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Abstract
We study the optimal design of a professional service in a mixed market of customers
with heterogeneous skills and capabilities of using such service. Expert customers can
avail of the service on their own, whereas amateur customers find it challenging to
deploy the service and can only procure the service through an intermediary who
resolves the technical issues. We develop a model that captures the essential trade-
offs in such settings: heterogeneity in customer expertise, decentralization between a
service provider and intermediary, and congestion due to limited capacity. We analyze
how customer expertise differences drive the equilibrium outcomes under various pric-
ing and priority schemes. We find that a sufficient base of amateur customers allows
expert customers to “free-ride” under single pricing. Price discrimination can fully
allay such free-riding, but it may drive prices downward. Price discrimination also
favors expert customers under the First-Come-First-Served (FCFS) policy, but such
preference is generally reversed under prioritization. Specifically, prioritizing amateur
customers can bring revenue and welfare gains relative to the FCFS policy and a policy
that prioritizes expert customers. Our results offer normative guidelines for managing
professional services, clarifying regimes for price and priority discrimination, along
with revenue and welfare implications.
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1 INTRODUCTION

In recent years, the service sector in the United States has
accounted for a majority of total employment.1 Rapid growth
in technology sectors has created an enormous market for
professional services. For example, Amazon’s cloud service,
Amazon Web Service (AWS), has been a more profitable
channel for Amazon compared to traditional retail. According
to Amazon 2021 Annual Report, even though AWS revenues
were much smaller than domestic retail revenues (11% vs.
61% of overall revenues, respectively), AWS profits were
higher than retail profits.2

A growing feature of such services is their extended com-
plexity. Indeed, users have become increasingly differentiated
in their capabilities to deploy the service offerings. Some
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users can deploy the service and tailor it to their own use.
Other users find the service offerings technically complex and
would prefer “plug and play” and may often choose to work
with a third-party intermediary. In the context of cloud com-
puting, many machine learning projects are first deployed on
distributed large-scale data frameworks (e.g., Apache Spark
or Hadoop) before the data training process can be initi-
ated. Tech-savvy users, familiar with computing hardware
and infrastructure (e.g., CPU and GPU servers), can install
and configure the parameters by themselves. Other users,
lacking expertise in computer science, may contract with
a third-party intermediary (e.g., Databricks3) to help them
build the necessary framework to access the cloud service.

The boom in professional services, such as the industry of
Infrastructure as a Service (IaaS) coupled with the ecosystem
of intermediaries servicing customers of different expertise,
calls for a better understanding of the optimal design of these
services. We hope that our paper takes an important step
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toward service design, by understanding the trade-offs in how
to price and prioritize these services to customers.

In this paper, we refer to professional services as services
for which there exists substantial heterogeneity in user capa-
bilities and deployment. Hereafter, we refer to customers who
are capable of accessing the service on their own as expert
customers, and others whose access to the service must be
established through an intermediary as amateur customers.4

Another prominent feature of professional services is
that customers often have to compete for a limited shared
resource, giving rise to congestion externalities. In the con-
text of cloud computing, when there is a surge of requests on
clusters, incoming jobs may experience delays in accessing
busy servers based on their priority levels. Thus, customers
on the cloud (either on their own or through an interme-
diary) impose an externality on other customers in a way
that depends on their types. Given this subtle interaction,
cloud operators should understand how to serve high-margin
expert customers that directly procure a service as against
an increasing number of amateur customers brought by the
intermediary. Note that the presence of the intermediary cuts
into the provider’s margins in serving amateur customers, but
opens access to a new customer segment that otherwise would
not deploy on the cloud.

In this paper, we develop a model that captures the key
features in designing professional services: heterogeneity
in customers’ accessibility to a service, business through
intermediaries, and congestion due to limited capacity. We
analyze various pricing and prioritization schemes, and iden-
tify the fraction of amateur customers in the market as a
critical driver of equilibrium outcomes, prices, and revenues.
We show that under single pricing and the First-Come-First-
Served (FCFS) policy, the provider facing a high demand of
expert users will serve these customers exclusively. When the
demand of expert customers is not too high, the provider
will naturally also serve amateur customers. The presence
of amateur customers, however, allows expert customers to
“free-ride” and receive a positive surplus. So, the presence
of large demand from amateur customers is a boon to expert
customers, under the single pricing scheme.

Price discrimination allays free-riding effects. As the ser-
vice provider must share the reward of serving amateur
customers with the intermediary, the provider prefers to serve
expert customers for their high-profit margins. As a result, the
provider will not plan expansive coverage to all customers
unless the demand of expert customers is sufficiently low.
In this case, price discrimination may drive prices for both
classes downward compared to the optimal single price. This
finding offers an explanation as to why cloud services such as
AWS and Microsoft Azure have expanded in scale and mar-
ket reach over time across customer classes and have seen
reduced profit margins after expansion.

We also optimize pricing and priorities jointly. A service
provider may find it tempting to prioritize expert customers
under price discrimination (as they bring better revenues).
However, we caution against such policies. In fact, we show
that prioritizing amateur customers can bring additional rev-

enue benefits relative to the FCFS policy and a policy that
prioritizes expert customers. Such benefits are driven by the
wait-time reduction of amateur customers when they are
prioritized, which effectively alleviates double marginaliza-
tion and boosts the joining rate of the amateur segment. Of
course, prioritizing amateur customers will impose a higher
waiting cost on expert customers. However, the joint rev-
enues are better, as the revenue accrued from the additional
amateur customers served outweighs any reduced margins
of expert customers. In a similar vein, we find that prior-
itizing amateur customers can also bring welfare benefits.
We identify resource utilization as the main driver of the
welfare implications.

Finally, we consider two extensions. In the first extension,
we allow the intermediary to have a marginal cost in acquir-
ing amateur customers and show that all our conclusions
extend. In the second extension, we assume the intermedi-
ary’s fee is exogenous. Under this assumption, we show that
prioritization cannot improve revenue or welfare benefits rel-
ative to FCFS. This is because customers share the same
delay sensitivity irrespective of their type. This makes priority
discrimination futile under the intermediary’s exogenous fee.
However, when the intermediary can set its fee, the provider
can use prioritization to manage double marginalization.

2 LITERATURE REVIEW

Our work is related to the broad literature on service oper-
ations and queueing games. Naor (1969) proposes the first
queueing model with strategic customers and Edelson and
Hilderbrand (1975) extend Naor’s framework to unobserv-
able queues. A large body of the literature follows in this vein,
such as Gilbert and Weng (1998), Mendelson and Whang
(1990), and Chen and Frank (2004). See Hassin and Haviv
(2003) for a comprehensive review of this literature. Recently,
Chen et al. (2022) and Feldman et al. (2023) extend Naor’s
framework to consider a decentralized service setting simi-
lar to ours (e.g., a restaurant and a food delivery platform).
They study the incentive issues between decentralized play-
ers in serving a market of heterogeneous customers. Cui et al.
(2020) study the interactions between a service provider and
a line-sitting intermediary that makes money from provid-
ing queueing service for its customers. It is significant that
none of these papers consider using prioritization to man-
age double marginalization, which is critical in our study.
Our work differs from these papers as we explicitly demon-
strate the economic and welfare benefits of joint price and
priority discrimination.

As our work concerns priority pricing, it is closely related
to the literature on priority queues. This literature begins
with Adiri and Yechiali (1974), Balachandran and Schaefer
(1979), and Alperstein (1988), and is extended by Afeche and
Sarhangian (2015), Debo and Veeraraghavan (2014), Gavir-
neni and Kulkarni (2016), Hassin and Haviv (2006), and
Armony et al. (2021). Notably, the priority decisions in these
papers are primarily driven by customers’ heterogeneity in
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delay sensitivities, whereas these decisions in our model are
mainly due to the fact that customers are heterogeneous in
their abilities of deploying the service. Specifically, a key
feature of our model, the decentralization between the ser-
vice provider and intermediary, is generally missing in this
literature. Our work contributes to this literature by reveal-
ing the operational benefits of prioritization in combating
double marginalization.

3 MODEL

We consider a service provider facing a heterogeneous market
of customers with varied capabilities of deploying a service.
A fraction 𝛼 of the market consists of amateur customers who
are technically naive and must work with an intermediary to
procure the service. The remaining 1 − 𝛼 fraction are expert
customers who can procure the service on their own and tailor
it to personal use. Thus, the parameter 𝛼 can be interpreted as
a measure of sophistication or specialization of a professional
service and can be estimated from marketing research. For
highly specialized professional services, amateur customers
will constitute a significant portion of the market, in which
case, 𝛼 is likely high. We assume the parameter 𝛼 is known to
both the provider and intermediary (see Feldman et al., 2023
and Chen et al., 2022 for similar assumptions).

Further, customers often have to compete for a limited
shared resource, giving rise to congestion externalities that
adversely affect customers’ service experience and their will-
ingness to pay in the first place.5 To capture this effect, we
model the service system as an M∕M∕1 queue (for simi-
lar modeling choices, see Jafarnejad Ghomi et al. 2019 for
a comprehensive review of recent developments in apply-
ing queueing theory to model cloud computing). Specifically,
in our model, customers’ service requests arrive in a Pois-
son stream at an exogenous rate Λ and we refer to Λ as the
market size. The service time of each request is exponen-
tially distributed with rate 𝜇 and we refer to 𝜇 as the service
capacity.

Each customer has a valuation V for her requested service
and incurs a waiting cost c per unit of time spent in the system
(including time in service). Each customer decides whether to
purchase the service (throughout this paper, we interchange-
ably refer to customers’ purchasing and joining as the same)
or quit the service. Customers do not renege or abandon after
they join. We normalize customers’ utilities of not joining to
zero. We term the joining rate of each segment as the effective
arrival rate of that segment. To decide whether to join, expert
customers, if they make a direct purchase, obtain a net util-
ity that equals their valuation of the service, less the price the
provider charges them, and less the expected waiting cost. For
amateur customers, their joining decisions also depend on the
intermediary’s fee decision. As the main goal of this paper is
to understand how a provider of a complex professional ser-
vice should treat various customer segments differentially on
pricing and prioritization, we abstract away the contracting
issues between the provider and intermediary (see Feldman

TA B L E 1 Glossary of main notation.

Symbol Definition

V Customers’ valuations of service

𝛼 Fraction of amateur customers

Λ Market size

𝜇 Service capacity

c Delay sensitivity

pA, pF Prices charged to amateur and expert customers

𝜆A, 𝜆F Effective arrival rates of amateur and expert customers

R Revenue of the service provider

Π Social welfare

et al., 2023 and Chen et al., 2022 for a relevant discussion)
and focus on a simple setting in which the intermediary gen-
erates revenues by charging amateur customers a separate
fee. We present a detailed formulation of the intermediary’s
fee decision and amateur customers’ joining decisions in
Subsection 3.2.

We assume V > c∕𝜇 throughout this paper to rule out the
uninteresting case in which customers are unwilling to join
the service even if they are not delayed in queue. In what
follows, we first consider two boundary cases of market con-
ditions: (i) a market of expert customers only, 𝛼 = 0; (ii) and
a market of amateur customers only, 𝛼 = 1. We then consider
a heterogeneous customer population mixed with expert and
amateur customers, 𝛼 ∈ (0, 1). Table 1 summarizes the main
notations in this paper.

3.1 Market of expert customers

In a market of expert customers only (𝛼 = 0), each expert
customer will directly purchase the service, so that the pres-
ence of the intermediary is not relevant. As all customers
have the same valuation for the service and incur the same
expected waiting cost after joining, the service provider
can fully extract the surplus of joining customers (Hassin
& Haviv, 2003, chapter 3). In equilibrium, all customers
receive a zero surplus whether they join or not, and thus are
indifferent between joining and not joining.

Formally, given a service price p charged to expert cus-
tomers, the effective arrival rate 𝜆0 of expert customers
solves6

V −
c

𝜇 − 𝜆0
− p = 0. (1)

Anticipating (1), the provider selects price p to maximize his
revenue

max
p

p𝜆0(p),

with 𝜆0(p) solving (1). The following result characterizes the
optimal price for such a market.
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Theorem 1 (Anand et al., 2011, Proposition 1). In a mar-
ket of expert customers, the provider’s optimal price and the
resulting effective arrival rate are:

p∗0 = V −
c

𝜇 − 𝜆∗0
, where 𝜆∗0 =

{
Λ, if Λ ≤ �̂�0,

�̂�0, if Λ > �̂�0,

and

�̂�0 := 𝜇 −
√

c𝜇∕V . (2)

The proofs of the results in Sections 3–5 can be found in
Appendix B, and the proofs of the results in Section 6 are
in Appendix C in the E-companion. Theorem 1 gives the
threshold of market size �̂�0 that differentiates the provider’s
coverage of expert customers. When the market size Λ is
small, congestion is less important and the provider opts to
cover the entire market. As Λ grows and exceeds �̂�0, con-
gestion substantially cuts into the provider’s margin, forcing
the provider to only partially cover the market. This leads
to a fixed effective arrival rate �̂�0 despite a further growing
market size.

We remark that in a market of expert customers, the
price charged by a revenue-maximizing service provider, as
given in Theorem 1, is also socially optimal. This is because
each customer receives a zero surplus whether she joins or
not. This implies that the revenue collected by the service
provider is the same as the social welfare, so that his revenue-
maximizing price is also socially optimal (see Hassin &
Haviv, 2003, chapter 3 for similar observations).

3.2 Market of amateur customers

In a market full of amateur customers (𝛼 = 1), customers
find the service technically complicated for direct use and
must work with a professional intermediary to access the ser-
vice. In the context of cloud computing, Databricks helps
amateur users customize their computing infrastructure (e.g.,
parameter configuration) to support the normal operations of
their computing projects. For simplicity, we abstract away the
contracting issues between the service provider and interme-
diary and focus on a simple setting in which the intermediary
charges a separate fee s to each amateur customer for pro-
viding the connection service.7 For example, Databricks
charges users an additional hourly rate of $0.07 for the stan-
dard Data Engineering Light service that connects users to
Microsoft Azure clusters. In this case, an amateur customer’s
net utility of purchasing the service through the intermedi-
ary would equal her valuation of the service, reduced by
the cost of three items: the price charged by the provider,
the fee tolled by the intermediary, and the expected waiting
cost.

We model the interaction between the service provider,
intermediary, and amateur customers as a three-stage game.
First, the provider sets a price p charged to each ama-

teur customer. The intermediary then sets a fee s to serve
each amateur customer. Finally, amateur customers decide
whether to purchase the service through the intermediary. Our
model captures the decentralization between the provider and
intermediary in serving amateur customers.

We use backward induction to solve the game. In opti-
mality (of the intermediary’s fee s), each amateur customer
receives a zero surplus whether she joins or not. Thus, the
effective arrival rate of amateur customers satisfies 𝜆1(s) =
𝜇 −

c

V−p−s
. Then, given fixed p, the intermediary optimizes

its revenue by selecting fee s,

max
s

s𝜆1(s) = s

(
𝜇 −

c
V − p − s

)
. (3)

The one-to-one correspondence between s and 𝜆1 allows
us to convert the intermediary’s optimization problem (3) to
an equivalent one that optimizes over 𝜆1,

max
𝜆1<min{𝜇,Λ}

(
V −

c
𝜇 − 𝜆1

− p

)
𝜆1. (4)

Then, anticipating (4), the provider solves

max
p

p𝜆1(p),

with 𝜆1(p) solving (4). The following result characterizes the
provider’s optimal price for such a market.

Theorem 2. In a market of amateur customers, there exists a
threshold �̂�1 < �̂�0, where �̂�0 is defined in (2), such that the
provider’s optimal price and the resulting effective arrival
rate are

p∗1 = V −
c𝜇

(𝜇 − 𝜆∗1)2
, where 𝜆∗1 =

{
Λ, if Λ ≤ �̂�1,

�̂�1, if Λ > �̂�1.

Recall that in a market of expert customers, the provider
can fully extract the surplus of joining customers. However,
in a market of amateur customers, the provider has to share
the reward of serving amateur customers with the interme-
diary. Thus, the presence of the intermediary cuts into the
provider’s profit margins. Nevertheless, the provider’s opti-
mal market coverage has a similar threshold structure, but
this time, the threshold to induce full coverage is lower
than the corresponding threshold in a market of expert cus-
tomers, as congestion is more critical in the former amateur
market with decreased profit margins. Thus, full market cov-
erage is optimal in this market only when the market size is
even smaller.

We next discuss the welfare implications of the two mar-
kets. As no consumer surplus is retained in either market,
the social welfare Π(𝜆) = [V − cW(𝜆)]𝜆 is the sum of the
provider’s and intermediary’s respective revenues. To com-
pare the provider’s prices, revenues, and social welfare, let R∗0
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and R∗1 denote the provider’s optimal revenues under 𝛼 = 0
and 𝛼 = 1, respectively.

Proposition 1. We have

(i) p∗0 > p∗1 , R∗0 > R∗1;
(ii) 𝜆∗0 ≥ 𝜆∗1 and Π(𝜆∗0(p∗0)) ≥ Π(𝜆∗1(p∗1)), with inequalities

being strict when Λ > �̂�1.

As evinced, the necessity of relying on an intermediary to
reach amateur customers puts the provider at risk, creating
double marginalization that adversely affects the provider’s
revenues. Moreover, the same double marginalization reduces
market coverage too, leading to a lower utilization and
decreased social welfare.

3.3 Heterogeneous market of expert and
amateur customers

In this section, we consider a heterogeneous market mixed
with expert and amateur customers. For example, AWS and
Microsoft Azure serve both tech-savvy customers who build
their own computing infrastructure and amateur customers
who hire Databricks to connect them to the cloud. In such
markets, the joining decisions of expert and amateur cus-
tomers create congestion externalities that mutually affect
each other. In this section, we focus on the FCFS policy. (We
study non-FCFS queueing policies in Section 5.) We next for-
mulate the interaction between two customer segments under
FCFS. To this end, we utilize the one-to-one correspondence
between the intermediary’s fee s and the joining rate of ama-
teur customers 𝜆A (in a similar spirit to (3) and (4)) and
formulate the interaction between the intermediary and expert
customers as follows.

Definition 1. Let p = (pA, pF) denote the prices charged to
amateur and expert customers, and (𝜆A(p), 𝜆F(p)) denote the
effective arrival rates of amateur and expert customers. We
say that the effective arrival rate pair (𝜆A(p), 𝜆F(p)) is a Sub-
game Perfect Equilibrium (SPE) under FCFS if the following
holds:

(1) (Intermediary’s best response) 𝜆A(p) ∈
arg max

0≤𝜆<min{𝜇−𝜆F(p),𝛼Λ}
(V −

c

𝜇−𝜆F(p)−𝜆
− pA)𝜆;

(2) (Expert customers’ best response)
(a) if 𝜇 > (1 − 𝛼)Λ + 𝜆A(p) and V −

c

𝜇−(1−𝛼)Λ−𝜆A(p)
−

pF ≥ 0, then 𝜆F(p) = (1 − 𝛼)Λ;
(b) if 𝜇 > (1 − 𝛼)Λ + 𝜆A(p) and V −

c

𝜇−(1−𝛼)Λ−𝜆A(p)
−

pF < 0 and V −
c

𝜇−𝜆A(p)
− pF > 0, then 𝜆F(p) is such

that V −
c

𝜇−𝜆F(p)−𝜆A(p)
− pF = 0;

(c) if 𝜇 < (1 − 𝛼)Λ + 𝜆A(p) and V −
c

𝜇−𝜆A(p)
− pF ≥ 0,

then 𝜆F(p) is such that V −
c

𝜇−𝜆F(p)−𝜆A(p)
− pF = 0.

To understand Definition 1, note that the payoffs of expert
and amateur customers from joining the service are{

UF = V − pF − cWF(𝜆A, 𝜆F),

UA = V − pA − cWA(𝜆A, 𝜆F) − s,

where WF(𝜆A, 𝜆F) and WA(𝜆A, 𝜆F) are the expected wait times
of expert and amateur customers under effective arrival rates
(𝜆A, 𝜆F). Under FCFS, the expected wait times are

WF(𝜆A, 𝜆F) = WA(𝜆A, 𝜆F)

=

⎧⎪⎨⎪⎩
1

𝜇 − (𝜆A + 𝜆F)
if 0 ≤ 𝜆A + 𝜆F < 𝜇,

∞ otherwise.

We next explain the best-response formulations of differ-
ent players in Definition 1. First, given the provider’s prices
(pA, pF) and the effective arrival rate of expert customers
𝜆F(p), the intermediary’s best response is solved by opti-
mizing the effective arrival rate of amateur customers, given
its one-to-one correspondence with the intermediary’s fee s.
Second, given the effective arrival rate of amateur customers
𝜆A(p), the joining decisions of expert customers depend on
their wait times. In case (a), capacity is ample and wait times
are short, so that all expert customers join the service and
receive a positive surplus. In cases (b) and (c), capacity is
limited and wait times are excessively long if all expert cus-
tomers join the service, so that only a portion of them can
afford to join and receive a zero surplus.

Our next analysis focuses on a simple single pricing strat-
egy by enforcing pA = pF = p. Under this strategy, it is easy
to see that the equilibrium in Definition 1 is incentive com-
patible. On the one hand, expert customers will purchase the
service directly from the provider because pretending to be
amateur customers will incur an additional yet unnecessary
payment to the intermediary. (Recall the queueing cost is the
same for both types under FCFS.) On the other hand, ama-
teur customers are not technically sophisticated to imitate
expert customers and they must purchase the service through
the intermediary.

Now, for any price p ≥ 0, one can show that there exists a
unique SPE (𝜆A(p), 𝜆F(p)) satisfying Definition 1. Anticipat-
ing this, the provider selects price to maximize revenue:

max
p

p[𝜆A(p) + 𝜆F(p)]

s.t. (𝜆A(p), 𝜆F(p)) satisfies Definition 1.
(5)

To solve the provider’s revenue-optimization problem (5),
we first make an observation on the structure of SPE under
single pricing.

Lemma 1. Consider single pricing and FCFS policy. For any
price p, if 𝜆A(p) > 0 under an SPE, then 𝜆F(p) = (1 − 𝛼)Λ.
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The intuition of Lemma 1 can be explained as follows.
If 𝜆A(p) > 0, namely, a nonnegligible portion of amateur
customers purchase the service through the intermediary,
then the intermediary should generate a non-negative revenue
from serving these customers. This implies the intermediary’s
fee s = V −

c

𝜇−𝜆A(p)−𝜆F(p)
− p ≥ 0. The inequality must be

strict because if otherwise, V −
c

𝜇−𝜆A(p)−𝜆F(p)
− p = 0, then

the intermediary’s fee s is zero. In this case, the intermedi-
ary can be better off by increasing s and reducing 𝜆A(p) by
a small amount. This will generate a positive revenue for the
intermediary, contradicting the optimality of 𝜆A(p) in Defi-
nition 1. Thus, it must hold that V −

c

𝜇−𝜆A(p)−𝜆F(p)
− p > 0.

As the provider charges a single price to all customers and
joining the service incurs the same expected waiting cost for
all customers, it follows that expert customers can receive a
strictly positive surplus from joining. Hence, all of them will
join so that 𝜆F(p) = (1 − 𝛼)Λ.

Lemma 1 suggests that under single pricing, the provider
must serve expert customers entirely before serving any ama-
teur customers. It also suggests that the presence of amateur
customers allows expert customers to free ride and retain a
positive surplus that otherwise would be fully extracted in a
market without amateur customers. As we will demonstrate
shortly, the free-riding of expert customers increases system
congestion and adversely affects the efficacy of pricing as a
tool to regulate congestion.

Lemma 1 provides a structural property of SPE under sin-
gle pricing. Using this property, we divide all equilibria into
two types based on whether amateur customers are served.

Definition 2. Let p∗ be the optimal prices and
(𝜆A(p∗), 𝜆F(p∗)) be the corresponding effective arrival rates
of amateur and expert customers, respectively.

(i) The equilibrium (p∗, 𝜆A(p∗), 𝜆F(p∗)) is a Type I Equilib-
rium if 𝜆A(p∗) = 0.

(ii) The equilibrium (p∗, 𝜆A(p∗), 𝜆F(p∗)) is a Type II Equilib-
rium if 𝜆A(p∗) > 0.

By Definition 2, the provider serves expert customers
exclusively in a Type I equilibrium and serves both customer
types in a Type II equilibrium. Intuitively, a Type I equilib-
rium cannot be sustained when there are insufficient expert
customers. The following result formalizes this intuition.

Theorem 3. Consider single pricing and FCFS.

(i) A Type II equilibrium occurs if and only if

𝛼 > 𝛼, where 𝛼 > 1 − 𝜇∕Λ satisfies

V
c
=

𝜇 + (1 − 𝛼)Λ

[𝜇 − (1 − 𝛼)Λ]2
.

(6)

In this case, there exists a threshold �̂�A ∈ (0, 𝜇∕Λ −

(1 − 𝛼)) such that the provider’s optimal price and the

corresponding effective arrival rates of amateur and
expert customers are given by

p∗ = V −
c[𝜇 − (1 − 𝛼)Λ]

[𝜇 − (1 − 𝛼)Λ − 𝜆∗A]2
,

𝜆∗A =

{
𝛼Λ, if 𝛼 ≤ �̂�A

�̂�AΛ, if 𝛼 > �̂�A

and 𝜆∗F = (1 − 𝛼)Λ.

(ii) A Type I equilibrium occurs when Condition (6) does not
hold. In this case, the provider’s optimal price and the
corresponding effective arrival rate of expert customers
are given by

p∗ = V −
c

𝜇 − 𝜆∗F
,

𝜆∗F =

⎧⎪⎨⎪⎩
(1 − 𝛼)Λ, if (1 − 𝛼)Λ ≤ �̂�0,

�̂�0, if (1 − 𝛼)Λ > �̂�0,

where �̂�0 is defined in (2).

Theorem 3 fully characterizes the provider’s optimal sin-
gle price under FCFS. The presence of the intermediary cuts
into the provider’s margin of serving amateur customers, but
it also opens access to a segment that otherwise cannot be
reached. Charging a lower price to cover both segments has
the potential to expand market coverage, but it will also intro-
duce the adverse free-riding effect. The trade-off between
double marginalization, market coverage, and congestion
externality forms the crux of Theorem 3.

Theorem 3 identifies the fraction of amateur customers,
𝛼, as a critical driver of equilibrium outcomes. Specifically,
there exists a threshold 𝛼 that differentiates the provider’s
coverage strategies. For 𝛼 below this threshold, the provider
serves expert customers exclusively and sets a high price to
fully screen out amateur customers. This leads to a Type I
equilibrium. For 𝛼 above this threshold, the demand of expert
customers is very slim and it is better to expand coverage and
serve both segments. A Type II equilibrium then emerges. In
this latter case, there is another threshold, �̂�A, that further dif-
ferentiates the provider’s coverage strategy for the amateur
segment. Specifically, for 𝛼 < 𝛼 < �̂�A, all amateur customers
are served, and thus, the entire market is covered. For 𝛼 > �̂�A,
amateur customers are only partially served.

We present a graphical illustration of single pricing in
Figure 1, where we normalize both the delay sensitivity c and
service rate 𝜇 to 1. We vary the service valuation V ∈ [1, 13],
the fraction of amateur customers 𝛼 ∈ [0, 1], and market size
Λ ∈ {1∕2, 2}. To explain the notations in the figure, we use
𝜆e := 𝜆A + 𝜆F to denote the total effective arrival rates of
both types.

Under fixed c and 𝜇, Condition (6) partitions the param-
eter space (𝛼,V) into two separate regions, with a Type I
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2584 WU ET AL.Production and Operations Management

F I G U R E 1 Equilibrium under single pricing.

(white area) and Type II equilibrium (dark area) being the
dominant equilibrium in each region. The solid curve depicts
the switching boundary. Each region is further partitioned
into two subregions differentiated by the provider’s coverage
strategy for certain customer segments. In the Type I region
where expert customers are served exclusively, the dashed
curve represents the boundary between full and partial cov-
erage of expert customers. In the Type II region where both
expert and amateur customers are served, the dotted curve
represents the boundary between full and partial coverage of
amateur customers.

4 PRICE DISCRIMINATION

In the previous section, we focused on single pricing
and identified the free-riding of expert customers when
amateur customers are served. In this section, we con-
sider type-based price discrimination and show that this
advanced pricing scheme can fully allay free-riding. To
implement type-based price discrimination, it requires iden-
tifying the type of each incoming customer. In the context
of cloud computing, AWS and other major cloud opera-
tors have provided special entries for intermediaries such as
Databricks. These entries are generally different from those
of direct users who access the cloud without using these
intermediaries.8 Thus, whether one uses the special portal
of Databricks to access the cloud will reveal the type of
that customer, and this information can be used for price
discrimination.9

Under price discrimination, let pA and pF denote the
prices charged to amateur and expert customers, respec-
tively. All customers are served under the FCFS policy as

before. Similar to the case of single pricing, one can show
that there exists a unique SPE satisfying Definition 1 under
price discrimination. The resulting SPE under the optimal
price discrimination is incentive compatible. Specifically,
amateur customers have limited technical sophistication to
imitate expert customers and expert customers do not have
an incentive to mimic amateur customers either.

To explain this latter point, note that the revenue-
maximizing intermediary will set s such that amateur
customers receive a zero surplus from joining the ser-
vice. Price discrimination also ensures that expert customers
receive a zero surplus if they make a direct purchase from
the provider. So, expert customers are indifferent between
purchasing the service from the provider and through the
intermediary. In this case, we assume that all expert cus-
tomers stick to their “expert” identities with probability one.
There are two reasons to enforce such pure-strategy behav-
iors. First, if instead, expert customers play a mixed strategy,
we can consider a symmetric equilibrium in which all expert
customers select each option with the same probability. The
switching expert customers will adjust the market compo-
sition and allow 𝛼 to increase. The resulting equilibrium
under the new market composition with an increased number
of effective amateur customers (including real amateur cus-
tomers who are technically incapable and expert customers
who pretend to be amateur) can be derived using Theorem 4
by treating the remaining expert segment as if they were play-
ing a pure strategy. One can show that the provider’s optimal
revenues are decreasing in the number of effective amateur
customers. In this sense, stimulating a direct purchase among
all expert customers (see Lemma 2) is indeed optimal for the
provider. Second, stimulating direct purchases among expert
customers can be achieved by charging pF slightly less than
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the optimal p∗F in Theorem 4, leaving a tiny but positive
surplus to these customers. This will incentivize all expert
customers to make a direct purchase and the resulting revenue
will be sufficiently close to the provider’s optimal revenue
given in Theorem 4.

The provider then selects prices p = (pA, pF) to maximize
revenue

max
p

pA𝜆A + pF𝜆F

s.t. (𝜆A(p), 𝜆F(p)) satisfies Definition 1. (7)

To solve the provider’s optimization problem, we provide
a structural property of the optimal price discrimination.

Lemma 2. Consider price discrimination and FCFS.

(i) If (1 − 𝛼)Λ < 𝜇 and the optimal prices p∗ yield 𝜆∗A > 0,
then it must hold that 𝜆∗F = (1 − 𝛼)Λ in optimality.

(ii) If (1 − 𝛼)Λ ≥ 𝜇, then the optimal prices p∗ must yield
𝜆∗A = 0.

Similar to Lemma 1, Lemma 2 suggests that if any amateur
customers are served under price discrimination (𝜆∗A > 0),
then expert customers should have been served entirely (𝜆∗F =

(1 − 𝛼)Λ). In other words, the provider will serve expert cus-
tomers exclusively before switching to serve any amateur
customers. To understand this result, note that by charging
different prices, the provider can fully extract the surplus of
expert customers, eliminating free-riding that emerged under
single pricing. Serving amateur customers, however, is less
profitable as a portion of their surplus must be shared with
the intermediary.

Lemma 2 allows us to narrow down the search region
of feasible prices in (7). Specifically, we only need to con-
sider prices such that either amateur customers are screened
out (𝜆A = 0) or expert customers are served completely
(𝜆F = (1 − 𝛼)Λ). We characterize the optimal prices in the
following result.

Theorem 4. Consider price discrimination and FCFS.

(i) A Type II equilibrium occurs if and only if

𝛼 > 1 − �̂�0∕Λ, (8)

where �̂�0 is defined in (2). In this case, there exists
a threshold �̂�d ∈ (0, 𝜇∕Λ − (1 − 𝛼)) such that the
provider’s optimal price and the corresponding effective
arrival rates of amateur and expert customers are given
by

p∗A = V −
c[𝜇 − (1 − 𝛼)Λ]

[𝜇 − (1 − 𝛼)Λ − 𝜆∗A]2
and

p∗F = V −
c

𝜇 − (1 − 𝛼)Λ − 𝜆∗A
,

where

𝜆∗A =

⎧⎪⎨⎪⎩
𝛼Λ, if 𝛼 ≤ �̂�d,

�̂�dΛ, if 𝛼 > �̂�d,

and 𝜆∗F = (1 − 𝛼)Λ.

(ii) A Type I equilibrium occurs when Condition (8) does not
hold. The provider’s optimal price and the corresponding
effective arrival rate of expert customers are given by

p∗F = V −
c

𝜇 − 𝜆∗F
, p∗A ≥ p∗F ,

𝜆∗F = �̂�0, where �̂�0 is defined in (2).

Some observations are in order. First, we can rewrite (8) as
(1 − 𝛼)Λ < �̂�0, that is, the size of expert customers should
not exceed �̂�0. To explain this condition, recall that in a
market of expert customers only, the effective arrival rate of
expert customers is capped at �̂�0 (cf. Theorem 1). Recall also
that in a market with both expert and amateur customers,
the provider favors expert customers for their high margins
under price discrimination. So, if the demand of expert cus-
tomers exceeds �̂�0, it is optimal to serve these customers up
to the threshold �̂�0, forgo the excess demand and screen out
remaining amateur customers.

Thus, a Type II equilibrium can only emerge when the
fraction of amateur customers is above (1 − �̂�0∕Λ). Recall
that a Type II equilibrium emerges under single pricing when
𝛼 exceeds 𝛼 (cf. Theorem 3). It then follows that, when
the fraction of amateur customers falls in a range, that is,
between (1 − �̂�0∕Λ) and 𝛼, the provider serves both seg-
ments under price discrimination but only the expert segment
under single pricing. Hence, a Type II equilibrium emerges
in a wider range of parameter space under price discrimina-
tion. Therefore, price discrimination reduces free-riding and
creates efficient market coverage.

In Figure 2, we give a graphical illustration of the equi-
librium outcomes under price discrimination. Using the same
parameters as those under single pricing, we compute the new
equilibria under price discrimination. The solid and dashed
curves represent the switching boundaries between Type I and
Type II regimes under single pricing and price discrimina-
tion, respectively. We find that the Type II regime expands
as the provider switches from single pricing to price dis-
crimination. Moreover, under a small market size (Λ = 1∕2
in Panel a), price discrimination increases the chance of full
market coverage.

Not surprisingly, price discrimination can improve the
provider’s revenue by pulling more pricing levers. However,
prices may also drop under price discrimination. Specifically,
we find cases in which a provider who initially charges a sin-
gle price chooses to lower prices for both segments as he
switches to type-based price discrimination.

Proposition 2 (Single pricing vs. price discrimination).
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F I G U R E 2 Equilibrium comparison between single pricing and price discrimination. [Color figure can be viewed at wileyonlinelibrary.com]

(i) The provider’s revenue under price discrimination is
strictly higher than that under single pricing when 𝛼 >

1 − �̂�0∕Λ. Otherwise, they are equal.
(ii) Under price discrimination, the provider charges a

higher price to expert customers than amateur cus-
tomers, p∗F > p∗A. Compared with the optimal price p∗

under single pricing, if 𝛼 satisfies max{𝛼, �̂�A} < 𝛼 ≤ �̂�d,
then there exists �̃� < 𝛼 such that{

p∗ > p∗F > p∗A, if �̂�A < �̃�,

p∗F > p∗ > p∗A, if �̂�A > �̃�,

where 𝛼 and �̂�A are defined in Theorem 3(i) and �̂�d is
defined in Theorem 4(i).

To explain Proposition 2, note that when the demand of
expert customers exceeds �̂�0 (the white region in Figure 2),
the provider will serve expert customers exclusively up to
�̂�0 under both pricing schemes, effectively reducing price
discrimination to single pricing. Thus, price discrimination
can only outperform single pricing in a Type-II equilibrium
(the dark-shaded region in Figure 2). In this case, the price
charged to amateur customers is lower than that charged to
expert customers, p∗A < p∗F . This is due to the fact that the
reward of serving amateur customers must be shared with the
intermediary, whereas the reward of serving expert customers
can be extracted exclusively.

However, it is intriguing that in some circumstances, price
discrimination drives prices downward for both expert and
amateur customers compared to the optimal single price. In
this case, customers, irrespective of their types, can find a
better price under price discrimination. To understand this

result, recall that �̂�A and �̂�d are the thresholds that differenti-
ate the provider’s coverage strategy for the amateur segment.
Specifically, when the fraction of amateur customers is below
these thresholds, the provider will serve amateur customers
entirely and thus fully cover the market. Now, under sin-
gle pricing, as the price charged to both types is identical,
expert and amateur customers are pooled together and con-
tribute to a common demand, which is too large to be served
all especially when �̂�A is small (�̂�A < �̃�), partially due to
the free-riding effect of expert customers. This prompts the
provider to charge a higher single price to regulate system
congestion. In contrast, under price discrimination, each type
is priced separately and their demands are not very tightly
pooled. The provider can focus on improving the aggregate
throughput by charging a lower price to each type (p∗ > p∗F >

p∗A) without causing excessive congestion.
Indeed, we find that over time, highly profitable cloud ser-

vices such as AWS and Microsoft Azure have all expanded
in scale and market reach, but only to see their profit mar-
gins drop after expansion. Our results provide a tentative
explanation for this trend.

5 PRICING AND PRIORITIZATION

In previous sections, we focused on analyzing the provider’s
optimal pricing strategy under FCFS. In this section, we
propose another operational instrument to manage service
systems: resource reallocation using priorities. For exam-
ple, in the context of cloud computing, low-priority jobs can
be interrupted and preempted by high-priority ones (Costa
et al., 2018).10 Motivated by this observation, we consider
a revenue-maximizing provider that jointly optimizes over
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prices and priorities. (We allow type-based differentiation in
both prices and priorities.)

Note that priorities are relative treatments. Prioritizing one
segment will reduce the wait times of that segment, but will
also increase the wait times of other segments de-prioritized.
We thus analyze two scenarios, each giving preemptive pri-
orities to a specific customer segment. In both scenarios, it
is incentive compatible for expert and amateur customers to
truthfully reveal their types. Amateur customers have limited
technical sophistication and must work with an intermedi-
ary to access the service. Expert customers are indifferent
between purchasing the service directly from the provider and
pretending to be amateur (each yielding a zero surplus under
price discrimination). As done in Section 4, we assume that
all expert customers purchase directly from the provider with
probability one.

When preemptive prioritization is allowed, the expected
wait times of the high-priority class only depend on the join-
ing rate of that class, whereas the expected wait times of
the low-priority class depend on the joining rates of both
classes. In a two-class queueing system that prioritizes class
i over class j, the expected wait times of each class are given
by11

Wi(𝝀) =
1

𝜇 − 𝜆i
, Wj(𝝀) =

𝜇

(𝜇 − 𝜆i)(𝜇 − 𝜆i − 𝜆j)
,

where 𝝀 = (𝜆i, 𝜆j).

5.1 Prioritizing expert customers

We established in previous sections that the provider prefers
to serve expert customers for their high margins under price
discrimination. This intuition extends to the current setting
with priorities. We first consider prioritizing expert customers
and formulate the provider’s revenue-maximization problem
as follows:

max
pA,pF

pA𝜆A + pF𝜆F

s.t. V −
c

𝜇 − 𝜆F
− pF = 0,

0 ≤ 𝜆F ≤ (1 − 𝛼)Λ,

𝜆A = arg max
0≤𝜆<min{𝜇−𝜆F ,𝛼Λ}(

V −
c𝜇

(𝜇 − 𝜆F)(𝜇 − 𝜆F − 𝜆)
− pA

)
𝜆.

(9)

We make an observation on the structure of the optimal
prices.

Lemma 3. Consider price discrimination and prioritizing
expert customers. If (1 − 𝛼)Λ < 𝜇 and the optimal prices p∗

yield 𝜆∗A > 0, then it must hold that 𝜆∗F = (1 − 𝛼)Λ. If (1 −
𝛼)Λ ≥ 𝜇, then the optimal prices must yield 𝜆∗A = 0.

In the context of Lemmas 1 and 2 with FCFS being
the queueing discipline, the provider will serve expert cus-
tomers entirely before switching to serving any amateur
customers. The same structure is preserved when expert cus-
tomers are prioritized, extending the intuition from Lemma 2.
Specifically, price discrimination allows the provider to fully
extract the surplus of expert customers, whereas the rewards
of serving amateur customers must be shared with the
intermediary.

Theorem 5. Consider price discrimination and prioritizing
expert customers.

(i) A Type II equilibrium occurs if and only if

𝛼 > 1 − �̂�0∕Λ, (10)

where �̂�0 is defined in (2). In this case, there exists
a threshold �̂�F−Pri

d ∈ (0, 𝜇∕Λ − (1 − 𝛼)) such that the
provider’s optimal prices and the corresponding effec-
tive arrival rates of amateur and expert customers are
given by

p∗A = V −
c𝜇

[𝜇 − (1 − 𝛼)Λ − 𝜆∗A]2
and

p∗F = V −
c

𝜇 − (1 − 𝛼)Λ
,

where

𝜆∗A =

⎧⎪⎨⎪⎩
𝛼Λ, if 𝛼 ≤ �̂�F−Pri

d ,

�̂�F−Pri
d Λ, if 𝛼 > �̂�F−Pri

d ,
and 𝜆∗F = (1 − 𝛼)Λ.

(ii) A Type I equilibrium occurs when Condition (10) does
not hold. In this case, the provider’s optimal prices
and the corresponding effective arrival rate of expert
customers are given by

p∗F = V −
c

𝜇 − 𝜆∗F
, p∗A ≥ p∗F ,

𝜆∗F = �̂�0, where �̂�0 is defined in (2).

The equilibrium outcomes in Theorem 5 when expert cus-
tomers are prioritized exhibit a similar threshold structure as
those under FCFS. The threshold also matches that in Theo-
rem 4. The optimal prices, however, depend on the queueing
policy. The subtlety in prices under different queueing poli-
cies stems from the fact that FCFS places an endogenous
waiting cost on each segment determined by decisions of
both classes, whereas in priority queues, the joining decisions
of the high-priority class are determined solely within that
class independently from the decisions of the low-priority
class.
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5.2 Prioritizing amateur customers

We next consider prioritizing amateur customers and formu-
late the provider’s revenue-optimization problem as follows:

max
pA,pF

pA𝜆A + pF𝜆F

s.t. 𝜆A ∈ arg max
0≤𝜆<min{𝜇,𝛼Λ}

(
V −

c
𝜇 − 𝜆

− pA

)
𝜆,

V − pF −
c𝜇

(𝜇 − 𝜆A)(𝜇 − 𝜆A − 𝜆F)
= 0,

0 ≤ 𝜆F ≤ (1 − 𝛼)Λ. (11)

We characterize the optimal prices in the following result.

Theorem 6. Consider price discrimination and prioritizing
amateur customers.

(i) A Type II equilibrium occurs if and only if

𝛼 > 1 − �̂�0∕Λ, (12)

where �̂�0 is defined in (2). In this case, there exists
a threshold �̂�A−Pri

d ∈ (0, 𝜇∕Λ − (1 − 𝛼)) such that the
provider’s optimal prices and the corresponding effec-
tive arrival rates of amateur and expert customers are
given by

p∗A = V −
c𝜇

(𝜇 − 𝜆∗A)2
and

p∗F = V −
c𝜇

(𝜇 − 𝜆∗A)[𝜇 − (1 − 𝛼)Λ − 𝜆∗A]
,

where

𝜆∗A =

⎧⎪⎨⎪⎩
𝛼Λ, if 𝛼 ≤ �̂�A−Pri

d ,

�̂�A−Pri
d Λ, if 𝛼 > �̂�A−Pri

d ,

and 𝜆∗F = (1 − 𝛼)Λ.

(ii) A Type I equilibrium occurs when Condition (12) does
not hold. In this case, the provider’s optimal prices
and the corresponding effective arrival rate of expert
customers are given by

p∗F = V −
c

𝜇 − 𝜆∗F
, p∗A ≥ p∗F ,

𝜆∗F = �̂�0, where �̂�0 is defined in (2).

Theorem 6 shows that the equilibrium outcomes when
amateur customers are prioritized exhibit a similar threshold
structure as those under other queueing policies. Specifically,
the switching boundaries between Type I and Type II regimes

are identical in priority queues irrespective of which segment
is prioritized. This result is because different priority poli-
cies are considered jointly with price optimization. Thus, the
thresholds to induce a Type I equilibrium are identical in
Theorems 4, 5, and 6. The provider’s revenues are the same
in a Type I equilibrium irrespective of the queueing policy
because amateur customers are screened out and expert cus-
tomers are served exclusively. However, when both segments
are served in a Type II equilibrium, the provider’s revenues
will heavily depend on the queueing policy, as reallocating
wait times across segments will readjust the profit margins of
each segment. We address this issue in the next section.

5.3 Comparison between priority and
FCFS

We next examine the provider’s priority preference by com-
paring the provider’s optimal revenues under three queueing
policies (FCFS, prioritizing expert customers, and prioritiz-
ing amateur customers). As serving expert customers entails
a higher profit margin, one may expect that prioritizing these
customers can improve the revenue by reducing their wait
times and creating even higher profit margins. However, con-
trary to this expectation, we show in the next result that
prioritizing expert customers generates the lowest revenue
among all three queueing policies.

Formally, let RF−Pri, RA−Pri, and RFCFS denote the
provider’s optimal revenues by prioritizing expert customers,
prioritizing amateur customers, and serving all customers
under FCFS, respectively.

Proposition 3 (Optimal pricing and prioritization). Given �̂�0
defined in (2), we have

(i) RA−Pri > RFCFS > RF−Pri when 𝛼 > 1 − �̂�0∕Λ; RA−Pri =

RFCFS = RF−Pri when 𝛼 ≤ 1 − �̂�0∕Λ;
(ii) p∗F > p∗A when the provider prioritizes expert customers

and p∗A > p∗F when the provider prioritizes amateur
customers.

Recall that the provider in principle prefers to serve expert
customers under price discrimination. Thus, when there is a
sufficient base of expert customers, the provider will serve
them exclusively up to �̂�0.

This implies that reallocating wait times through prior-
itization is only relevant in a Type II equilibrium, which
emerges when the demand of expert customers is not too
high, Λ(1 − 𝛼) < �̂�0. Proposition 3 further shows that in this
equilibrium, prioritization does not favor expert customers
even though price discrimination does.

To explain such discrepancy, recall that prioritization
is optimized jointly with price discrimination. Prioritizing
expert customers, while creating higher profit margins of
expert customers, increases the waiting cost of amateur cus-
tomers. The effect of the increased waiting cost is further
amplified by a revenue-maximizing intermediary that adjusts
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fees in response to the de-prioritization of its customers.
This exacerbates double marginalization and prompts ama-
teur customers to join the service at a rate significantly lower
than that under FCFS. The latter effect can dominate the
increased margins of expert customers, leading to inferior
performance of this queueing policy.

In a similar spirit, there can be surprising revenue benefits
by prioritizing amateur customers. Such benefits are driven
by the wait-time reduction of amateur customers which effec-
tively alleviates double marginalization and boosts the joining
rate of amateur customers. The provider then can charge
a higher price to the amateur segment (p∗A > p∗F) despite
an adjusted fee tolled by the intermediary. Of course, pri-
oritizing amateur customers poses a higher waiting cost
on expert customers and reduces their profit margins. The
joint outcome of these effects is that the revenue accrued
from the newly served amateur customers outweighs the
reduced margins of expert customers, allowing this pol-
icy to achieve the best revenue among all three queueing
policies.

The above findings hint at a unique perspective of dou-
ble marginalization rooted in the decentralization in serving
amateur customers. They also demonstrate how the provider
can use prioritization to manage double marginalization
for better revenues. It is significant that in the current
setting, the intermediary’s fees are endogenous and will
change with the provider’s priority policy. To demonstrate
the implications of endogenous fees, we will consider in
Subsection 6.2 an extension with the intermediary’s fee
being exogenous. We will show in that extension that the
provider can no longer use prioritization to improve rev-
enue. Thus, the intermediary’s adaptivity to the provider’s
queueing policy is critical to the comparison result in
Proposition 3.

We give a numerical comparison of three queueing poli-
cies in Figure 3 for various values of V and Λ. As before,
we normalize the delay sensitivity c and service rate 𝜇 to
1. We plot the provider’s revenues and social welfare (under
the provider’s optimal prices) in the upper and lower rows of
Figure 3. In all cases, the vertical axis denotes the percentage
gain or loss of implementing prioritization relative to FCFS.
We find that prioritizing amateur customers (solid lines)
increases the provider’s revenue and social welfare, whereas
prioritizing expert customers (dashed lines) decreases the
provider’s revenue and social welfare. In all cases, the effect
of prioritization is most pronounced when the fraction of
amateur customers is intermediate.

Revenue comparison

First, when full market coverage is optimal (Λ = 1∕2, corre-
sponding to the two leftmost boxplots), the provider’s optimal
revenues under three queueing policies can vary significantly
when the valuation V is low. In this case, because the market
is fully covered, the law of work conservation implies that the
total waiting cost is constant irrespective of the queueing pol-

icy. When V is low, the waiting cost of each segment becomes
a critical factor of the segment’s profit margin. In this case,
reallocating wait times across segments through prioritization
can lead to significant revenue improvement.

Second, when full market coverage is not feasible under
a large market size (Λ = 2, corresponding to the two right-
most boxplots), the provider’s revenues under three queueing
policies can vary significantly when both the valuation V and
fraction of amateur customers 𝛼 are high. This is because, a
large 𝛼 implies a low demand of expert customers and this
leads to a Type II equilibrium. A higher V further implies
higher total joining rates, leading to considerable system
congestion. In this case, reallocating wait times through pri-
oritization is effective in regulating congestion and can lead
to significant revenue benefits.

Social welfare comparison

The social welfare is computed by summing up the provider’s
and intermediary’s respective revenues, as no consumer sur-
plus is retained under price discrimination. We find that
prioritization has a similar effect on social welfare as it does
on the provider’s revenues. Specifically, prioritizing ama-
teur customers increases social welfare, whereas prioritizing
expert customers decreases social welfare. The driving mech-
anism of social welfare, however, is very different from the
revenue metric.

Welfare gains from prioritizing amateur customers emerge
from the fact that prioritizing amateur customers allows this
segment to join the service at a significantly higher rate. This
brings the total joining rates closer to the socially optimal
level. So, welfare improvement from prioritization is a result
of better resource utilization. Clearly, such benefits will only
materialize when both types are served in equilibrium and
this can only occur when the demand of expert customers is
not too high.

Panel f presents a scenario with a high valuation V and
small market size Λ. In this scenario, the market is fully
covered under all three queueing policies for any market com-
position 𝛼 ∈ [0, 1]. Panel f shows that the provider’s optimal
revenues can vary significantly across three queueing poli-
cies, whereas social welfare is a constant irrespective of the
queueing policy. To explain the latter result, notice that an
alternative way of computing social welfare is to subtract the
valuations of joining customers by their waiting costs. As the
market is fully covered, the law of work conservation implies
that the total waiting cost does not depend on the queueing
policy, so that social welfare is insensitive to the queueing
policy too.

6 EXTENSION

In this section, we consider two extensions to our main
model. Specifically, we consider a positive marginal cost and
an exogenous fee for the intermediary in Subsections 6.1 and
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2590 WU ET AL.Production and Operations Management

F I G U R E 3 Percentage change in revenue and social welfare of prioritizing amateur customers (solid line) and prioritizing expert customers (dashed
line) relative to First-Come-First-Served.

6.2, respectively. In each extension, we relax one assumption
in the main model while keeping all other assumptions fixed.

6.1 Marginal cost of intermediary

In the main model, we assumed that the intermediary incurs a
zero marginal cost in serving amateur customers. This may be
a reasonable assumption for cloud intermediaries with fixed
facility costs (e.g., developing a platform and configuring
connection parameters). Nevertheless, we acknowledge that
in reality, acquiring new customers can be costly (e.g., mar-
keting and advertising). We now analyze a model in which
the intermediary incurs a marginal cost h in acquiring a new
amateur customer.

To incorporate this cost h into our analysis, we revise the
intermediary’s best response in Definition 1 to

𝜆A(p) ∈ arg max
0≤𝜆<min{𝜇−𝜆F(p),𝛼Λ}

(
V −

c
𝜇 − 𝜆F(p) − 𝜆

− pA − h

)
𝜆

when solving the SPE under FCFS. We next present the result
of price discrimination. (For brevity, we leave the result of
single pricing to Appendix A in the E-Companion.)

Theorem 4′. Consider price discrimination and FCFS.

(1) If h ≥ [V −
c

𝜇−(1−𝛼)Λ
]+, then only a Type I equilibrium

can occur. The provider’s optimal prices and the corre-
sponding effective arrival rates of amateur and expert

customers are given by

p∗A ≥ p∗F = V −
c

𝜇 − 𝜆∗F
, 𝜆∗A = 0 and

𝜆∗F =

⎧⎪⎨⎪⎩
(1 − 𝛼)Λ, if (1 − 𝛼)Λ ≤ 𝜇 −

√
c𝜇∕V ,

𝜇 −
√

c𝜇∕V , if (1 − 𝛼)Λ > 𝜇 −
√

c𝜇∕V .

(13)

(2) If 0 ≤ h < [V −
c

𝜇−(1−𝛼)Λ
]+, then the following

holds.
(i) A Type II equilibrium occurs if and only if

𝛼 > 1 − �̂�h∕Λ, (14)

where �̂�h = 𝜇 −
√

c𝜇

V−h
. Further, define x∗ :=

x̂𝟙{𝜇≤Λ} + min{x̂, x̄}𝟙{𝜇>Λ}, where x̄ :=√
c[𝜇−(1−𝛼)Λ]

𝜇−Λ
and x̂ is the unique solution to

V − h

x2
− 2x

√
𝜇 − (1 − 𝛼)Λ

c
+
𝜇 − 2(1 − 𝛼)Λ
𝜇 − (1 − 𝛼)Λ

= 0

for x ∈

(√
c

𝜇 − (1 − 𝛼)Λ
,∞

)
.

Then, the provider’s optimal prices and the cor-
responding effective arrival rates of amateur and
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expert customers are given by

⎧⎪⎪⎨⎪⎪⎩
p∗A = V − h − x∗2, 𝜆∗A = 𝜇 − (1 − 𝛼)Λ

−

√
c[𝜇−(1−𝛼)Λ]

x∗
,

p∗F = V −
c

𝜇−(1−𝛼)Λ−𝜆∗A
, 𝜆∗F = (1 − 𝛼)Λ.

(ii) A Type I equilibrium occurs when Condition (14)
does not hold. The provider’s optimal prices and
effective arrival rates of amateur and expert cus-
tomers are given by (13).

Intuitively, when the intermediary’s marginal cost is pro-
hibitively high, the intermediary will stop serving amateur
customers, closing the provider’s access to the amateur seg-
ment and making the market effectively composed of expert
customers only. So, the amateur segment is only relevant
when the intermediary’s marginal cost is not too high. In
this case, the positive marginal cost increases the thresh-
old of 𝛼 in (14) (relative to the case of zero marginal
cost in (8)). In other words, under a positive marginal cost,
it requires a higher fraction of amateur customers in the
market for a Type II equilibrium to sustain. The marginal
cost raises the intermediary’s fee, which intensifies dou-
ble marginalization and reduces the provider’s willingness
to serve amateur customers. Thus, a Type II equilibrium
will not emerge unless the demand of expert customers is
even smaller than that required in the case of zero marginal
cost.

We compare the provider’s optimal prices under sin-
gle pricing and price discrimination and find that p∗ > p∗F
can only hold when h is sufficiently small. As noted, the
intermediary’s marginal cost h intensifies double marginal-
ization. Thus, the provider finds it harder to efficiently target
both segments without generating excessive congestion. As
a result, when h is large, the provider has to set p∗F >

p∗ under price discrimination in order to regulate system
congestion.

We next consider the provider’s joint optimization of pric-
ing and prioritization. When expert customers are prioritized,
we revise the intermediary’s best response in (9) to

𝜆A = arg max
0≤𝜆<min{𝜇−𝜆F ,𝛼Λ}(

V −
c𝜇

(𝜇 − 𝜆F)(𝜇 − 𝜆F − 𝜆)
− pA − h

)
𝜆.

We are able to fully characterize the provider’s optimal prices.
Not surprisingly, when amateur customers are de-prioritized,
the marginal cost must be even lower for the intermediary to
serve any amateur customers than under FCFS.

Theorem 5′. Consider price discrimination and prioritizing
expert customers.

(1) If h ≥ [V −
c𝜇

[𝜇−(1−𝛼)Λ]2
]+, then only a Type I equilibrium

can occur. The provider’s optimal prices and the corre-
sponding effective arrival rates of amateur and expert
customers are given by

p∗A ≥ p∗F = V −
c

𝜇 − 𝜆∗F
, 𝜆∗A = 0 and

𝜆∗F =

⎧⎪⎨⎪⎩
(1 − 𝛼)Λ, if (1 − 𝛼)Λ ≤ 𝜇 −

√
c𝜇∕V ,

𝜇 −
√

c𝜇∕V , if (1 − 𝛼)Λ > 𝜇 −
√

c𝜇∕V .

(15)

(2) If 0 ≤ h < [V −
c𝜇

[𝜇−(1−𝛼)Λ]2
]+, then the following

holds.
(i) A Type II equilibrium occurs if and only if

𝛼 > 1 − �̂�h∕Λ, (16)

where �̂�h = 𝜇 −
√

c𝜇

V−h
. Further, define x∗ :=

x̂𝟙{𝜇≤Λ} + min{x̂, x̄}𝟙{𝜇>Λ}, where x̄ :=
√

c𝜇

𝜇−Λ
and x̂

is the unique solution to

(V − h)
√

c𝜇

x2
− 2x[𝜇 − (1 − 𝛼)Λ] +

√
c𝜇 = 0,

for x ∈

( √
c𝜇

𝜇 − (1 − 𝛼)Λ
,∞

)
.

The provider’s optimal prices and the correspond-
ing effective arrival rates of amateur and expert
customers are given by

p∗A = V − h − x∗2, 𝜆∗A = 𝜇 − (1 − 𝛼)Λ −

√
c𝜇

x∗
,

p∗F = V −
c

𝜇 − (1 − 𝛼)Λ
, 𝜆∗F = (1 − 𝛼)Λ.

(ii) A Type I equilibrium occurs when Condition (16)
does not hold. The provider’s optimal prices and
effective arrival rates of amateur and expert cus-
tomers are given by (15).

We are unable to characterize the provider’s optimal
prices when amateur customers are prioritized. We numer-
ically compute the optimal prices under this prioritization
scheme and compare the resulting revenue and social wel-
fare with those under other queueing policies. Figure 4
presents the comparison results for various values of h ∈
{0.05, 0.5, 1, 2} under Λ = 1∕2 and V = 3, which are largely
in line with those in our main model with zero marginal cost.
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F I G U R E 4 Percentage change in revenue and social welfare of prioritizing amateur customers (solid line) and prioritizing expert customers (dashed
line) relative to First-Come-First-Served: 𝚲 = 1∕2, V = 3.

Specifically, prioritizing amateur customers (solid lines)
increases the provider’s revenue and social welfare, whereas
prioritizing expert customers (dashed lines) decreases the
provider’s revenue and social welfare. Moreover, the effect of
prioritization is most pronounced when the fraction of ama-
teur customers is intermediately high. Hence, the insights in
our main model extend to intermediaries with different levels
of cost parameters.

6.2 Exogenous fee of intermediary

In our main model, we considered a monopoly intermedi-
ary that optimally selects its fee. Under this assumption,
we demonstrated the provider’s opposing preferences of
customer segments in implementing price and priority dis-
crimination. To better illustrate double marginalization as the
critical driver, in this extension we consider a price-taking
intermediary that charges an exogenous fee s to amateur cus-
tomers. In general, an exogenous fee could be a joint outcome
of numerous factors such as competition, regulations, and
business norms. We abstract away these details and focus on
analyzing how the intermediary’s exogenous fee will affect
the provider’s optimal pricing and prioritization strategies.

At a high level, the exogenous fee of the intermediary
cuts into the provider’s profit margin in serving amateur
customers. This is equivalent to reducing the valuations
of amateur customers by s, creating a market effectively
composed of two customer segments with the same delay sen-
sitivity but different valuations. Thus, the joining behaviors
of the two segments are very similar to those in the literature
on multi-class customers (e.g., Hassin & Haviv, 2006). How-
ever, customers in our model share the same delay sensitivity

irrespective of their types. This feature has important impli-
cations for the provider’s priority preference and allows us to
generate new results different from those in the main model.
We elaborate below.

We first characterize customers’ joining decisions under
FCFS. The intermediary cannot control the joining rate of
amateur customers under an exogenous fee s; instead, this
rate is endogenized by the mutual decisions of both segments.
Accordingly, we revise Definition 1 to characterize the new
equilibrium.

Definition 3 (Exogenous fee of intermediary). Let p =
(pA, pF) denote the prices charged to amateur and expert cus-
tomers, and (𝜆A(p), 𝜆F(p)) denote the effective arrival rates
of amateur and expert customers. We say that, the effective
arrival rate pair (𝜆A(p), 𝜆F(p)) is an SPE under FCFS if the
following are satisfied:

(1) (Amateur customers’ best response)
(a) if 𝜇 > 𝛼Λ + 𝜆F(p) and V −

c

𝜇−𝛼Λ−𝜆F(p)
− pA − s >

0, then 𝜆A(p) = 𝛼Λ;
(b) if 𝜇 > 𝛼Λ + 𝜆F(p) and V −

c

𝜇−𝛼Λ−𝜆F(p)
− pA − s ≤

0 and V −
c

𝜇−𝜆F(p)
− pA − s ≥ 0, then 𝜆A(p) is such

that V −
c

𝜇−𝜆A(p)−𝜆F(p)
− pA − s = 0;

(c) if 𝜇 < 𝛼Λ + 𝜆F(p) and V −
c

𝜇−𝜆F(p)
− pA − s ≥ 0,

then 𝜆A(p) is such that V −
c

𝜇−𝜆A(p)−𝜆F(p)
− pA − s =

0.
(2) (Expert customers’ best response)

(a) if 𝜇 > (1 − 𝛼)Λ + 𝜆A(p) and V −
c

𝜇−(1−𝛼)Λ−𝜆A(p)
−

pF > 0, then 𝜆F(p) = (1 − 𝛼)Λ;
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(b) if 𝜇 > (1 − 𝛼)Λ + 𝜆A(p) and V −
c

𝜇−(1−𝛼)Λ−𝜆A(p)
−

pF ≤ 0 and V −
c

𝜇−𝜆A(p)
− pF ≥ 0, then 𝜆F(p) is such

that V −
c

𝜇−𝜆F(p)−𝜆A(p)
− pF = 0;

(c) if 𝜇 < (1 − 𝛼)Λ + 𝜆A(p) and V −
c

𝜇−𝜆A(p)
− pF ≥ 0,

then 𝜆F(p) is such that V −
c

𝜇−𝜆F(p)−𝜆A(p)
− pF = 0.

Using Definition 3, we characterize the provider’s opti-
mal prices under single pricing and price discrimination,
respectively. We relegate these results to Appendix A in
the E-Companion and only present their comparison in the
following result.

Proposition 4. Consider FCFS and an exogenous fee s of the
intermediary.

(i) The firm’s revenue under price discrimination is strictly
higher than that under single pricing when 𝛼 > 1 −

�̂�s∕Λ, where �̂�s = 𝜇 −
√

c𝜇

V−s
; otherwise, the firm’s rev-

enues under price discrimination and single pricing are
equal.

(ii) When it is optimal to serve both types under pricing
discrimination, it holds that

p∗F = p∗A + s > p∗A = p∗,

where p∗F and p∗A are the optimal prices charged to expert
and amateur customers, and p∗ is the optimal price
under single pricing.

Similar to our main model, even when the intermediary’s
fee is exogenous, the provider prefers to serve expert cus-
tomers for their high margins. So, a Type II equilibrium
in which both types are served will only emerge when the
demand of expert customers is sufficiently low. However, the
threshold 1 − �̂�s∕Λ under an exogenous fee is higher than that
in our main model. In other words, for 𝛼 ∈ (1 − �̂�0∕Λ, 1 −
�̂�s∕Λ), the provider will serve both segments under the inter-
mediary’s endogenous fee but only the expert segment under
the intermediary’s exogenous fee. This is because, for 𝛼

slightly above 1 − �̂�0∕Λ, expert customers constitute a domi-
nant portion of served customers. This allows the provider to
target only a small portion of amateur customers and charge
them a higher price. In our main model, the intermediary then
has to lower its fee in order to attract the amateur segment.
However, when the intermediary’s fee is exogenous and held
fixed (at a relatively high level), it fails to invite more ama-
teur customers. This leads to a lower joining rate of amateur
customers, making a Type II equilibrium less likely.

When comparing the provider’s optimal prices under price
discrimination and single pricing, we find that the prices
charged to both types under price discrimination always
exceed the optimal single price. This is in contrast to Propo-
sition 2 established under the intermediary’s endogenous fee
that suggests a mixed price comparison between the two

pricing schemes. Interestingly, the optimal price discrimina-
tion under an exogenous fee can have a very simple form:
the price charged to amateur customers is set equal to the
optimal single price, and the price charged to expert cus-
tomers is higher by an amount of s. To explain, recall that
customers are only differentiated by their effective valuations
under the intermediary’s exogenous fee, with V for expert
customers and V − s for amateur customers. Under single
pricing, the free-riding of expert customers prevails. If the
provider decides to serve both segments, the expert segment
would be treated as if they had the same valuations as ama-
teur customers, V − s. Now, under price discrimination, the
provider can fully extract the surplus of expert customers and
this can be achieved by increasing the price charged to expert
customers by s.

We next consider the provider’s joint optimization of pric-
ing and prioritization. Unlike our main model, the following
result shows that the benefits of prioritization will not carry
through under the intermediary’s exogenous fee. In other
words, it is sufficient to serve all customers under FCFS. To
state the result, recall that we use RF−Pri, RA−Pri, and RFCFS to
denote the provider’s optimal revenues by prioritizing expert
customers, prioritizing amateur customers, and serving all
customers under FCFS, respectively.

Proposition 5. Under price discrimination and an exoge-
nous fee of the intermediary, it always holds that RA−Pri =

RFCFS = RF−Pri.

Proposition 5 can be further strengthened: the provider’s
optimal revenues under price discrimination are always the
same under any non-idling work-conserving queueing policy.
To understand the result, let 𝜆A and 𝜆F be the effective arrival
rates of amateur and expert customers, respectively. Under a
queueing policy 𝜋, let W𝜋

A (𝝀) and W𝜋
F (𝝀) denote the expected

wait times of amateur and expert customers. As the provider
can fully extract the surplus of each segment under price dis-
crimination, the provider’s optimal revenue under policy 𝜋 is

R𝜋(𝝀) = 𝜆F
[
V − cW𝜋

F (𝝀)
]
+ 𝜆A

[
V − s − cW𝜋

A (𝝀)
]

= 𝜆FV + 𝜆A(V − s) − c
[
𝜆FW𝜋

F (𝝀) + 𝜆AW𝜋
A (𝝀)

]
.

Note that the last term 𝜆FW𝜋
F (𝝀) + 𝜆AW𝜋

A (𝝀) is a constant
under any non-idling work-conserving policy,

𝜆FW𝜋
F (𝝀) + 𝜆AW𝜋

A (𝝀) =
𝜆A + 𝜆F

𝜇 − 𝜆A − 𝜆F
.

This implies that the provider needs only optimize over 𝝀 to
find the optimal revenue.

The key to the above argument is that customers share
the same delay sensitivity irrespective of their types. In this
sense, the traditional c𝜇 rule (e.g., Wolff, 1989, chapter 5) that
relies on differentiation in at least one of customers’ delay
sensitivities and service rates simply reduces to FCFS. In
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other words, customers’ heterogeneity in delay sensitivity is
critical to the success of priority discrimination (e.g., Has-
sin & Haviv, 2006) when customers have fixed effective
valuations.

Our main model, however, allows the intermediary to
adjust its fee in response to the provider’s queueing pol-
icy. This adaptivity changes the effective valuations of the
amateur segment and brings prioritization benefits that do
not materialize when the intermediary is unable to optimize
its fee.

7 CONCLUSION

With the growth in technology, many professional service
offerings have become increasingly complex. This creates a
chasm among users in their capabilities to deploy the service.
Such user heterogeneity has important implications for the
optimal design of professional services. In particular, users’
onboarding experience can influence a service provider’s
pricing and prioritization strategy. Our work explores these
concomitant issues, through a model that integrates user
heterogeneity in skill sets with a classic framework of
service operations.

We found that the presence of amateur customers allows
expert customers to free ride under single pricing. To
allay free-riding, the service provider can engage in type-
based price discrimination. Our key guidance was on how
a provider should use prioritization to enhance price dif-
ferentiation. Despite the preference of expert customers
under price discrimination, we showed that it is actu-
ally optimal to de-prioritize them. We also uncovered the
welfare implications of prioritization and showed that pri-
oritizing amateur customers can generate the highest social
welfare.

We believe that the optimal design of professional services
is a rich and complex problem that involves many strands of
exploration. For instance, our paper does not consider compe-
tition between service providers and between intermediaries.
Extending our framework to study competitive settings would
generate potentially new policy recommendations. There are
also contracting issues between the service provider and inter-
mediary that we did not explore in this paper (e.g., Chen
et al., 2022; Feldman et al., 2023). Integrating incentive issues
with the service provider’s pricing and priority decisions will
advance our understanding of professional services. Another
possible direction to pursue is the provider’s information
strategy at the customer level that has been proved effec-
tive for revenues and social welfare (e.g., Hu et al., 2017).
A joint study of the provider’s optimal pricing, prioritization,
and information strategies constitutes an interesting direction
for future study.

Finally, although our work is motivated by professional
services and we introduce our model using cloud comput-
ing as the main backdrop, we believe that our results can
also provide guidance for other relevant make-to-order sys-

tems with channel conflicts due to user heterogeneity in their
accessibility to a product or service. A prominent exam-
ple is restaurants that take both offline orders from dine-in
customers and online orders from food delivery platforms.
Another relevant example could be make-to-order manufac-
turers that serve different regions, operating direct channels
in their home region and indirect channels (e.g., through a
retailer) in other regions.
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E N D N O T E S
1 See https://www.bls.gov/emp/tables/employment-by-major-industry-
sector.htm

2 See https://ir.aboutamazon.com/annual-reports.
3 Databricks is a data analytics agency integrated with Amazon Web Ser-
vices and Microsoft Azure via Apache Spark. Databricks itself does not
own a large-scale computing cluster. See https://docs.microsoft.com/en-
us/azure/azure-databricks/what-is-azure-databricks.

4 We employ the dictionary definition of “amateur” in the strictest sense of
“one lacking in experience and expertise in an art or science,” as it relates
to the specific infrastructural details of the service.

5 In the context of cloud computing, existing computing resources can
be limited relative to the huge demand during peak hours and this can
cause an “insufficient capacity” issue. When it happens, users attempt-
ing the busy servers will get an “insufficient instance capacity” error
(see https://aws.amazon.com/premiumsupport/knowledge-center/emr-
cluster-failed-capacity-quota/?nc1=h_ls). In this case, AWS will recom-
mend users to “wait a few minutes, and then try to launch the cluster
again” (see https://docs.aws.amazon.com/AWSEC2/latest/UserGuide/
troubleshooting-launch.html#troubleshooting-launch-capacity). Like-
wise, Google Cloud will display to users a “resource exhausted” error (see
https://cloud.google.com/compute/docs/troubleshooting/troubleshooting-
vm-creation) and Microsoft Azure will display to users an “allocation
failed” error (see https://docs.microsoft.com/en-us/troubleshoot/azure/
virtual-machines/allocation-failure).

6 In general, we use 𝜆𝛼 to denote the total joining rate of expert and ama-
teur customers when amateur customers constitute an 𝛼 fraction of the
market size.

7 It is common that the service provider (e.g., AWS) and intermediary (e.g.,
Databricks) charge users hourly rates. However, because customers’ pro-
cessing times are often random, it is reasonable to assume that customers
make their purchase decisions by computing the expected payments to the
provider and intermediary in the form of a lump sum fee.
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8 Evidence can be found from various sources. AWS: see https://
aws.amazon.com/quickstart/architecture/databricks/; Google Cloud: see
https://cloud.google.com/databricks; Microsoft Azure: see https://azure.
microsoft.com/en-us/services/databricks/#capabilities.

9 Our communication with industry practitioners has also confirmed this
fact. We are informed that Google cloud has implemented fairly different
prices for direct clients and for intermediaries (Google cloud terms these
intermediaries as “Value Added Resellers/Partners”).

10 Our communication with industry practitioners confirms that customers
get different priority and preemption rates based on their classes and on
how they access the service.

11 The within-class service discipline is still FCFS and high-priority arrivals
preempt low-priority jobs both in service and in queues.
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