origin
of RY); see part (iii) of Theorem 2 in Atar [4]. Clearly, these conditions apply to a pair of admissible state-
dependent ratio functions p and v, as defined in Definition 2.2. Indeed, with two such functions p and v, we

can define / for x € R by . )
sl [5])((2:]):

and position ourselves in the framework of Atar [4]. To be able to apply the result (Atar [4]) directly, one
additional observation is required. The control proposed in Atar [4] is not precisely GQIR as defined in Defini-
tion 5.1. Instead, it is a modification of this control in which the function A(-) is replaced by a different function
for all times that are greater than a certain stopping time; see Equation (56) in Atar [4]. However, a careful
reading of Atar [4] reveals that, while this modification is required for the large-time estimates in Proposition 2
of Atar [4], it is not used in the proof of Proposition 1 in Atar [4]. Consequently, Proposition 1 in Atar [4]
is valid for GQIR as defined in Definition 5.1 and it implies the desired SSC result. Indeed, by translation of
notation, the first statement in part (iv) of Proposition 1 in Atar [4] corresponds to the statement

sup {Z@(u) — [X2@)]*p([X2 )] )|+ 2|7} () — [fé(u)]‘vj([fg(u)]‘ﬂ} = 0 (85)

ssust ey jeg

see the definition of J"(¢) in Equations (74), (52), and (53) of Atar [4]. The second part of (iv) corresponds to
the statement ~ .
sup {Os () A5 (1)} = O; (86)

SSu<t

see the definition of M"(¢) in Equation (61) of Atar [4]. But, by our definition of )?g(t), Equations (85) and (86)
combined imply the state-space-collapse conclusion in Theorem 5.1. Finally, Equation (5) follows directly from
part (i) of Proposition 1 in Atar [4].
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