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Abstract

We study joint service rate and waiting time differentiation for homogeneous impatient
customers in many-server quality-based queueing systems, where longer services generate higher
values but customers may abandon if they wait too long. Customers are homogeneous upon
arrival, but the system manager can differentiate them in two dimensions: by assigning each
customer to one of many service grades corresponding to different service rates, and by using
customers’ elapsed waiting times as a scheduling signal to further differentiate those who are
waiting in queue. The manager jointly chooses the service grades, an allocation rule that assigns
arriving customers to grades, and a scheduling policy that prioritizes customers across and
within each grade. Because an exact stochastic analysis of this joint optimization problem
is intractable, we adopt a fluid approach and translate the fluid solution into implementable
policies for the underlying stochastic system. Our main structural result is that there exists an
optimal fluid policy with at most two active service rate and offered wait pairs, regardless of the
welfare function or patience time distribution. This reduces the complicated design problem to
operationally simple policies. Motivated by our fluid analysis, we propose using a randomized
grade assignment at customer arrival and a priority rule based on grade labels and elapsed waiting
times, and establish a formal performance guarantee for this policy in Markovian systems. Our
framework can easily extend to heterogeneous customers, where we show at most one customer
class needs to be further differentiated, thereby suggesting a robust principle of implementing

joint service rate and waiting time differentiation.
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1 Introduction

We study the joint optimization of service rate and waiting time differentiation for homogeneous
impatient customers in many-server queueing systems, motivated by call centers and other quality-
based services such as primary care, legal advisory, diagnostic centers, and premium digital advisory
platforms. A defining feature of these settings is that service quality scales with service duration:
a short interaction delivers limited value, whereas a longer one can generate substantially higher

value. At the same time, customers are impatient and will abandon the system if they wait too long
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for service to begin, so longer service times also mean fewer customers served. This tension between
service quality and system congestion is empirically documented in call centers (Hu et al. 2022)
and is central to a growing literature on customer-intensive services (Hopp et al. 2007, Anand et al.
2011, Xu et al. 2015, Wang et al. 2023).

To navigate this tension, the manager can differentiate otherwise identical customers along two
dimensions. First, the service rate: each arriving customer is assigned to one of several grades, each
associated with a distinct service rate and therefore a distinct service quality. Second, the waiting
time: customers who are not served upon arrival join a queue, and as they wait, their elapsed waiting
times reveal information about their residual patience, which can be exploited through scheduling.

These two dimensions are inherently coupled. Grade differentiation creates the heterogeneity
that waiting time differentiation exploits, and waiting time differentiation is in turn what allows the
manager to reap the full benefits of grade differentiation. Taken together, they give rise to three
coherent decisions: the service grade design (the number of grades and the service rate of each), an
allocation rule that assigns arriving customers to grades, and a scheduling policy that prioritizes
customers both across grades and within each grade using grade labels and elapsed waiting times.
Our goal is to jointly optimize these three decisions to maximize the long-run welfare aggregated
over all arriving customers.

An exact stochastic analysis of the joint design, allocation, and scheduling problem is intractable.
Hence, we adopt a fluid-based approach. We solve the joint problem in a fluid model, characterize the
optimal policy, and translate the fluid solution into implementable rules for the underlying stochastic
system. This approach yields both structural insights into when and how the two dimensions of

differentiation create value, and provides operational guidance on how to jointly implement them.

1.1 Contributions

We summarize our contributions as follows.

e A unified framework for joint service rate and waiting time differentiation. To
the best of our knowledge, this is the first paper that jointly optimizes service grade design,
grade allocation, and scheduling for homogeneous impatient customers in many-server systems.
Prior works have treated service rate differentiation (Xu et al. 2015, Wang et al. 2020) and
time-in-queue scheduling (Bassamboo and Randhawa 2016, Bassamboo et al. 2023) in isolation.
By endogenizing the class structure that downstream scheduling can exploit, our framework

bridges these two streams and shows how they can be integrated to create value.

e A sharp structural characterization: at most two active pairs. Our central result
(Proposition 1) is that, regardless of the welfare function or patience time distribution, there
exists an optimal fluid solution with at most two active service rate and offered wait pairs.
This reduces a high-dimensional design problem to operationally simple policies: single-grade
FCFS, single-grade with two offered waits, or two-grade with FCFS within each grade. This

also highlights how customer abandonment and the many-server context can drive different



findings from prior single-server results—such as a continuum of grades (Xu et al. 2015) and

exactly two grades (Wang et al. 2020).

e Reward-shape conditions for when service rate differentiation matters. Under
separable welfare functions, we identify conditions on reward functions that determine when
a critically loaded system is optimal and when service rate differentiation is not necessary
(Proposition 3). These conditions are independent of the patience time distribution and cover
several reward functions commonly used in the quality-based service literature (Anand et al.
2011, Xu et al. 2015, Wang et al. 2023); see Table 1 for a summary.

e Hazard-rate—driven policy prescriptions. When waiting costs are material, the hazard
rate of the patience time distribution determines the specific format of the optimal policy
(Propositions 5, 6, and 7, and summary in Table 2). A particularly interesting result is that
two-grade overloaded systems can be optimal under decreasing hazard rates of patience times,
and a common offered wait is applied to both grades (Proposition 6). This allows service
rate differentiation to occur without waiting time differentiation, extending the results in
Bassamboo and Randhawa (2016) and Bassamboo et al. (2023), both focusing on waiting time

differentiation exclusively.

e An implementable S policy with performance guarantees. We translate the fluid solu-
tion into an implementable stochastic-system policy that uses randomized grade assignment at
customer arrival and a priority rule based on customers’ grade labels and elapsed waiting times.
For Markovian systems, we show this policy attains an O(\/K) optimality gap, and further
sharpen the gap to o(1) when a single-grade overloaded system is optimal (Proposition 8). We
also develop an equivalent waiting-time-first implementation in Appendix A, showcasing two

interchangeable views of the fluid optimization problem.

e Robustness to heterogeneous customers. We extend our analysis to heterogeneous
customers and show that at most one customer class needs to be further differentiated,
providing managerial guidance for multi-class environments where fairness or class-specific

service level constraints may apply.

e Numerical evidence on the value of differentiation. Simulations across exponential,
Erlang, hyper-exponential, and log-normal patience time distributions show significant welfare
gains from service rate differentiation as large as 90% under homogeneous customers and
55% under heterogeneous customers. We also show that patience distributions with similar
means but different hazard rate shapes can prescribe very different optimal policies and system

regimes.

1.2 Literature Review

Our work is related to the literature on service rate control in queueing systems. One stream of

literature focuses on balancing the service quality, which increases with the service time, with system



congestion, in the context of quality-based or customer-intensive services (Hopp et al. 2007, Anand
et al. 2011, Wang et al. 2023). Others focus on the dynamic control of service rates to minimize
the cumulative waiting cost and service-effort related cost for single-server queues (George and
Harrison 2001, Ata and Shneorson 2006, Adusumilli and Hasenbein 2010, Kumar et al. 2013). Lee
and Kulkarni (2014) extends this analysis to multi-server queues. Some studies integrate these
two streams of literature by considering service rate differentiation for quality-based services. Xu
et al. (2015) and Wang et al. (2020) study the system manager’s grade decisions for single-server
queues without customer abandonment. The scheduling policy is either a simple cu-rule in Xu
et al. (2015) or not relevant at all in Wang et al. (2020). Armony and Yom-Tov (2026) uses a
fluid approach to study the truncation of customers’ service times for many-server queues without
customer abandonment. The optimal regime in Armony and Yom-Tov (2026) is always critically
loaded, so waiting time differentiation on the fluid scale is not critical in their setting. Our paper
adds to this literature by considering impatient customers, and demonstrates the highly nontrivial
impacts of customers’ patience distributions on the optimal grade design and scheduling policy.

Since scheduling is an integral component of our proposed policies, our work is related to a
growing literature on scheduling multi-class customers and servers in queueing systems. Among
them, Gurvich and Whitt (2010) studies how to minimize the staffing cost for large-scale systems
with multiple customer classes and agent pools, subject to service-level constraints. Armony and
Mandelbaum (2011) studies how to match homogeneous customers with heterogeneous servers.
Atar et al. (2010) and Long et al. (2020) propose the cu/~-priority policy to minimize the long-run
average queue-length cost for systems with multi-class customers. Our paper is considerably different
from this literature because we consider customers that are homogeneous at the time of arrival, but
the system manager strategically differentiates them in two dimensions: service rates and waiting
times in queue.

Time-in-queue scheduling that differentiates customers on waiting times is first proposed in
Bassamboo and Randhawa (2016) for single-class systems and extended by Bassamboo et al. (2023)
to multi-class systems. A fundamental assumption in these works is that each customer’s class
identity (corresponding to her service rate) is fixed and exogenous, whereas such decisions are jointly
optimized with waiting times in our setting. Despite this important distinction, our problem has
intimate connections with these existing works. Our fluid formulation generates grade differentiation
upon customers’ arrivals and uses this information to implement the multi-class scheduling policy
in Bassamboo et al. (2023). In other words, our policy endogenizes the class primitives that are
necessary inputs for applying the scheduling policy in Bassamboo et al. (2023). In Appendix A,
we present an equivalent view of the fluid formulation that first differentiates customers based on
their elapsed waiting times and then creates service rate differentiation among non-abandoning
customers when they enter service. Thus, our equivalent formulation builds on the waiting time
differentiation (Bassamboo and Randhawa 2016) and extends this approach to enable joint service

rate differentiation.



2 Model

2.1 Queueing System

I arrive at the system according

We consider a queueing system in which homogeneous customers
to a stationary renewal process with an arrival rate of A. Customers are served by a single pool
of N agents, each processing incoming work at a unit rate. Each customer is associated with a
patience time and will abandon the system if her service does not start within this time after she
arrives. We denote the cumulative distribution function of customers’ patience times by F'(-), the
probability density function by f(), and the reciprocal of the mean patience time by 7. Upon
arrival, each customer is irrevocably assigned to one of K grades. Each grade is specified from a
family of service time distributions {G, : p € i, 7]}, where p and 1/4 are the mean service rate
and mean service time of G, respectively. The system manager chooses the service rate of each
grade, and that choice determines the associated service time distribution of that grade. We assume
[, 1] constitutes the feasible set of service rates, with u < pio := A/N < ji. The number of grades
K and the service rate vector p := (i1, 2, ..., ) are to be determined by the system manager.

The goal of the system manager is to maximize the long-run system welfare aggregated over
all arriving customers. To define this metric, let (x,y,w) denote the net utility experienced by a
customer with service time z, patience time y, and offered wait w, where the offered wait is the
amount of time the customer would wait to enter service if she were infinitely patient. Then, for a

grade-i customer with service rate u;, the average surplus associated with offered wait w is
oo o0
) = [ [ €@y 0)dG (@)dF ), (1)

In the above, the dependence of r(u;, w) on the service time distribution is fully captured by the
chosen service rate y; through G,;; this allows us to write the average surplus as a function of (u;, w)
only. We assume that r(u, w) is decreasing in p and w. Specifically, customers incur disutility from
waiting so that 7(u, w) is decreasing in w. The service is quality-based, and longer service times can
induce higher service quality so that r(u, w) is decreasing in 1 (Anand et al. 2011, Xu et al. 2015,
Wang et al. 2023). Hu et al. (2022) finds further empirical evidence of this latter assumption in call
centers. A possible reason is that higher service speeds can lead to increased service failures, which
drive customer complaints and adversely affect their service rewards (Zhan and Ward 2019).

As a special case, a commonly used customer utility function in the literature has the following

separable form

where U(z) represents a customer’s reward from receiving a service that lasts  time units, and ¢

represents the customer’s cost per unit time waiting in the queue. (2) is separable in the sense that

!We extend our analysis to heterogeneous customers that differ in patience times, arrival rates, and welfare functions
in §6, and show that our main insight of creating at most one additional active service rate and offered wait pair

beyond the m exogenous customer classes carries through.



a customer’s waiting cost does not depend on her service time.? Plugging (2) into (1), we have
s w) = )V ()~ [ Fly)d. 3)
where the grade-i reward function
)= [ U@ (@) )

is decreasing in ;. Existing literature has considered several special forms of V(). For example,
Anand et al. (2011) and Wang et al. (2023) assume V(u) = R— ap for R, > 0 and Xu et al. (2015)
assumes V() = a/p for a > 0.

In this paper, we will first work with a general welfare function (1) to develop our basic results.
We will then focus on separable welfare functions (3) and (4) to establish more structures of the
optimal policy.

The system manager utilizes joint service rate and waiting time differentiation, corresponding
to policies on grade allocation and scheduling, respectively, to maximize the system welfare. In
this paper, we consider non-anticipating (non-forward-looking) grade allocation and scheduling
policies. Specifically, a grade allocation policy is described by a K-dimensional service rate vector
p = (p1-..,pK) and probability vector p = (p1, ..., px), where Zfil p; = 1, such that each arriving
customer is assigned to grade i with probability p; (note that the number of grades K is itself a
decision variable). A scheduling policy 7 utilizes the above grade information and specifies how
to route idle servers to waiting customers, and it comprises two decisions: when a server becomes
available, which customer grade to allocate the server to, and within that grade, which customer in
the queue to allocate the server to.

Formally, the system manager aims to find a grade allocation policy (u,p) and a scheduling

policy 7 to maximize the system welfare aggregated over all arriving customers,

max ZApz XY, W), (5)
ll/?p7 _1
where W denotes the steady-state offered wait experienced by a representative grade-i customer

under policy 7. The expectation is taken over the random variables X;, Y and W/.

2.2 Fluid Model

Noting the analytical intractability of an exact solution, we focus on solving the grade allocation
and scheduling optimization problem (5) using a fluid model. We then translate the fluid solution
to implementable policies for stochastic systems.

In the fluid model, customers arrive at the system in the form of a fluid deterministically and

continuously at the corresponding arrival rate and are processed at deterministic rates based on

20ne can also consider a waiting cost that includes a customer’s time in service, and this can be captured by
setting &(z,y,w) = [U(z) — cz]l(y > w) — cmin{y, w} and V(1) : fo 2)dG, () — ¢/pi. Thus, all our results

will qualitatively extend to this alternative formulation.



their grade information. Further, the capacity of servers is considered in a fluid manner too, and
can be allocated fractionally. We note that there is an intimate relationship between the grade
allocation and scheduling policies for the fluid model and the original queueing system. The fluid
version of a grade allocation policy specifies the arrival rate to each grade and the rate at which
each grade is processed. The fluid version of a scheduling policy has two decisions (Bassamboo
and Randhawa 2016): the first decision of which customer grade to allocate an idle server to is
equivalent to computing the fraction of capacity allocated to each grade; the second decision of
which customer within a grade to allocate the server to can be solved by splitting that grade into
multiple subgrades (each representing a unique offered wait) and processing them under FCFS.

Formally, we formulate our grade allocation and scheduling optimization problem in the fluid
model in two stages: the first stage focuses on assigning customers to grades, and the second stage
optimizes the capacity allocation to each grade and the capacity allocation to each subgrade within
the grade. The first-stage grade allocation problem, which specifies the number of grades, service
rate of each grade, and how to allocate customers to grades, can be stated as

max R(p,sp), (6)

where R(p, p) is the optimal system welfare under the grade allocation (u, p). Under this allocation,
R(p,p) is achieved by implementing waiting time differentiation both across grades and within

each grade, and is attained as the objective value of the following second-stage scheduling problem:

R(p,p) = B Z R(nilpi, pi), (7)
where R(n;|ui, pi) is the optimal welfare of grade ¢ by allocating capacity n; to that grade.

To characterize the welfare R(n;|u;, p;) for grade i, we divide each grade ¢ (with arrival rate
Ap; and service rate p;) into multiple subgrades such that each subgrade is processed under FCFS.
We use J(i) to denote the number of subgrades created from grade . (If J(i) = 1, then there is
only one subgrade for grade i and it comprises the entire grade.) We denote the arrival rate to
subgrade j = 1,...,J(i) of grade i by \; ; and the capacity allocated to this subgrade by n; ;. Since
the entire grade ¢ has a service rate u;, customers of subgrade j are processed deterministically at
rate n; ju; in the fluid model.

Under FCFS, the offered wait for subgrade j of grade ¢ solves a “rate-balance” equation so
that the rate of customers entering service (accounting for customer abandonment) equals the
total service rate entailed by the processing capacity allocated to that subgrade. In this way, if

Aij = g i, the offered wait w; ; solves

Xi g F(wij) = ni jpi, (8)
(we assume that the patience distribution F' is strictly increasing, so that (8) above has a unique
solution) and otherwise, if A; j < m; jpi, then w; ; = 0 because this subgrade has excess capacity to

process all arrivals without delays. Thus, the offered wait w; ; solves

)\i,jF(wm) = min{ni,j,ul-, )\i,j}- (9)

7



Note that each subgrade j, j =1,...,J(i) of grade i is characterized by a unique service rate
and offered wait pair (p;, w; ;). The total welfare R(n;|u;, p;) of grade i is obtained by summing up
the welfare over all its subgrades and is equal to the objective value of the following within-grade

optimization problem:

R(ni|pi, pi) = sup > Xigr (s wig) (10)
(@) i jwi g ohi, g0 =10,J (i)} j
J(i)
s.t. Z )\i,j = Ap;,

1

j=
i F(wij) < g,
Z ng; < ng.
J
The last constraint »_;n;; < n; allows us to withhold capacity when necessary.

In this formulation, the grade-allocation problem (6), the cross-grade capacity-allocation problem
(7), and the within-grade capacity-allocation problem (10) jointly define the fluid optimization
problem for grade allocation and scheduling.

Appendix A presents an equivalent formulation of the fluid optimization problem. In that
formulation, customers are first differentiated by their elapsed waiting times, and when they enter
service, are assigned (possibly different) service rates depending on their elapsed waiting times. We
prove in Appendix A an equivalence between the two formulations. Because they are equivalent, we

focus on the first formulation to develop our results of the optimal policy.

2.3 Preliminary Analysis

Under our first policy formulation, homogeneous customers are segregated into subclasses specified
by their service rate and offered wait pairs. We present a structural property of the optimal solution

below; it specifies the total amount of differentiation needed to achieve optimality.

Proposition 1. There exists an optimal solution to (6), (7), and (10) that creates at most two

classes i and i’ with different service rate and offered wait pairs, i.e., (pi,w;) # (pir, wyr).

To understand Proposition 1, we reformulate the fluid optimization (6), (7), and (10) as a linear
program of fluid allocations with two active constraints (corresponding to total arrival rate and
total capacity, respectively). Then, standard linear programming theory suggests that there exists
an optimal solution with at most two active fluid allocations. The queueing model enters this fluid
optimization problem by generating feasible columns: each service-rate/offered-wait pair (u, w)
yields welfare (u, w) and consumes capacity F(w)/p. The structure then follows from the two

constraints.

Remark 1 (Scope of Proposition 1). The “at most two” structure in Proposition 1 is exact for the
fluid model. In finite stochastic systems, an optimal policy need not have the same form. Rather,

the fluid result provides an asymptotic benchmark and motivates implementable policies whose



performance can be evaluated in stochastic systems (see §5). Moreover, additional operational
constraints, such as grade-specific capacity caps, fairness constraints, minimum-service requirements,
or exogenous limits on the fraction assigned to a premium grade, may also change the number of
active pairs. Thus, Proposition 1 identifies the minimal differentiation structure for the simplest

fluid model, providing a basis for further extensions.
In view of Proposition 1, it suffices to consider the following three types of policies.

Corollary 1. There exists an optimal solution to (6), (7), and (10) such that it corresponds to one

of the following three cases:
1. it comprises one grade and processes that grade under FCFS.
2. it comprises one grade and processes that grade using two different offered waits.
3. it comprises two different grades and processes each grade under FCFS.

Notably, Proposition 1 and Corollary 1 hold under all welfare functions and patience time
distributions. An important implication is that, although our model allows differentiation in both
customers’ service rates and waiting times, the optimal policy uses at most two active service rate
and offered wait pairs. More specifically, the optimal fluid solution either consists of a single grade
that differentiates customers by offered waits, or of two grades, serving each under FCFS. This
simple structure makes the policy operationally tractable with minimal deviation from single-grade

FCFS and, in the two-grade case, preserves a natural notion of fairness within each grade.

Remark 2 (Comparison with prior service rate differentiation works). Several prior works study
service rate differentiation in single-server systems without customer abandonment, but reach
qualitatively different conclusions about the optimal number of grades. Xu et al. (2015) considers
a single-server queueing system without customer abandonment and shows that it is optimal to
create a continuum of grades to mazimize system welfare. Wang et al. (2020) considers another
single-server system without customer abandonment wherein customers not receiving service upon
arrival will enter an orbit queue and repeatedly revisit the system until ultimately served. Wang et al.
(2020) proposes joint service rate and retrial rate (the rate of revisiting the system if not served in
prior visits) differentiation to reduce customers’ expected waiting times, and shows that the optimal
policy creates exactly two grades. Unlike these works, we study many-server systems with customer
abandonment and establish that the optimal policy has at most two grades. Our analysis in §3.2 and
§4 further suggests that all three types of policies in Corollary 1 can emerge as the optimal solution.

In particular, there are cases in which the optimal policy consists of only one grade.

Following Corollary 1, we only need to consider two optimization problems formulated in (11)
and (13) below (where we equivalently optimize over arrival rates A := Ap instead of allocation
probabilities p) and select the solution that yields a higher objective value. In both problems, the
total capacity N is fully utilized in optimality. (Otherwise, if excess capacity exists, the system will

be better off by reducing service rates to fully utilize the excess capacity.)



The first two cases in Corollary 1 combine into the following single-grade optimization problem:

Mi = sup Mi(p), where My(u)= sup  Nr(p,w) + Apr(p, wp) (11)
RE[p, A ALARWLW

s.t. AN+ A=A,
NF(w) + MF(wp) = Np, A, Ap > 0.

The first case of Corollary 1 corresponds to (wy, wy) = (wy, w) or (w,wy,) for any w; < w < w,
where w solves AF(w) = Npu. In general, for (11) to have a feasible solution, it must hold that
u < pp=A/N. (Otherwise if u > pg, there is excess capacity even if w; = wy, = 0 and the system
can be better off by reducing p to po to fully utilize the excess capacity.) We thus focus on p < g
without loss of generality. Whenever w; < w < wy, feasible arrival rates (\;, A\,) can be uniquely

determined by (w;, wy,) as follows,

Nu — AF(wh)

M= ) — ()

, A=A, (12)
so it suffices to optimize over (wy,wp). In (11), we rank the offered waits such that w; < wy,.
An important special case of M (u) is Mi(puo). Since N\ + Ay = A = Npug and N F(w;) +
M F (wr) = Npg, any feasible solution at p = pg must satisfy F'(w) = 1 for every active subgrade,
and thus every active subgrade has offered wait 0. Hence, M1 (o) corresponds to a critically loaded
(CL) system: in the fluid model all customers enter service immediately. We define M$™ := My (o).
For p < pg, any feasible solution has positive fluid abandonment because A — Ny > 0. Thus, at
least one active subgrade must have a positive offered wait. This leads to an overloaded (OL) system
and we define MV := SUD e 11, 10) M (i). Combining both, we have M} = max{ M, ML
The third case in Corollary 1 can be described by the following two-grade optimization problem:
M5= sup  Mo(pi,p2), where Moa(ui,pe) = sup  Air(pr,wi) + Aar(pe, we)  (13)
plpa<p1 <ji A1,A2,w1,w2
st. A+ A=A

M F(wi)/p + A F(wa)/pp = N
A1, A2 > 0.

Since we assume pu2 < p1 (we can always do so by indexing the grades properly), for (13) to
have a feasible solution, it must hold that pe < pg. In contrast, the feasible py can be either higher
or lower than po. Holding (p1, p2) fixed, whenever min{ = wl), F(w2 } < 1 < max{F(w1 , wQ)}
the feasible arrival rates (A1, A2) can be uniquely determined by (wl, wg) as follows,

N — AF(w2)/p2

M B Foe) i T ““

so it suffices to optimize over (wq,ws). Importantly, we do not impose w; < wg as we do in (11). In

fact, the relative values of w; and wsy can be arbitrary.
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An important observation of (11) and (13) is that in both cases, once the service rate(s) are
determined, one needs to further optimize two offered waits to fully solve the joint grade allocation
and scheduling problem. Specifically, the cross-grade capacity allocation (7) is irrelevant in the
single-grade problem (11) because only one grade is considered; the within-grade capacity allocation
(10) is irrelevant in the two-grade problem (13) because the within-grade policy is FCFS. In both
cases, we can convert the original fluid optimization problem (6), (7), and (10) to a new two-stage
optimization problem that is easier to solve: the first stage focuses on finding the optimal service

rate(s), and the second stage optimizes the offered wait(s) for each (sub)grade.

3 Optimizing Fluid Model

In this section, we provide more structure of the optimal solution to the two-stage optimization
problems (11) and (13). Recall that the first stage focuses on finding the optimal service rate(s), and
the second stage optimizes the offered wait(s) for each (sub)grade. We first characterize necessary
conditions for the second-stage optimal offered waits in §3.1, and then focus on separable welfare

functions (3) to establish general results of the optimal policy in §3.2.

3.1 Optimizing Offered Waits

Recall from (12) and (14) that, under fixed service rates, the offered waits determine the arrival
rates and required capacities on the feasible domain. In the single-grade problem, if w solves
AF () = Ny, feasibility requires w; < @ < wy,, and then (A, Ap) is uniquely determined by (wy, wp,).
In the two-grade problem, feasibility requires mln{ wl), Fijf)} < 1 < max { wl), F(w2 }, and
(A1, A2) is uniquely determined by (wi,ws) whenever F (w1)/p1 # F (we)/pe. We next present

necessary first-order conditions for optimal offered waits.
Proposition 2.
1. Consider the single-grade optimization problem (11) under p < po. Let w solve AF(w) = Npu.

(i) An optimal solution (wy, wy) such that 0 < w; < w < wyp, < 0o must satisfy

or(p,wy) or(p,wp)
8wl o Bwh o _T(/’L7wl) - T(ILL,'IU}L)

flw) — flwn) — F(w) — F(wp)

(ii) An optimal solution of the form (0,wp) with w < wy, < 0o must satisfy

Patnd 00 )
f(wh) 1-— F(wh)

(iii) An optimal solution of the form (wy, 00) such that 0 < w; < w must satisfy

Tgar _ r(pw) — r(p,00)
f(wr) F(w) .

11



2. Consider the two-grade optimization problem (13) under (p1, p2) such that min{pui, ua} < po.

(i) An optimal solution (wi,ws) such that 0 < wi,we < 0o must satisfy

or(u1,w or(pe,w
(g';l S _ (5512 2. pig __ rlpm,wi) —r(pe, w2)
f(wr) f(w2) F(wi)/pm — F(wa)/p2

(ii) An optimal solution of the form (0,ws2) such that 0 < we < co must satisfy
or (e ,w
el iy p(jun,0) — r(pa, wa)
fw2) 1/p1 = F(wa)/pe

The case of (wy,0) with 0 < wy < oo follows analogously.

(iii) An optimal solution of the form (w1, 00) such that 0 < w; < oo must satisfy

a )
T(g;ful) _ (g, wr) —r(p2, 00)

flwr) F(wy)

The case of (0o, wz) with 0 < we < 0o follows analogously.

Part 1 and Part 2 provide necessary first-order conditions for the optimal offered waits in the
single-grade optimization problem (11) and the two-grade optimization problem (13), respectively.
These conditions are obtained by substituting the arrival rates (solved as functions of offered waits)
into the welfare objective and differentiating the objective with respect to offered waits. Intuitively,
holding the service rate(s) fixed, lowering the offered wait of one (sub)grade increases the welfare of
that (sub)grade but consumes more capacity. In contrast, raising the offered wait releases capacity
but lowers welfare. When an interior solution (of offered waits) is optimal, the marginal values/costs
of adjusting offered waits must balance across all active (sub)grades. This balance is captured in
the conditions in Proposition 2.

A general form of the welfare function r(u, w) precludes a more refined analysis of the optimal

policy. Next, we consider separable welfare functions (3) to obtain more refined results.

3.2 Optimizing Fluid Model under Separable Welfare Functions

In this section we analyze how to optimize (11) and (13) under the separable welfare function (3).
We normalize the delay cost ¢ to 1 to simplify our notation without loss of generality. Under (3),
for a subgrade j of grade ¢ with service rate ;, arrival rate ); ;, offered wait w; ;, and capacity n; ;,
its total welfare is

Wi,5 _

i (s, wi 5) = min{ng jpi, i PV (i) — Aij A F(y)dy,

where min{n; ju;, A; j} and A; ; (;U wR (y)dy are the expected throughput and queue-length of this

subgrade in the steady state, respectively.
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To proceed with our analysis, we define MST as follows:

MSY = sup ROC(u, p2) = MV (1) + X2V (p2) (15)

plpa<p1<p

s.t. A+ A=A, )\1/N1+)‘2/,U2ZN7 A1, Ao > 0.

Namely, MgL is the optimal welfare of a two-grade critically loaded system. Relatedly, recall that
MEY = M (o) is defined as the welfare (not necessarily optimal) of a single-grade critically loaded
system. By definition, it is evident that MS™ > ML, We will later provide cases in which the
equality is actually attained and thus the two-grade policy reduces to a single-grade policy.
Although in principle the second-stage optimal offered waits should depend on the patience time

distribution (cf. Proposition 2), the results below hold under all patience time distributions.
Proposition 3. Consider the welfare function (3).

1. If V(u) - p is increasing, then the optimal regime is critically loaded. Thus, the optimal system
welfare is MS".

2. If V() - o is concave, then the optimal policy should have only one grade.

Part 1 considers the optimal queueing regime. If V(u) - p is increasing, then increasing the
service rate(s) can increase the service rewards per unit of capacity while cutting customers’ waiting
times and queue length. This is so until the system becomes critically loaded, in which case, all
fluid customers are served without delays. Further increasing the service rate(s) will not affect the
already-zero offered wait or the already-fully-served arrivals, but only reduce the service reward per
served customer. Hence, the optimal queueing regime must be critically loaded with system welfare
MG,

Part 2 considers the total number of service grades in optimality. If V(u) - 1 is concave, then
for any two-grade allocation (p1, o) with g # pe, one can find a dominant single-grade allocation
with a better system welfare (by properly constructing the single-grade service rate p as a convex
combination of p; and pg). Thus, the optimal policy should have only one grade. Moreover,
assuming a concave V() - p is not very restrictive, as it is satisfied by several commonly used reward

functions in the literature (see Table 1 below).

Remark 3 (Common reward functions in literature). In Table 1, we summarize common reward
functions V (-) in the literature on quality-based services, along with the monotonicity and convexity
of V(u) - u. Applying Proposition 3, the optimal policy operates a single-grade critically loaded
system under V(pu) = Vo — ap’ (Anand et al. 2011, Wang et al. 2023) and V(p) = o/pu® with 6 < 1
(Xu et al. 2015). Under V(u) = o/pu® with @ > 1, the optimal policy depends on the patience time

distribution and we examine such dependence through a more refined analysis in §4.

The optimal system welfare of a two-grade critically loaded system, MS", will play a critical
role in our subsequent analysis. We thus provide more structure of this important concept. Note

that MST defined in (15) has (wy,ws) = (0,0), so only service rates are to be optimized.
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Table 1: Commonly used reward functions: structures and optimal policies

Viw) ‘ Vi) p ‘ Optimal Policy
Vo — ap? (large Vp, 6 > 0) | increasing, concave single-grade, CL
a/u? (0<60<1) increasing, concave single-grade, CL
alp constant single-grade, CL

a/uf (6 >1) decreasing, convex | Depends on Patience Distribution

Lemma 1. Consider the two-grade optimization problem (15) in the critically loaded regime.
1. The optimal (1, p2) such that p < pp < p1 < i must satisfy

V(1) — V(p2)

_V/ . 2 — _V/ . 2 — .
(1) - p1 (H2) - 1o i =1/

2. If the optimal (1, p2) has the form of (py, p) with p < py < ji, it must hold that

V(1) — V()

V() - p2 = .
)i =

3. If the optimal (p1, p2) has the form of (i, p2) with p < ps < fi, it must hold that

V(i) — Vi)

-V’ cul = .

To understand Lemma 1, note that in a critically loaded system all customers are served, so
the manager is effectively splitting a fixed amount of average workload 1/ across two grades. Let
s = 1/p denote the mean service time. Define U(s) := V(1/s) and then U’(s) = —V'(u)u?. This
represents the marginal gains of welfare from slightly increasing the mean service time of a grade.
When an interior solution (of service rates) is optimal, the marginal values/costs of adjusting service
rates must balance across two grades.

Lemma 1 presents necessary conditions of the optimal service rates for two-grade critically
loaded systems. Building on these conditions, we can further show that if —V’(u) - p? is strictly
monotone, then none of these conditions will be satisfied. Thus, with strictly monotone —V”(u) - u?,
the optimal service rates for a two-grade critically loaded system must either be on the boundary,

namely, (f, pt), or degenerate to a single-grade critically loaded solution.
Proposition 4. Consider the two-grade problem (15) with (w1, ws) = (0,0).
1. If =V'(p) - u? is strictly decreasing, then the optimal p* = (i, p) and MS¥ = R (f, p).

2. If =V'(p) - p? is strictly increasing, then MSY = MY equivalently, the optimal two-grade

critically loaded solution degenerates to the single-grade critically loaded solution.
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Proposition 4 shows that the shape of the reward function can determine the differentiation
structure in a critically loaded system. With u = 1/s and U’(s) = —V'(u)p?, the monotonicity of
—V'(p)p? in p determines the curvature of U(s) in s: if —V'(u)pu? is decreasing, then U is convex
in service time and it is highly valuable to spread customers across two different grades; if —V’(p)u?
is increasing, then U is concave in service time and the optimal solution reduces to a single grade.

Managerially, convexity of rewards in service time is plausible in quality-based settings such
as primary care, legal advisory services, and diagnostic services, where a short interaction with
customers delivers limited values whereas a longer interaction generates substantially higher values.
The above result suggests that in settings where the marginal value of longer service times rises
sufficiently fast, the system manager should consider creating two grades with different service times,

a fast standard grade and a slow premium grade.

4 Patience Time Distributions with Monotone Hazard Rates

This section builds on the analysis in §3.2 and derives sharper policy prescriptions for patience time
distributions with monotone hazard rates. Specifically, we consider strictly increasing hazard rates
(e.g., Erlang), constant hazard rates (i.e., exponential), and strictly decreasing hazard rates (e.g.,
hyper-exponential).?

The analysis below shows that the “at most two” structure in Proposition 1 is robust across
these hazard-rate classes, but the exact forms of the service rate and offered wait pairs are sensitive
to the hazard-rate structures. Specifically, with increasing or constant hazard rates, whenever two
grades are optimal, the system must be critically loaded. In contrast, with decreasing hazard rates,
a two-grade system can be optimal in an overloaded regime, applying a common offered wait to
both grades.

4.1 Single-Grade Analysis

We start by analyzing the single-grade problem (11), where the total welfare of this grade is

i)+ M) = 3 |mindmgp, 33V =y [ Py

j=l,h
—V(p) 3 minfum Al 3 [ Fo)dy
j=Lh j=l,h 0
VA=V X O —m = X [ Py (10)
j=l,h j=l,h

In (16), 32— 5(Aj —njp)™ and 30, , A [y F(y)dy are the steady-state abandonment rate and
queue length of this grade, respectively. Thus, holding p fixed, the scheduling policy will minimize

a combined abandonment and queue-length cost. In fact, any non-idling policy will minimize the

3Monotone patience-time hazard rates are empirically relevant. For example, Brown et al. (2005), Li et al. (2018)

document broadly decreasing patience-time hazard rates in call-center data.
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abandonment cost and the optimal policy that minimizes the queue-length cost will depend on the
hazard rate of the patience time distribution (Bassamboo and Randhawa 2016). This motivates us

to consider patience time distributions with monotone hazard rates.

4.1.1 Increasing Patience Time Hazard Rates.

We first consider patience time distributions with increasing hazard rates. In this case, the optimal
policy that minimizes the queue-length cost is to process customers under the Last Come First
Served (LCFS) policy (Bassamboo and Randhawa 2016, Corollary 1). This policy is obtained by
creating two subgrades with offered waits (wy, wy) = (0,00) in the fluid solution. In other words,
one subgrade is processed immediately upon arrival, and the other subgrade is never processed and
abandons the system after waiting out their patience. To understand this policy, note that with
increasing hazard rates, customers are more likely to abandon as they wait in queue. Thus, it is
a good idea to serve them when they don’t wait at all, or to never serve them and allow them to
abandon after waiting out their patience.

Since any non-idling policy minimizes the abandonment cost, it is immediate that LCFS will
minimize the combined abandonment and queue-length costs. With offered waits (0, c0), we can

rewrite (16) as
Avr (s wi) + Anr(py wp) = NV () - o= (A = Np) /7.
Hence, the optimal single-grade welfare is given by

P =M= max NV(u)-p—(A—Np)/v. (17)

p<pu<po

4.1.2 Decreasing Patience Time Hazard Rates.

Next, consider patience time distributions with decreasing hazard rates. In this case, the optimal
policy that minimizes the queue-length cost is FCFS (Bassamboo and Randhawa 2016, Corollary 1).
Since any non-idling policy can minimize the abandonment cost, it is immediate that FCFS will

minimize the combined abandonment and queue-length costs. Under FCFS, we can rewrite (16) as

Foi(de)
(s ) + ey 0n) = NV () - = A [ F(y)dy.

Hence, the optimal single-grade welfare is given by

o F(dE)
P= MO e max NV(u)op-A [ F(y)dy. (18)
p<p<po 0

Note that unlike (17), the optimal service rate in (18) depends on the entire patience distribution.

4.1.3 Exponential Patience Time: Constant Hazard Rates.

Under exponential patience times, we can leverage the memoryless property to convert any queue-
length-based objective to an equivalent abandonment-based objective, so any non-idling policy
(including FCFS and LCFS) will optimize (16). In this case, we have M} = MJFCFS = pMICFS,
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4.2 Two-Grade Analysis

We next analyze the two-grade optimization problem (13). Recall that in principle we should
solve (13) in two stages by optimizing the service rates and offered waits in a sequential manner.
Proposition 2 provides optimality conditions of the (second-stage) offered waits under given service
rates. However, there are in general too many candidate offered waits to consider and this creates
challenges in exhausting all those offered waits to establish optimality. We thus follow the preceding
analysis and focus on patience time distributions with monotone hazard rates. This allows us to

considerably refine candidate offered waits.

Lemma 2. Suppose the hazard rate of the patience time distribution is strictly monotone. Then,
under any service rates (u1, ) such that py > peo, the optimal (w1, ws) cannot be such that wi # wo

and 0 < wy,ws < 0.

The condition in Lemma 2 requires the hazard rate of the patience distribution to be strictly
monotone (e.g., Erlang and hyper-exponential), so it will not apply to exponential patience dis-
tributions. (We will consider exponential patience distributions in §4.2.3.) Using Lemma 2, for
patience distributions with monotone hazard rates, we only need to consider offered waits (wy, ws)
in the form of (w,w), (0,w2), (w1,0), (0,0), (0,00), and (00,0) for 0 < w,w;,ws < co. Among
them, if (wi,w2) = (0,00), we have A = (Npui, A — Npuq) (this solution is feasible if and only if
w1 < pp). In this case, grade 1 is served completely and grade 2 is not served at all. Similarly, if
(w1, wy) = (00,0), we have A = (A — Npug, Nug). In this case, grade 2 is served completely and
grade 1 is not served at all. In both cases, only one grade is effectively served. This is equivalent
to creating a single grade and processing that grade under LCFS. So, the optimal welfare under
(w1, wq) = (0,00) and (w1, wz) = (00,0) is the same as MJFCFS. Hence, to obtain a non-degenerate
two-grade policy, we can further restrict analysis to (w,w), (0,ws), (w1,0), and (0,0). In other
words, the optimal two-grade policy should either strictly prioritize one grade or set the same offered

wait for both grades.

4.2.1 Increasing Patience Time Hazard Rates.

We first consider patience-time distributions with increasing hazard rates. For this class, the next

result shows that the candidate offered wait vector reduces to (0,0).

Lemma 3. Suppose the patience time distribution has a strictly increasing hazard rate. Then, a

solution with a finite and positive wy or wo cannot be optimal.

An intuitive explanation for Lemma 3 is that with increasing hazard rates, it is never optimal
to process a grade using a finite and positive offered wait, because doing so is always dominated
by LCFS. Thus, the optimal offered waits for a non-degenerate two-grade policy must be (0,0).
This allows us to focus on critically loaded systems to establish the optimal service rate(s). It also
presents a case in which customers are not differentiated on their offered waits (because both are

zero) but on their service rates only. The next result follows immediately from Lemma 3.
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Proposition 5. Suppose the patience time distribution has a strictly increasing hazard rate. Then,
the optimal system welfare is max{MY°FS MSV} where MYCYS is defined in (17) and MS" is
defined in (15). Moreover, any nondegenerate two-grade optimal solution must be critically loaded,
with offered waits (w1, w2) = (0,0).

Proposition 5 shows that, under increasing hazard rates, the optimal policy either creates one
grade and processes it under LCFS, possibly in an overloaded regime, or creates two grades and
processes each grade under FCFS in a critically loaded regime. Thus, whenever a nondegenerate
two-grade system is optimal, it is critically loaded. The choice between these two depends on the
comparison between M{“CFS and MgL, which is governed by the reward function V' and the mean
patience time 1/7. The numerical study in §4.3 provides examples in which either structure can
dominate.

The next result characterizes the optimal policy when [V (p) + 1/4] is strictly monotone.
Corollary 2. Suppose the patience time distribution has a strictly increasing hazard rate.

1. If p[V () + 1/v] is strictly increasing, then the optimal welfare is the larger one between
Mi(po) and MS™ in (15).

2. If u[V () + 1/7] is strictly decreasing, then the optimal welfare is M1(p) and the optimal

policy should have only one grade with service rate p and two offered waits (0, 00).

To establish Corollary 2, we show in the proof that a necessary condition for MS™ to dominate
is that the optimal service rates (p1, n2), with pi > po, satisfy pi[V (1) + 1/9] > pa[V(u2) + 1/7].
Equivalently, the faster grade must be prioritized under the optimal scheduling rule (Bassamboo
et al. 2023, Proposition 4). This condition is automatically satisfied when p[V (1) +1/7] is increasing
and is violated when p[V (u) + 1/7] is strictly decreasing.

4.2.2 Decreasing Patience Time Hazard Rate.

We next consider patience time distributions with decreasing hazard rates. The candidate offered

waits can be refined as follows.

Lemma 4. Suppose the patience distribution has a strictly decreasing hazard rate. Then, for
any (p1, 12) such that py > pa, the optimal (w1, ws2) cannot be of the form (wy,0) or (0,ws) for

0 < wp,ws < 0.

Using Lemma 4, for patience distributions with decreasing hazard rates, we only need to consider
offered waits in the form of (0,0) and (w,w) for 0 < w < co. (Note that unlike Lemma 3, Lemma 4
does not rule out the latter.) Interestingly, in both cases, customers are differentiated on their
service rates but not on their waiting times. This presents another example in which waiting time

differentiation is moot but service rate differentiation takes an exclusive effect.
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Combining the two cases in a unified formulation with a common offered wait w > 0, define?

MEVi= s F(w) Vi) +daV(m)] - A [ Fly)dy (19)
p<p2<p1<p, w>0 0
T ALA>0

st A+ A=A, F(w)(/\1/u1+)\2/,u2):N~

It is evident that MOT > MS™ since MS" is a special case of MS™ with w = 0. Then, the

equality is attained only when the optimal MS" has w* = 0. The next result follows from Lemma 4.

Proposition 6. Suppose the patience time distribution has a strictly decreasing hazard rate. Then,
the optimal system welfare is MS™ in (19). The optimizer may be critically loaded, overloaded, or

degenerate to the single-grade FCFS solution.

Proposition 6 shows that decreasing hazard rates can support overloaded two-grade systems,
in contrast to the increasing-hazard case in Proposition 5. In such systems, both grades share the
same offered wait, so waiting time differentiation is absent across grades; the differentiation occurs

through service rates. The next result identifies when the common offered wait is strictly positive.

Lemma 5. Let (uj,ps) with uj > p5 be the optimal service rates in (19). The corresponding

optimal offered wait satisfies w* > 0 if and only if w = w* satisfies

_V(Ml)ﬂi — V*(uz)uz _ F—I<N“1) <w< F—l(N“2) , (20)
K1 — o H{(w) A A

where H(-) is the hazard rate and F~(x) =0 for x > 1.

We leverage Lemma 5 to provide a complete characterization of the optimal two-grade systems

provided that —V”(u) - 2 is strictly decreasing.

Corollary 3. Suppose the patience distribution has a strictly decreasing hazard rate and —V'(p) - p?

is strictly decreasing. Then, the optimal MS™ in (19) is achieved under p = (ji, u) and the optimal

MH(O) > 1 and _M.H(F—l (ﬂ)) <1
_ - n .

w* > 0 if and only if — = =

4.2.3 Exponential Patience Times: Constant Hazard Rate.

Finally, we consider exponential patience times with constant hazard rates. Despite the commonly
conceived simplicity of exponential distributions due to their memoryless property, such property
in fact precludes offered wait refinements that we adopt for patience distributions with monotone
hazard rates. (Recall that Lemma 2 requires a strictly monotone hazard rate and therefore does not
apply to the constant-hazard exponential case.) Thus, we must work with the general formulation
(13) to identify the optimal solution.

Indeed, the cases of (w;,00) and (oo, ws) for 0 < w;,ws < oo which are ruled out by Lemma 2

for patience distributions with monotone hazard rates, can be valid offered waits for exponential

4The superscript ‘OL’ stands for ‘overloaded’
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patience distributions. They, along with other candidate offered waits (w;,ws) in the form of
(w,w), (0,ws), (w1,0), (0,0), (0,00), and (oo, 0) for 0 < w,wy,wy < 0o, constitute the feasible set
of candidate offered waits. To circumvent the difficulty of considering the entire set, we alternatively
optimize over arrival rates A allocated to each grade. This allows us to establish the following result,

which surprisingly parallels Proposition 5 for strictly increasing hazard rates.

Proposition 7. Suppose the patience time is exponentially distributed. Then, M} = MYCFS =
MEYCES - Pyrther, the optimal welfare is the larger one among M and MS™ in (15).

The parallel arises because, note that the optimal (second-stage) scheduling policies for exponen-
tial patience distributions and patience distributions with increasing hazard rates are very similar
(Bassamboo et al. 2023). Specifically, the marginal benefit of allocating an incremental capacity to
grade 7 is given by p;[V (u;) + 1/7] under these patience distributions and the optimal scheduling
policy prioritizes grades in descending order of this index.

The next result follows in a similar fashion to Corollary 2.
Corollary 4. Suppose the patience time is exponentially distributed.

1 If [V (
M (o) and MS™ in (15).

w) + 1/7] is strictly increasing, then the optimal welfare is the larger one between

2. If [V (1) + 1/7] is strictly decreasing, then the optimal welfare is My(u) and the optimal
policy should have only one grade p.

4.2.4 Summary of Optimal Policies

For patience time distributions with monotone hazard rates, we summarize in Table 2 below their
corresponding optimal policies. In general, the hazard rate of patience time determines not only the
optimal within-grade scheduling rule (Bassamboo and Randhawa 2016), but also whether service
rate differentiation should exist, and if yes, in what regimes. With strictly increasing or constant
hazard rates of patience times, any two-grade system must be critically loaded; overloaded systems, if
optimal, can have only one grade. With strictly decreasing hazard rates of patience times, two-grade

differentiation can exist in an overloaded regime, and both grades share a common offered wait.

Table 2: Optimal policies for patience time distributions with different hazard rate structures

Hazard rate of patience | Single-grade policy Two-grade policy (non-degenerate) ‘ Overload & Two-grade
Strictly increasing LCFS FCFS within each grade, (w1, wz) = (0,0) Not possible
Constant Any non-idling FCFS within each grade, (w1, wz) = (0,0) Not possible
Strictly decreasing FCFS Common offered wait, (wy,ws) = (w,w) Possible

4.3 Numerical Example

We provide numerical examples to demonstrate the benefits of service rate differentiation as well as

regime changes under different model parameters. We focus on the fluid optimization problem to
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present our numerical results (results in finite stochastic systems can be found in §5). To ensure
nontrivial service rate differentiation (see Table 1), we use the reward function V(1) = a/p? and
vary «. For this specification, V (u)u = «/p is decreasing and convex, so Proposition 3 does not
rule out a nondegenerate two-grade optimum. We set (A, N, c) = (150,100,1) and (x, z) = (0.5,2.5).
We consider five patience time distributions: exponential with rate 1/3, Erlang with shape 3 and
rate 1, hyper-exponential with rates 1/2 and 1/4 mixed with equal probabilities, and two log-
normal distributions whose log-patience times are distributed as N(0,1.5%) and N(1,0.5%). These
distributions have very similar means: 3.08 for the two log-normal distributions and 3 for the
other three. Their hazard-rate shapes, however, differ substantially, leading to different policy
prescriptions.

For each patience time distribution, we solve (11) and (13). Figure 1 plots the optimal single-
grade and two-grade values, M7 and M3, as functions of «; hollow circles mark regime transitions.
As « increases, the reward from slower, higher-quality service becomes more important relative to
waiting cost. Since V (u)p = o/ is decreasing in p, the manager has a stronger incentive to choose

lower service rates, which, as « increases, can move the system from critically loaded to overloaded.

Figure 1: Optimal values of M7 and M35 under different patience time distributions.
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The benefit of service rate differentiation can be measured by the relative gap (M35 — M7)/ M7,
which is especially large for small values of a.. It reaches roughly 80% in the critically loaded regime,
where all fluid customers enter service without delay and the queue length is zero, regardless of the

patience time distribution; hence the welfare gain comes entirely from service rate differentiation.
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4.3.1 Discussion

Exponential and Erlang patience distributions yield the same optimal grade allocation and scheduling
policy. In the critically loaded regime, the optimal single-grade welfare is M$" = My (o), while
the optimal two-grade welfare is /\/lgL. As « increases, the optimal solution eventually enters an
overloaded regime. In this case, the two-grade policy degenerates to a single-grade solution, leading
to M5 = Mi = MOV, In other words, two-grade overloaded systems are never optimal, consistent
with our prescriptions in Propositions 5 and 7. In contrast, for hyper-exponential patience times, the
optimal solution exhibits a distinct intermediate region in which a two-grade policy in the overloaded
regime is optimal. These results, collectively, suggest how the entire patience time distribution,
beyond its mean, affects the optimal policy and system regimes.

The two log-normal patience distributions have non-monotone hazard rates, so the results in §4.2
developed for monotone hazard rates do not directly apply. We thus solve (11) and (13) numerically.
The obtained policies, however, resemble those in the monotone-hazard-rate cases. The log-normal
distribution with parameters (0, 1.5?) behaves similarly to the hyper-exponential case: an overloaded
two-grade policy can be optimal. In contrast, the log-normal distribution with parameters (1,0.5%)
resembles the exponential and Erlang cases: an overloaded two-grade policy never appears optimal.

This distinction can be understood through the queue-length-minimizing policy for a single-grade
overloaded system under log-normal patience times. The optimal policy is either FCFS or represented
by a two-offered-wait policy (0, @), where @ solves Bassamboo and Randhawa (2016, Equation 24).
FCFS is optimal when the FCFS offered wait w exceeds w; otherwise, the grade is split into two
subgrades. However, Proposition 1 and Corollary 1 suggest that, when the optimal policy uses two
service grades, no grade needs to be further split. With log-normal patience times, this implies that
either the offered wait of a grade is zero (not overloaded) or the offered wait of this grade processed
under FCFS is greater than the corresponding threshold . For log-normal(0, 1.5?), the threshold is
w = 0.35, so the condition w > w can hold in the parameter region we consider. This explains why
the optimal policy resembles the hyper-exponential case. For log-normal(1,0.5?), the threshold is
w = 31.8, making w > w highly unlikely in our parameter region. Accordingly, the optimal solution
does not exhibit an overloaded two-grade phase and thus resembles the exponential and Erlang

cases.

5 Implementing the Fluid Solution in Stochastic Queueing Systems

The fluid analysis in the preceding sections provides a guideline for designing implementable policies
in stochastic queueing systems. Guided by the fluid formulation, we propose an S policy that
implements service rate differentiation at arrival: each customer is assigned to a service grade upon
arrival, and scheduling decisions then use this grade information together with customers’ elapsed

waiting times. An equivalent waiting-time-first implementation is discussed in Appendix A.
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5.1 The S Policy

The S policy implements the fluid formulation in a stochastic queueing system. Upon arrival, each
customer is assigned to a service grade, and each grade is associated with a service rate from the
fluid solution. Operationally, assigning a customer to grade ¢ means that, conditional on entering
service, her service time is drawn from the distribution G+ associated with the chosen service rate

17 . Scheduling then uses the assigned grade and the customer’s elapsed waiting time, as follows:

1. (Single-grade policy) If the fluid solution has only one grade p*, then set the service rate equal

to p* for all arriving customers.

(a) If the fluid solution has a single offered wait w*, then process all customers under FCFS.

(b) If the fluid solution has two different offered waits w; < wj, then process customers using

the following time-in-queue (TIQ) policy (Bassamboo and Randhawa 2016):

(i) First, process customers whose elapsed waiting times exceed wj, in FCFS order.
(ii) Next, process customers whose elapsed waiting times are below wy, in FCFS order.

(iii) Finally, process the remaining customers under LCF'S.

2. (Two-grade policy) If the fluid solution has two grades uj # p3 with corresponding arrival

rates (A}, A\5) and offered waits (w7, w3). Then,

(a) (Grade allocation) Split incoming customers into two grades with arrival rates (A}, \5),
that is, assign each customer to grade 1 with probability Aj/A and to grade 2 otherwise.
Set the service rates of the two grades equal to (uj, 43).

(b) (Scheduling) Process customers using the mostly-FCFS policy (Bassamboo et al. 2023).5

(i) If wj = wj = 0, then use a static priority rule. At each service completion, give
priority to the grade with the larger marginal capacity value (;; within each grade,
serve customers in FCFS order. Under the separable welfare function (3), the
marginal value §; can be calculated as follows

V() + gty i wig >0,

*

ﬁ’i = V(,Uz;k),u;k + % lf wu = Oawi,h < 0, fOI' 1= ]_,2,
V(g + 5 if wig = 0,w; ), = oo,

where H is the hazard rate function of the patience distribution, (w;;, w; ;) are the

limiting offered waits® to optimally process grade i under service rate u!, arrival
. . P
rate A7, and capacity n 1 ma

Prioritize the grade with a higher § and process that grade under FCFS. Then,

process the remaining grade under FCFS.

>The mostly-FCFS policy reduces to an all-FCFS policy in our two-grade problem because customers within each

grade are processed under FCF'S.
5These limits exist and are well defined; see Bassamboo et al. 2023, Lemma, 2
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(ii) If exactly one offered wait is zero, say w; = 0 and w*, > 0, then give priority to
grade 7; within each grade, serve customers in FCFS order.

(iii) If both wj and w3 are positive and finite, then give priority to customers whose
elapsed waiting time exceeds the fluid offered wait target of their grade. Among
these customers, serve the one with the longest elapsed waiting time. If no customer

exceeds her grade-specific target, serve the remaining customers in FCFS order.

Note that service rate differentiation is not relevant in single-grade systems, in which case, all
customers are served at the same service rate under either FCFS or TIQ, both ensuring that those
who get served meet the target offered waits.

In contrast, service rate differentiation is central in two-grade systems. Assigning different
service rate grades to ex ante homogeneous customers creates the strategic heterogeneity needed for
scheduling, and the offered waits obtained from (13) determine how idle servers should be routed
across grades. Because customers within each grade are processed under FCFS, a key scheduling
decision is which grade should be prioritized over the other. The rules in Step 2(b)(i)—(iii) address
this decision in three offered wait configurations, utilizing the following notion of the marginal value

of capacity:

« Step 2(b)(ii) applies when exactly one grade has zero offered wait. In the fluid solution, the
zero-wait grade is fully served, whereas the positive-wait grade is only partially served; hence

the zero-wait grade has priority.

o Step 2(b)(iii) applies when both grades have positive offered waits. In this case, Proposition 2
Part 2 suggests equal marginal values of capacity across two active grades, so we propose
implementing priority based on customers’ elapsed waiting time relative to their grade-specific
offered wait target: customers who have waited more than their targets are served first, and

priority is given to such a customer with longest waiting.

o Finally, Step 2(b)(i) applies when both offered waits are zero. At the fluid scale, the system is
critically loaded, and any non-idling rule can achieve zero offered waits for both grades. In
the stochastic system, however, finite-system fluctuations can make the marginal value of an
idle server differ across two grades. We thus define an index 8 to guide the tie-breaking rule:
prioritize the grade with the higher marginal value of capacity 3, and serve customers within
that grade under FCFS.

To implement the S policy, the system should keep track of two types of information: the
grade label assigned to a customer at arrival and that customer’s elapsed waiting time in queue.
The grade information determines the customer’s service time distribution when she enters service,
while the elapsed waiting time determines whether the customer has reached the fluid offered wait
threshold corresponding to her grade. In this sense, the S policy is implemented as a randomized
grade-assignment rule at arrival jointly with a priority rule based on grade labels and elapsed

waiting times. Alternatively, Appendix A proposes an equivalent waiting-time-first implementation
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at the fluid scale. Under that implementation, customers are not segregated upon arrival; instead,
they are first differentiated by their elapsed waiting time, and when they enter service, each of
them is assigned a (possibly different) service rate. We show that these two implementations are
fluid-equivalent, but their finite-system performance need not be identical; in fact, our numerical
results suggest a slight performance advantage of the & policy in stochastic systems and we thus

focus on illustrating this policy in this section.

5.2 Performance of Proposed Policy for Markovian Systems

For Markovian systems, the patience time distributions are exponential. Following the preceding
discussion, if the fluid solution has only one grade, then all customers are processed under FCFS. If
the fluid solution has two grades, then these grades under the S policy are prioritized in descending
order of V' (u;) - pi + pi/~y and customers of each grade are processed under FCEFS. We next provide
a theoretical result on the performance of S policy for Markovian systems. To formally state the
result, we introduce the following notation. We denote the total arrival rate by A and fix po = A/N
by setting the number of servers N = A/ug. We denote the system welfare using the optimal policy
(among all non-anticipating policies) by K7}, the system welfare under the S policy by Kj, and the
optimal objective value of the fluid optimization problems (11) and (13) by M*(N, A).

Proposition 8. Assume that the welfare function is separable. If the inter-arrival, service, and
patience times are all exponentially distributed, then the S policy has O(\/K) performance. That is,
there exists finite A > 0 such that

Ki — Ky < AVA as A — co.

Moreover, if optimal value M*(N,A) is achieved under (11) with w* > 0, then our proposed
policy has o(1) performance. That is,

KX — Kol =0 as A — oo

Further, the optimal system welfare is upper bounded by the optimal objective value of the fluid
optimization problem (11) and (13). That is, Ky < M*(N,A).

The above result shows that for Markovian systems, the gap between the S policy and the
optimal policy is bounded by the square root of the system size times a constant. This can be
understood by noting that the order of stochastic fluctuation in a critically loaded system is within
the square root of the system size. However, when an overloaded system is optimal (w* > 0 in a
single-grade system), the performance gap between our policy and the optimal policy is not only

bounded but tends to zero as the system size grows.

5.3 Numerical Examples

We next use simulations to illustrate the performance of our proposed policies in stochastic systems.

We follow the parameters in §4.3 and simulate a system with Poisson arrivals at rate A = 150. The
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system has N = 100 agents, each processing work at a unit rate. The feasible set of service rates
for each grade is [0.5,2.5], and the service times of a grade with service rate p are exponentially
distributed with mean 1/u. The reward function V(u) = a/u?, and we vary a € [2,4] to obtain
different policies. The patience distributions we consider are exponential distribution with rate 1/3,
Erlang distribution with shape 3 and rate 1, hyper-exponential distribution with rates 1/2 and 1/4
and equal probability of occurrence of each rate, and two log-normal distributions, log-normal(0, 1.5%)
and log-normal(1, 0.52).

We report the average system welfare (per time unit) by simulating each queueing system
for 10,000 time units and taking an average of 20 independent runs; the 95% confidence interval

half-width is less than 0.2% of the reported values for all cases we consider.

5.3.1 Benefits of Service Rate Differentiation.

We compare the performance of systems with and without service rate differentiation using sim-
ulations. Both systems utilize optimal scheduling: the single-grade system follows FCFS or TIQ
under the optimal (single-grade) service rate, and the two-grade system follows the S policy for
joint service rate and waiting time differentiation. Table 3 reports the results under various patience
time distributions and shows that gains from service rate differentiation can be as much as 90%,

suggesting significant improvement from this dimension.

Table 3: Benefits of Service Rate Differentiation: Simulation of S policy, V(1) = a/u?, A = 150, N =
100, 4 € [0.5,2.5].

‘ a=2 ‘ a=3

Patience Distribution ‘ Single-Grade Two-Grade ‘ Single-Grade Two-Grade

Exp(1/3) 119.2 +85.5% 300.3 +11.6%
Erlang(3,1) 114.3 +90.9% 299.4 +11.8%
Hyper-exponential 119.2 +85.7% 318.8 +5.1%
Log-normal(0, 1.52) 238.1 +7.3% 438.4 +0.2%
Log-normal(1, 0.5%) 113.8 +89.2% 291.6 +14.0%

5.3.2 Accuracy of Fluid Approximations.

We present in Table 4 our simulation results of the S policy and compare them with those obtained
from the fluid solution. For e = 2 and 3, the queue-length cost has a similar magnitude to service
rewards. A two-grade critically loaded system is optimal for all patience distributions except for
log-normal(0, 1.5%) (see Figure 1 for illustration). For most of these patience distributions, we observe
similar gaps between our policy and the fluid solution. (The fluid solution is the same for these
patience distributions because the fluid system is critically loaded and customers don’t abandon.)

However, for the patience distribution log-normal(0, 1.5%), the optimal policy operates a two-grade
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overloaded system, so there is only a tiny gap between our policy and the fluid solution. For oo = 4,
the queue-length cost is not comparable to service rewards. This leads to an optimal single-grade
system in the overloaded regime for all patience distributions (see Figure 1 for illustration). So, the

gap between our policy and the fluid solution is minimal for all patience distributions.

Table 4: Accuracy of Fluid Approximations: V(u) = a/p?, A = 150, N = 100, u € [0.5,2.5].

‘ a=2 ‘ a=3 ‘ a=4

Patience Distribution \ Simulation  Fluid \ Simulation  Fluid \ Simulation  Fluid

Exp(1/3) 2211 +85% | 335  475% | 4996  +0.1%
Erlang(3,1) 218.2 +10.0% 334.6 +7.6% 499.8 +0.0%
Hyper-exponential 221.3 +8.5% 335.1 +7.4% 517.9 +0.1%
Log-normal(0, 1.5) 255.4 10.3% | 4393 40.0% | 6385  +0.0%
Log-normal(1, 0.52) 2153  +115% | 3325  48.3% | 4918  +0.0%

6 Extension to Heterogeneous Customers

In this section, we extend our previous analysis to systems with heterogeneous customers. We show
how the main structure of our result developed for homogeneous customers can qualitatively extend
to heterogeneous customers with ex ante differentiated primitives such as arrival rates, patience
distributions, and welfare functions.

Consider m customer classes. For class i = 1,...,m, let A; denote the arrival rate, F; denote
the patience time distribution, and F; denote its survival function. Let 7;(u, w) denote the welfare
generated by a class-i customer who is processed at service rate pu with offered wait w. The system
has N agents, each processing work at a unit rate.

We formulate the fluid optimization problem of heterogeneous customers in two stages. In the
first stage, the manager chooses the number of service grades within each class, the service rate of
each grade, and the allocation of class-i arrivals across these grades. Let J(i) denote the number of
service grades created for class 4. Let p; = (@i1,- - 15 y5)) and p; = (pi1,-- -, Pi g@)), Where p; ; is
the fraction of class-i arrivals assigned to grade j. Define p = (p1,..., ) and p = (p1,...,Pm)-
The first-stage grade-allocation problem is

max R(p, p), (21)

where R (s, p) is the optimal welfare achieved by the second-stage scheduling problem.
To state the second-stage problem, let K (i, j) denote the number of subgrades created within
service grade j of class i, where each subgrade is processed under FCFS and is associated with a

distinct offered wait. Let A; j i, w; jk, and n; ;i denote the arrival rate, offered wait, and capacity
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allocated to subgrade k of grade j in class . Then

R(p.p) = sup > Nijwri(i g, wiik) (22)
{K(8,5), Mg ke, Wi g, ks N,k b ik

K(i.5)
s.t. Z ik = Nipig, V(5. 7),
k=1

NigkFi(wigk) < nijrpig, V(i 4, k),
Z n,;’j,k S N. (23)
1;7j7k
Proposition 9. There exists an optimal solution to (21) and (22) where at most one customer
class uses two service rate and offered wait pairs, and every other class uses one service rate and

offered wait pair.

Proposition 9 is an analogue of Proposition 1 in the heterogeneous-customer case. Interestingly,
it shows that the benefit of service rate differentiation can be fully achieved by splitting at most
one customer class. This adds important practical implementability to the differentiation policy.
Proposition 9 further generalizes the structural property of the optimal policy for homogeneous
customers in Proposition 1. Indeed, with heterogeneous customers, ex ante heterogeneity does not
fully eliminate the parsimonious form of the optimal solution; rather, it extends the prescription
from “at most two active pairs” under homogeneous customers to “at most one active pair deviating
from single-grade FCFS” under the more general heterogeneous customers.

We next present a numerical example. Consider two customer classes with arrival rates A; =
Ao =75 and N = 100 agents. System welfare is the total service reward received by served customers
minus the cumulative waiting cost. The service reward function is common across the two classes
and given by V(1) = /%, while the waiting-cost rates are class-specific, with ¢; = 1 and ¢y = 1.5.
Following §4.3, we consider five patience time distributions: exponential, Erlang, hyper-exponential,
log-normal(0, 1.52), and log-normal(1, 0.5?). In this numerical example, both classes share the same
patience time distribution. We vary a and, for each value of «, solve (21) and (22).

With two customer classes, Proposition 9 suggests that the optimal fluid solution uses at most
three active service rate and offered wait pairs: one active pair for each class, plus at most one
additional active pair created by splitting one of the classes. Figure 2 compares two values. The
value M3 is the optimal objective value when one class is allowed to be split, so that up to three
active service rate and offered wait pairs may be used. The value M3 is the optimal objective value
under the restriction that each class uses a single service rate grade.

The figure also reports the operating regime and the class selected for service rate differentiation,
when such differentiation is optimal. For example, the notation ./\/lg)L : C’IOL, CZS RD.CL denotes an
overloaded system in which class 1 uses one service grade with a positive offered wait (OL), while
class 2 is differentiated into two service rate grades (SRD), both with a zero offered wait (CL).
Other labels can be interpreted analogously.

The numerical results show that within-class service rate differentiation can substantially improve

system welfare even when customers are already heterogeneous across classes. In this example,
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Figure 2: Optimal values of M35 and M3 under different patience time distributions.
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the optimal policy differentiates class 2 but not class 1. The welfare improvement relative to the
restricted benchmark M¥ reaches 55.2% under exponential, Erlang, and hyper-exponential patience
times, 56.2% under log-normal(0, 1.5%) patience times, and 55.0% under log-normal(1, 0.52) patience
times. These findings suggest that the main insight from the analysis of homogeneous customers
extends qualitatively to heterogeneous customers: the value of service rate differentiation can be

fully achieved by creating at most one additional service grade.

7 Conclusion

In this paper, we studied joint service rate and waiting time differentiation for homogeneous
impatient customers in quality-based service systems. We developed a fluid formulation in which
the manager chooses service grades, assigns customers to these grades, and schedules customers
using their grade labels and elapsed waiting times. Our main structural result shows that, in the
fluid model, there exists an optimal solution with at most two active service rate and offered wait
pairs. Thus, the optimal policy can be reduced to one of the three forms: a single-grade FCFS
policy, a single-grade policy with two offered waits, or a two-grade policy with FCFS within each
grade. We further characterized the optimal policy under separable welfare functions. We show
that both the shape of the service reward and patience time distribution can determine whether

service rate differentiation should exist, and if yes, in what regimes. With strictly increasing or
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constant hazard rates of patience times, any two-grade system, if optimal, must be critically loaded;
overloaded systems, if optimal, can have only one grade. With strictly decreasing hazard rates of
patience times, two-grade systems can be optimal in an overloaded regime, and a common offered
wait is applied to both grades. We further propose an S policy to implement the fluid solution in
stochastic systems through a randomized grade assignment at customer arrival and a priority rule
based on customers’ grade labels and elapsed waiting times. For Markovian systems, we provide a
formal performance guarantee for this policy.

Several future directions are worth pursuing. First, the two-active-pair result is exact for the
fluid model. However, an optimal policy in finite stochastic systems need not have the same form.
Moreover, analyzing critically loaded systems may require additional refinements to accommodate
stochastic fluctuations. We leave these refinements to future research. Second, extending the
performance analysis of the differentiation policy to non-Markovian systems will further strengthen
our understanding of this policy. Third, our results highlight the critical role of reward functions in
implementing service rate differentiation. We focused on well-behaved reward functions commonly
used in the quality-based service literature to develop insights, but reward functions in real-world
systems may be nonsmooth or nonmonotone in service times. Estimating such reward functions
in real contexts and integrating estimation with policy optimization is an important avenue for
future research. Finally, we extended our analysis to heterogeneous customers, wherein the fluid
solution suggests that at most one class needs to be further differentiated. A fuller analysis of service
rate differentiation in multi-class systems, especially under class-specific fairness or service-level

constraints, constitutes another relevant and interesting direction for future study.
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Appendix

A An Equivalent View of the Policy

In this section, we provide an equivalent formulation of our grade allocation and scheduling problem,
which entails an alternative interpretation and implementation of joint service rate and waiting time
differentiation. Recall that our original policy creates grade differentiation in the first stage and uses
the grade information to further create waiting time differentiation both across grades and within
each grade in the second stage. Alternatively, one can first create waiting time differentiation using
customers’ elapsed waiting times and then create service rate differentiation among non-abandoning
customers. Accordingly, in this alternative policy, the first stage focuses on assigning different
offered waits to arriving customers, and the second stage optimizes the capacity and service rate(s)
of each class, where classes are differentiated by their offered waits in the first stage.

Formally, with some abuse of notation, suppose the (homogeneous) arriving customers are

assigned to one of finitely many offered waits in w = (wy,ws, ..., wg) according to a probability
vector p = (p1,p2,-..,pK). The first-stage waiting time allocation problem can be stated as

max R(w,p),

w,p

with R(w, p) being the optimal value of the following capacity and service rate allocation problem:

R(w’p) = max ZR(nZ|wlapz)>

nZZ n; <N i
where
R(nilwi, p;) = sup > Xigr (i g, wi)
{0 i 5omi,55Mi,5,0=1,...,J (1) } F;

J(2)
s.t. Z >\i,j = Apl',
j=1

Nij F(ws) < mijpi g,

Z nm' S n;.
J

In the above, a customer class with arrival rate Ap; and offered wait w; is split into .J (i) subclasses.
Each subclass represents a unique service rate, corresponding to our service rate differentiation (to
be optimized jointly with the service capacity decisions), now implemented in the second stage. The
following lemma shows that the new formulation is equivalent to the original problem in terms of

system welfare.

Lemma 6. For any feasible service-rate-first and waiting-time-next allocation (p,p, w), there exists
a feasible waiting-time-first and service rate-next allocation (w’,p’, p') with the same system welfare,

and vice versa.
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The equivalence result in Lemma 6 above suggests that service rate differentiation can be
implemented either upon customers’ arrival or when they enter service. Such equivalence holds
because abandoning customers don’t enter service and service rates assigned to these customers upon
arrival do not affect system performance. In other words, the benefits of service rate differentiation

can only materialize among non-abandoning customers.

A.1 The W Policy

The W policy only creates service rate differentiation among non-abandoning customers when they
enter service. Depending on the number of grades created in the fluid solution, the W policy can be

stated as follows.

1. (Single-grade policy) If the fluid solution has only one grade p*, then process all customers
either under FCFS (if the fluid solution has only one offered wait) or TIQ policy (if the fluid

solution has two different offered waits) at rate p*.

2. (Two-grade policy) If the fluid solution has two grades p} # p3 with corresponding arrival

rates (A}, \5) and offered waits (wj, w3), then implement the following two steps.

(a) If wi = w3, consider the following two cases.

(a.1) If wi = w35 > 0, then process all customers under FCFS.
(a.2) If wi = w3 = 0, then process all customers under LCFS.
Process the next chosen customer at rate pj with probability Aj/A and at rate p3 with
probability \5/A.
(b) If w} # w3, suppose wj < wj without loss of generality.
(b.1) If F(w?)/pt > F(w})/uh, then use the following modified TIQ policy.
(i) First process customers who have waited more than wj at rate p3 under FCFS.
(ii) Then process customers who have waited less than w at rate pj under FCFS.
(iii) Next process the remaining customers at rate pj under LCFS.
(b.2) Otherwise if F(w?)/pi < F(w})/u5, then use the following policy.

(i) First process customers with waiting times greater than w;. With probability
N F(w3)/(Nuj), process these customers under LCFS at rate uf, and with
probability A3F (w3)/(Nub), process these customers under FCFS at rate pj.

(ii) Next process the remaining customers at rate p3 under FCFS.

The single-grade W policy replicates that of the S policy because service rate differentiation is
moot. We next elaborate on the two-grade W policy.

When w} = w3, customers are not differentiated by their offered waits, leading to a natural
choice of processing all customers under FCFS. Indeed, when wj = w3 > 0, the system is overloaded
and following FCF'S is critical to achieving the desired offered wait. However, when w] = w3 = 0,

the system is critically loaded, and we advocate processing customers under LCFS. In fact, under
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critical load, any non-idling policy can achieve a zero offered wait in the fluid model. Our choice
of LCFS is based on its robust performance demonstrated in our numerical examples presented in
§5.3, particularly notable under patience distributions with increasing hazard rates.

When w} # w3, the W policy has a simple implementation when F(w?})/u} > F(w3)/u3. Recall
w] < wj by our assumption, this condition states that the total workload of non-abandoning
customers is decreasing in their waiting times. When this holds, we propose a modification (b.1)
to the TIQ policy (Bassamboo and Randhawa 2016) to enable joint waiting time and service rate
differentiation. To elaborate, note that AF(w3)/u5 < N holds under this condition and thus step
(i) ensures that in the steady state no fluid mass will wait for more than w3. Similarly, we have
AF(w})/pi > N under this condition and thus step (ii) ensures that in the steady state no fluid
mass will wait for less than wj. These steps collectively ensure that customers in the system wait
for either w] or wj time units before being served. Step (iii) plays a more subtle role. When wj > 0,
steps (i) and (ii) ensure that all capacities are exhausted in the fluid model and step (iii) is never
applied. However, when w} = 0, step (iii) is critical because step (ii) is never applied. In this case,
LCFS in step (iii) ensures that all customers are either processed at rate p} when their time-in-queue
is zero, or simply wait until their time-in-queue exceeds w3 and then are processed at rate pus when
we apply step (i).

When F(w})/pi < F(w3)/us, the above modified TIQ policy can fail. Specifically, when we
apply step (i), because AF(w})/us > N, the system will likely stabilize at another offered wait
wy > wi so that step (i) effectively processes all customers at rate p3 under FCFS (with offered wait
wg). Thus, the policy may fail to lead us to the desired two-grade fluid solution. In this case, we
propose prioritizing customers with waiting times greater than wj. (Because if we apply step (ii) in
the modified TIQ policy (b.1), the system may, likewise, stabilize at another offered wait w; < wy.)
When we apply step (i) of (b.2), because there is insufficient capacity to process all customers with
waiting times greater than w] under LCFS, those unprocessed will wait until their time-in-queue
exceeds w3 and then be processed under FCFS. For customers with waiting times less than wj, we
propose step (ii) to ensure non-idling of servers, and because AF(w?})/uf > AF(w3)/p > N, this

step also ensures that in the steady state no fluid mass will wait less than wj.

A.2 Performance of the )V Policy for Markovian Systems

The following result mirrors Proposition 8, showing that the W policy shares the same performance

guarantee as the S policy. Let KXV denote the steady-state system welfare under the WV policy.

Proposition 10. Suppose the inter-arrival times, service times and patience times are exponentially
distributed, and suppose that the welfare function is separable. Then the W policy has O(\/K)
performance. That is, there exists finite A > 0 such that

K; — KY¥ < AVA as A — oo.

Moreover, if the optimal value M*(N, A) is achieved under (11) with w* > 0, then the W policy
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has o(1) performance:
|Ki — K| =0 as A — oo.

Further, the optimal stochastic-system welfare is upper bounded by the optimal objective value of
the fluid optimization problems (11) and (13). That is, K3 < M*(N,A).

A.3 Comparison between S and )V policies.

The S and W policies implement the same fluid solution but differ in when service rate differentiation
is created. The S policy assigns each customer a grade upon arrival and then uses this grade
information for scheduling. This policy requires the system to store each customer’s grade information
while the customer is waiting. In contrast, the W policy assigns service rates only to non-abandoning
customers when they enter service. This reduces implementation complexity.

Both policies have the same fluid-level performance. In finite stochastic systems, however,
their performance can slightly differ. Table 5 compares the performance of these two policies via
simulations. The S policy performs slightly better in most cases, consistent with the fact that
two-grade S policies can exploit service time heterogeneity in scheduling; see Xu et al. (2015) for
a related observation. The welfare differences between the two policies are small in most cases,
so the choice between these two policies is primarily driven by an implementation tradeoff: W
policy is preferable when simplicity is important, whereas S policy is preferable when robustness of
performance is important.

Table 5 also reports a variant of the W policy that uses FCFS, rather than LCFS, in step (a.2) for
two-grade critically loaded systems; see the “CL-FCFS” columns. This variant can suffer substantial
losses under Erlang and some log-normal patience distributions, for which LCFS minimizes the
within-class queue length, while it yields only minor gains under the hyper-exponential distribution,
for which FCFS minimizes the within-class queue length. We therefore recommend LCFS to be

used in two-grade critically loaded systems as a more robust policy.

Table 5: Comparison of S and W policies: simulation, V(u) = o/u*, A = 150, N = 100, and

€ [0.5,2.5].
a=2 ‘ a=3

W poli W poli

Patience Distribution | S policy W policy potey S policy W policy oty
(CL-FCFS) (CL-FCFS)

Exp(1/3) 221.1 —0.5%* —-0.5%* 335.0  —0.4%* —0.5%*
Erlang(3,1) 218.2 —0.8%* —14.5%* 334.6 —0.4%* —8.7%*
Hyper-exponential 221.3  —04%"  —0.3% 335.1  +0.5%"  +0.5%*
Log-normal(0, 1.52) 255.4  —0.0% —0.0% 439.3  —0.2% —0.2%
Log-normal(1,0.5%) 2153  4+0.2% —25.7%* 3325 4+0.0% —16.0%*

*Statistically significant at the 5% level.

Entries in the W columns report percentage changes relative to the corresponding S policy.
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B Proofs of Main Results

Proof. Proof of Proposition 1. The problems (6), (7), and (10) can be reformulated as

sup Y A, wig) (24)
pAW

s.t. Z )\i,j = A,
2%
> XijF(wig)/pi < N.
1]
To see this, substitute (7) into (10) and let w; = (w;j : j = 1,2,...,J(1)), i = (Nij 1 J =
1,2,...,J(i)),and n; = (n;; : g = 1,2,...,J(4)). We have

max R(p, = max su i (L, Wi 5 25
Hu,p (I’l’ p) P wi7)\£)ni % " (Ml IJ) ( )
s.t. )\z‘,j = Ap;,
J

XijF(wij) /i < nij,

Zni,j = Ny,
J
i

The new objective function is the same as (24). Regarding the constraints, note that any feasible
solution of (25) is a feasible solution of (24). Likewise, for any feasible solution of (24), we can
use it to construct a feasible solution of (25) by setting n; ; = \; ; F(w;;)/ui and p; = >0 i/ A
This establishes the equivalence between the two problems. We next focus on (24) to complete our
analysis.

Assume that the supremum in (24) is achieved for some K*, J, Ajj» and wy ;. Then, (24) has

an optimal objective value identical to that of the following linear program for A:

R(p) = sup > Aigr (i, wy ) (26)
i,J

S.t. Z Aijj = A,
0,3

D NigF(wi;)/wi < N.

/L'7j
Standard linear programming theory implies there exists an optimal solution to the linear program
(26) that has at most 2 positive components. This follows because there exists an optimal solution
that lies in the set of basic solutions, and further, because there are 2 constraints, the basis can have

a rank of at most 2. Thus, any basic feasible solution can have at most 2 positive components. []

Proof. Proof of Proposition 2. We present the proof for the two-grade optimization (13). The proof
for the single-grade problem (11) follows similarly.
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By solving A; and Ay as functions of {1, u2,wi, ws}, the two-grade problem (13) can be

reformulated as

max  G(p1, po, w1, ws)
H1,H42,W1,W2

s.t. p2 =

where G(u1, po, w1, wa) = M\r(pr, wy) + Aor(p2, we) with A\; and Ay defined in (14). The Lagrangian

can be written as

L(p1, p2, w1, wa) = G(p1, p, wi,wa) + &1 (p2 — p) + E(p1 — p2) + E3(0 — p1) + Eawr + Ewa,

where &;’s are the Lagrangian multipliers corresponding to five constraints. The following partial

derivatives hold

oM _ _(‘9/\2 _ Alf(wl)/ﬂl

Owr  Owr  F(wi)/pm — F(wg)/po’

O\ 90X Ao f (w2)/pe

Owy Ows  F(w1)/m — F(wg)/p2’

G _ ALf(w)/m (it w0) — 1. Or(p, w)
0w ™ Fwn) i — Py ) T A,
oG Ao f(w2)/ 2 (it w0) — 11t Or(pz, wo)
dwsy — F(wi)/m fﬁ(wg)/ug( (k1 w1) = 1z, wp)) + A5 ==

When an optimal solution w; satisfies 0 < w; < 0o, complementary slackness suggests &4 = 0
and thus

8 3
oG _, P (g wn) — iz, wn)

owr fo)  Flw)/pm — F(wz)/pe

When an optimal solution we satisfies 0 < wy < 0o, complementary slackness suggests 5 = 0 and
thus

oL
;0

(27)

Or(pi2w2)
oL _, 9 ) ey owm P2 rlmwn) r(umwn) (28)
Ows Ows fws) F(wi)/pm — Fwa)/p2
Combining (27) and (28), we have the desired result. O

Proof. Proof of Proposition 3.
We first show Part 1 of Proposition 3. Consider first the single-grade problem (11). Plugging in

the solution of \; and A, defined in (12), we rewrite the objective function as
’ll)j _
N () + M) = NV (o= 32 % [ Fo)d.

j=lLh
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Since V' (u)p is weakly increasing, it is optimal to set u = po, leading to w; = wy, = 0. Next, for the

two-grade problem, we have

7 (i, wi) = min{ngpg, A}V (i) — )\i/ iﬁ(y)dy, i=1,2.
0

Suppose we have a feasible solution (p, A\,n,w) such that w # 0. For any i, w; > 0 implies

nip; > A;. Since V(u)p is weakly increasing, we can always increase u; to \;/n; (which results in

w; = 0) and achieve an objective value at least as good as before. This implies that there always

exists an optimal solution with w = 0, leading to a critically-loaded system.

Next, we show Part 2 of Proposition 3. Suppose we have a feasible solution with pu; > po. We

will construct another feasible solution with uy = puo = i that achieves an equal or higher objective

value. To this end, fix the values of A1, Ao, w1, and wsy. The capacity constraint holds

Define 7 = N

— MF(w) g Ty =

Ao F'(wg)
Npusg

Alﬁ(wl) i )\QF(UJQ)

= 1.
N Npiz

— w2 _

N(nV () + 72V (p2)p2) — At /0w1 F(y)dy — Az F(y)dy.

0

The concavity of V(u)u and Jensen’s inequality further imply that

TV () + 2V (p2)pue < V(@) R,

. Then, the objective function can be expressed as

where i = T 1 + Toue constitutes a feasible solution satisfying the capacity constraint. Now, the

objective value of the single-grade problem with i, A, and w is

Thus, we have an alternative single-grade solution that achieves a weakly higher objective value.

NV(a A [ Fdy = [ Fw)dy,

O]

Proof. Proof of Lemma 1. Consider the two-grade problem. Using the notation from the proof of

Proposition 2, we have the following partial derivatives

where

D= D(/Llal‘b%wlan) =

Alﬁ(wl)

gﬁ = (D+V'(u)n?)
gj; = AZ];(%W) (D +V'(n2)i3)
= (P Vi - )
g = (P Vi = 2 5).

V(1) F(wr) = V(pa) F(ws) + [32 F(y)dy

F(wy)/m — F(w2)/ po
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Plugging in w; = wy = 0, we have

V(p1) = V(pz)
1w —1/p2

When an optimal solution (p1, p2) satisfies pp < p2 < p1 < 1, complementary slackness suggests
& =& = &3 =0 and thus

D(Mlvu%oao) =

oL oL V(1) = V(p2)
=0, =0 <= V'(u) -p@2=V"(u) p2=—- .
(1) - 1 (H2) - 1o i =1 1m2

8101 N an
When the optimal (u1, p2) has the form of (p1, 1) with pe < py < f1, then £ = &5 = 0 and

9L 4 V’(Ml)'ﬂ%:_w'

When the optimal (y1, 12) has the form of (f, u2) with p < pg < 1, then & = & = 0 and

8’(01

oL Vi) = V(pe)
— =0 <= V ps = —— =
Ows (ha) - 12 1/ —1/p2
Combining these, we have the desired result. O

Proof. Proof of Proposition 4. We first show that none of the first-order conditions in Lemma 1 can

hold when —V”’(p) - p? is strictly monotone. For any p; > s, note that

Vi) = Vip) L =V'Wldp [ =V (@)p?lp? dp
1/ —1/po o W2 dp o W2 dp
Hence, the right-hand side of the first-order conditions in Lemma 1 is a weighted average of —V’(p)u?

over [ua, p1).
Suppose first that —V’(u)pu? is strictly decreasing. Since 1 > po, we have

Vi(u1) = V(pz)
1/pn — 1/ po

Hence, Part 1 of Lemma 1 cannot hold. The same weighted-average argument shows that Parts

2

V' (m)pf < < =V'(u2)pi3.

2 and 3 of Lemma 1 cannot hold either. Therefore, no interior or one-sided boundary solution
satisfying the necessary first-order conditions can be optimal.

Using the partial derivatives in (29) with (w1, ws) = (0,0), we have

9G A1 [V(m) — Vi)

= _ >0
O pg L 1/ =1/ pe

= [V ()]

for all 1 < f1, and
G X [V(m) = V(pa) 1oy 2]
A A 2 I <0
Oz w3 | 1/pm—1/po [ (MQ)M_

for all o > p. Combining these two inequalities, the optimal solution must be (fi, 1) when —V”(p)p?

is strictly decreasing.
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Next, suppose that —V’(u)u? is strictly increasing. The same weighted-average argument gives

V(1) = V(pz)

V()i > > =V (p2) i3

U/ —1/po
Therefore,
oG 0G
— <0 and — >0.
O o2

Thus, the objective improves by moving p; downward and pe upward. Since feasibility of the
critically loaded two-grade problem requires ps < pg < p1, the optimal value is obtained by
collapsing the two service rates to the single critically loaded rate . Therefore, MS* = M$E. O

Proof. Proof of Lemma 2.

Following the notation in (29) and Proposition 2, we write the optimality condition for a solution

(w1, ws) with 0 < wy,wy < 0o as

Vil + g = Vike)ie + =D, (30)

M2
H (ws)
where _

V(1) F(wi) = V(p2) F(wa) + [ F(y)dy
F(wy)/p — F(wa)/pe

% cannot be zero, thus violating (30). To this end, we focus

D:

We next show D — V (p1)p1 —

on analyzing the sign of D — V' (u1)pu; — %, which can be expressed as

241
D —Vip — H(wr)

 ViF(wy) = VaF(wg) + [ Fly)dy — iF(wn) + Vi F(ws) 2 — s (F(wn) = Fws) ™)
) F(wy)/pm — F(w2)/pe
Fﬂ‘f) (Vip + }{’(ﬁ,l) Vapiz) + [u? F(y)dy — ((wll))
_ Flwn) i — Fws)
) — fite) + S F(y)dy
F(wi)/p1 — F(wa)/ o
where the last equality follows from the first equality in the optimality condition (30).

Now, suppose the hazard rate of the patience time distribution is strictly decreasing.

o When wy > wy (possibly wi = 00), we have H(w;) < H(y) < H(wz) for y € (wa, w1 ), which

implies f((y)) < F(y) < H((w)) Since wy > wg, we have

F(wl) — F(wg) w2 _ F(wl) — F(wQ)
Hw) o T < )

Thus,

_ 1 1 F(wy)  F(wy) w2 _ _ 1 1
Fa) (G~ ) < )~ e+ o, T < P00 (s = )

Note that the lower and upper bound in the inequalities above have the same sign, which

implies the numerator of (31) cannot be 0. Hence, D — Vi1 — szljl) = 0 cannot hold.
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e When w; < wy (possibly ws = 00), we have H(w2) < H(y) < H(w;) for y € (wq,ws2). In this

case, we have

_ 1 1 Flws)  Flun) w2 - _ 1 1
Fa) (g~ ) < ey~ o+ o, T < 00 (s = )

Similarly, the lower and upper bound in the inequalities above have the same sign, which

implies the numerator of (31) cannot be 0. Hence, D — Vi — H&n) = 0 cannot hold.

The case of patience time distributions with an increasing hazard rate follows analogously. We

omit the proof for brevity. O

Proof. Proof of Lemma 3. In the case of increasing hazard rates, the optimal offered waits for each
grade are (0, 00), i.e., to serve that grade under LCFS. In particular, for a feasible solution with a
finite and positive w; or wo, we should always split that grade into two subgrades. This is because
the marginal value of increasing capacity allocated to a subgrade with a shorter offered wait is
always greater than the marginal cost of reducing capacity allocated to the other subgrade with a
longer offered wait. Thus, to optimally process a grade (with insufficient capacity to process it all),
we should split that grade into two subgrades, one with offered wait zero and the other with offered

wait infinity. O

Proof. Proof of Proposition 7. To simplify notation, we write V; := V' (y;) for i =1, 2.
Case 1: Suppose Vipi + pi/y > Vopo + pa/v. In this case, grade 1 will be prioritized.

Under fixed p, we optimize over A; and write the total welfare R(\1) as a function of A\;. Define
]\1 . A=Nps

T l-pe/pat

Case 1.1: u1 > pg. The total welfare

RO\ Vidi + Va(N = At /pa)pe — [A = X — (N = Ar/pa)pe] /v for A < Ay,
1) = -

Vidr + Va(A = A\y) for A1 < A <A.
Thus, R'(A1) = Vi — Vo~ po/p1 + (1 — pg/p)/y = 0 for Ay < Ay and R'(A\;) = Vi — Vo < 0 for

A1 < A1 < A. Hence, the optimal A% = A;. This leads to (wy,ws) = (0,0) and recovers (15).
Case 1.2: u1 < ug. The total welfare

RO\ Vidi + Va(N = A /pi)pe — [A =M — (N — M\ /p)pe] /v for Ay < Ny,
1 pr—
ViNuy — (A — Npqp)/y for Npp < A1 <A

Thus, the optimal A\¥ = Npy. This leads to (wy,ws) = (0,00) and recovers MELCFS,
Case 2: Suppose Vipu; + p1/v < Vape + p2/v. Grade 2 will be prioritized. Under fixed p, we

optimize over Ao and write the total welfare R(\2) as a function of Ag. Define Ay = /ﬁ ’/L;;ivl
Case 2.1: u; > pg. The total welfare
Vi(A — X2) + Vo for 0 < Ay < Ay,
R(A2) = § Vada + VA(N = Xp/pg)pn — [A — Xp — (N = Xo/pg)m] /v for Ay < Ay < Ny,
‘/QN,LLQ—(A—N,LLQ)/’Y for N,u2</\2§A.
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Thus, the optimal A5 = Npuso. This leads to (wy,ws) = (00, 0) and recovers MEYCFS,

Case 2.2: u1 < ug. The total welfare

R()\ ) VQ/\Q—i—Vl(N—)\Q/,uQ),U,l — [A— Ay — (N—)\g/,ug),u,l] /")/ for 0 < Mg < N s,
2 =
VaNpg — (A — Nug) /vy for Npg < Ay < A.

Thus, the optimal A5 = Npso. This leads to (wy,ws) = (00, 0) and recovers MECFS,

Combining all cases, we have the desired result.
O

Proof. Proof of Corollary 2. Recall that the optimization problem under a single-grade policy is

p* =argmax NV(u)-p— (A= Np)/y=argmax u[V (1) +1/9].
p<pu<po p<p<po

When p [V (p) + 1/7] is strictly increasing, we have p* = pp and M7 = Mj(up). By Proposition 5,
the optimal welfare is the larger one between M (uo) and ME" in (15).

When 1 [V (@) + 1/7] is strictly decreasing, we have p* = p and M} = M;(u) in the single-grade
problem. If instead, two-grade service rates p* are optimal, then following the proof of Proposition 7,
they must satisfy ui[V (u}) + 1/v] > p5[V (ud) + 1/9], i.e., the faster grade is prioritized. However,
this condition is not valid when u[V (u) + 1/7] is strictly decreasing. Hence, the optimal policy
should have only one grade p. O

Proof of Lemma 4. Consider first w; > 0 and wy = 0. The first-order conditions are
M1
H (wl)
_ M2 _ _§5L
H(w2) A2 f(w2)

where &5 > 0 is the Lagragian multiplier corresponding to the constraint we > 0 (see the proof of

D — Vi —

D —Vous —

Proposition 2) and )
V(u1) F(w1) = V(p2) F(w2) + [2 Fy)dy

D = —
F(wi)/pm — F(w2)/pa
Thus,
M1 M2 M2
Vi ——— — Vous = — . 32
e H(w) "7 H(w) % A2 f(ws2) (32)
We now show D — V' (u1)p1 — ﬁ cannot be zero, thus violating the optimality condition for
. To this end, we focus on analyzing the sign of D — V(1)1 — ﬁ Similar to (31), we have
F(ws) Viug 4+ =4 — Vi + [¥2 F(y)dy — F(w1)
D— Vi — Mo e (Vi H(w1) 2142) w1 (y)dy H(w:)
H(w1) F(wy)/p — F(w2)/po
F(w w F(w
5122)<H 65)\2fu,2)+f 2F( )dy_H((wll))

F(w)/p — F(w2)/pa

w F w w
sttt + At — e + L F0)dy

F(wy)/p — F(wz)/p

I
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where the second equality follows from (32).
Since H(-) is decreasing and wy > wg, we have

_ 1 1 F(wg)  F(wr) w2 _ _ 1 1
P (g = w00y < ey~ 1)+ o, P00 < ) (505~ )

Now, since 3 > po, we have F(wy)/p1 — F(w2)/pue = F(wy)/p1 — 1/pa < 0. Further, since
& > 0, we have —)\Qéi?wﬂ < 0. Next, since w; > we and H(-) is strictly decreasing, we have

F(ws) (% — %) < 0 and F(w) (% - %) < 0. Combining all these, we have D —
Vip — % > 0, thus contradicting the optimality condition for wy. Hence, wy > 0 and wy =0
cannot hold at the same time.

Consider next w; = 0 and wo > 0. Similar to the previous analysis, we have

2
D-V ——=— =0
242 H (w-2) ’
M1 M1

H(wy) s Arf(wr)

where &4 > 0 is the Lagragian multiplier corresponding to the constraint w; > 0 (see the proof of

D—Vip —

Proposition 2). Then,

£ Flwy) _ Flw) | fw
D~ Vapip — 2~ = ettt * Mt ~ ) + b’ FW) (33)
H(w2) F(wy)/m = F(ws)/pa

Now,

_ 1 1 F(wp)  F(w) w2 _ _ 1 1
Pa) (g~ ) < )~ B+ o, 0 < P00 (s = )

Since m — H(l 3 > 0 and & > 0, the numerator of (33) is strictly positive. Irrespective of the

sign of F(w1)/pu1 — F(ws)/p2, D — Vapig — ﬁ cannot be zero. Hence, wq = 0 and wy > 0 cannot
hold at the same time. ]

Proof of Lemma 5. Given pj and pe, it is straightforward to verify that the equality in (20) corre-
sponds to the first-order optimality condition for w, and the inequalities in (20) correspond to the
constraints that A1 > 0 and Ay > 0. O

Proof of Corollary 3. By Lemma 2, we must have w; = we = w for an overloaded solution to be

optimal. With G(u1, 2, w,w) = A\ir(p1, w) + Aor(pg, w), we have

G _ MF(w) (V(m) = V(ka)

O 1#? ( 1/;11—1/;@2 TV M)’
G NaF(w) (V(m) =V (u2)

opz 2u§ < 1/;1—1/@ V) 2)’
G _ V) = Vipepe 1
g ~ AW ( f11 — fia H(U}))

Following the same proof as of Proposition 4, it is easy to show that the optimal solution of MgL is
achieved under (fi, ) when V’(u) - pi? is strictly increasing. Noting the form of g—g above, the result

follows from the fact that the hazard rate of the patience distribution is decreasing. O
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Proof of Proposition 8. The proof follows by considering our S policy for single-grade and two-grade
systems separately and then combining them. Note first that the optimal grade allocation must
follow the fluid solution. Otherwise, for any other allocation that deviates from the fluid solution,
the resulting system welfare will deviate from the fluid solution by Q(A) and it will be dominated
by a policy that follows the grade allocation and scheduling policy in the fluid solution.

Next, for single-grade systems, if a critically-loaded regime is optimal (i.e., the optimal offered
wait w* = 0), then following Zeltyn and Mandelbaum (2005, Theorem 4.1), the expected queue
length is within O(v/A) of the fluid approximation. If an overloaded regime is optimal (i.e., the
optimal offered wait w* > 0), then following Bassamboo and Randhawa (2010, Proposition 2),
the expected queue length is within o(1) of the fluid approximation. In both cases, because the
patience distribution is exponential, the abandonment rate is within the same order of the fluid
approximation as the queue length.

For two-grade systems, following Proposition 7, they must be critically loaded provided that
they are optimal. Then, following the proof of Bassamboo et al. (2023, Proposition 6), both the
abandonment rate and queue length are within O(yv/A) of the fluid approximation for critically
loaded systems.

Bassamboo and Randhawa (2010, Theorem 2) and Bassamboo et al. (2023, Proposition 6),
respectively, establish that for single-grade and multi-grade systems, the fluid approximation gives a
lower bound of the expected abandonment rate. Because the patience distribution is exponential,

the fluid approximation also provides a lower bound for the expected queue length too. O

Proof of Lemma 6. For any feasible service-rate-first and waiting-time-next allocation (u, p, w), we
will construct a feasible waiting-time-first and service rate-next allocation (w’,p’, u’) that achieves
an identical objective value. The reverse follows analogously.

Consider an original allocation (u,p,w), there are K customer grades and grade i has arrival
rate Ap; and service rate p;. This grade is further split into J(z) subgrades and subgrade j has

arrival rate \; ; and offered wait w; ;. Now, define

/ PR— ..
w'i= (i

If w;; is a singleton in this set, then define w, = w;; and Ap), = X; ;. Otherwise, suppose

z'e{1,2,...,K},j6{1,2...,J(i)}>.

., =

: o — . . : . ro_ /
there exists w;, j, = w;, j,, then merge these two offered waits by setting w; = wj, j,, Ap;

Nivgi + Niojas it 1 = iy, Mir2 = Miy, and service rate allocation probability Aq, j, /(Aiy ji + Niojo)
and iy j,/(Niy g1 + Nigjs ), respectively. The new allocation (w’, p’, p’) is a feasible solution to the
waiting-time-first and service rate-next allocation problem because it needs the same total capacity
as the original solution. Further, because each A; jr (i, w; ;) term in the original objective function
has an equivalent counterpart Ay j7(uy jo,wy) in the new objective function, the new allocation

(w’,p’, 1) achieves the same system welfare as the original solution. O

Proof of Proposition 9. Assume A; > 0 for all classes with arrivals; classes with A; = 0 can be

omitted. First, eliminate the grade-allocation probabilities and capacity variables. The two-stage
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problem (21)—(22) is equivalent to

sup Z Z Ni,aTi (i Wisa) (34)

{/—Lz‘,a/wi,m}‘i,a} i=1a€A;
s.t. Z Ai,a:Ah i=1,...,m,

acA;
< )

F. .
IPIPWEL LS
i=1 a€A; Hi.a
Ai,a > 0.

Here a indexes the service rate and offered wait pairs created within class 7. The equivalence

follows as in Proposition 1: any feasible solution of the original formulation induces (34) by setting

a=(4,k), thia = Mij, Wia = W;jk, and A\jq = A; . Conversely, any feasible solution of (34) can

be implemented in the original formulation by assigning class-i arrivals to pair a with probability

Xio/A; and allocating capacity n; , = )\i,aFi(wi,a) /1. This preserves feasibility and objective value.

Now fix an optimal solution of (34), and condition on its finite set of candidate pairs {(4] ,, w;,)}.
Fi(wf,)

Define v; o == ri(p ., w},) and g; 4 = T Given these pairs, the remaining optimization over
) ) i,a

arrival rates is the linear program

max Z Z i aViq (35)

{)‘i,azo} i=1a€A;

s.t. Z Ai,a:Aiy z':l,...,m,
a€A;

m
Z Z Ni,aGia < N.
i=1a€cA;
The fixed optimal solution is feasible and optimal for (35); otherwise, an improved solution to (35)
would improve the original fluid problem.

By standard linear programming theory, (35) has an optimal basic feasible solution. The
constraint matrix has m class-balance constraints and one aggregate capacity constraint, so its rank
is at most m + 1. Hence an optimal basic feasible solution has at most m + 1 positive arrival-rate
components \; 4. Since ), A, Ai.a = N > 0, each class must have at least one positive component.
Therefore, across m classes, at most one class can have more than one positive component; moreover,
no class can have more than two positive components. Thus, at most one class uses two active
service rate and offered wait pairs, and every other class uses one.

Mapping this basic optimal solution back to (21)—(22) gives the desired optimal grade-allocation

and scheduling solution. O

Proof of Proposition 10. The proof follows the same structure as the proof of Proposition 8. The
fluid upper bound K3 < M*(N,A) is independent of whether the fluid solution is implemented

through the & or W policy, because the fluid problem is a relaxation of the stochastic control
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problem. Also, any grade allocation that deviates from the fluid solution loses Q(A) welfare relative
to a policy that follows the fluid allocation and scheduling rule.

It remains to show that the W policy achieves the fluid value up to O(v/A).

Consider first the single-grade case. In this case, service rate differentiation is irrelevant, so
the W policy coincides with the § policy. Hence the same Markovian many-server approximation
bounds used in Proposition 8 apply directly.

Next consider the two-grade case. Following Proposition 7, a two-grade fluid solution can
be optimal only if it is critically loaded, with wj = wj = 0. Let the optimal fluid solution be
(13, 15, A7, A3), and set pf = A7 /A for ¢ = 1,2. Because N = A/po, the normalized critically loaded
two-grade fluid problem is independent of A, so we fix an optimal mixture (pj, p5, ui, u3) along the
sequence.

Under the two-grade W policy, a customer selected for service is assigned service rate p; with
probability p;. Hence the service time distribution is a two-phase hyperexponential distribution,

equivalently a phase-type distribution with initial distribution (p}, p3) and transient rates (uj, 13).

opr 1 <x; A;) N 1
Yot =alm )=t =
im1 Ma ANpt w5 A po

Its mean is

Thus the induced many-server system is critically loaded at the fluid scale.

Dai et al. (2014) state their result for a FIFO GI/Ph/n + M queue, and the aggregate state
process under the critically loaded W policy has the same law as that FIFO system. Indeed, under
exponential patience, the abandonment rate is v when @ customers are waiting, independently of
their order in queue; and, at each service entry, the initial service phase is sampled independently
according to (pj, p5). Therefore the transition rates of the aggregate process consisting of the queue
length and the service phase counts do not depend on whether the waiting customer is selected by
LCFS or FCFS.

We can therefore apply the steady-state Halfin-Whitt bound for GI/Ph/n + M queues in Dai
et al. (2014, Theorem 1 and the argument following Lemma 4). Let QXV denote the steady-state
queue length under the W policy. Their Lyapunov bound implies that the diffusion-scaled steady-
state queue length is uniformly integrable; hence, E[QY’] < BV/'N = O(V/A) for some finite constant
B. Because patience times are exponential, the steady-state abandonment rate is V]E[QXV], and the
total service-entry rate is A — V]E[QXV]. Since service rates are assigned independently at service
entry, the rate at which service rate p is used is p} (A — VE[QKV]) fori=1,2.

Let V; = V(u}). The two-grade critically loaded fluid value is MEE = A Z?zl p; Vi, whereas the
stochastic welfare under the W policy is KYV = (A — WE[QK\}D 2 piVi— cE[QY]. Therefore,

ME- - K| < (vgggw; Vil + C> E[QY] = O(VA),

because V (-) is bounded on the compact feasible service rate set.

Combining the single-grade and two-grade cases, there exists a finite constant A > 0 such that
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M*(N,A) — K}V < AVA. Since KYY < K} < M*(N, A), it follows that
0< Kj; — K < AVA.

Finally, if M*(N,A) is achieved under (11) with w* > 0, then the optimal fluid solution is
single-grade and overloaded. In this case the W policy coincides with the S policy, and Bassamboo
and Randhawa (2010, Proposition 2) implies M*(N,A) — K)¥ = o(1). Together with K} < K} <
M*(N,A), this gives ‘K}{ - KXV‘ — 0.

O
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