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THE OPTIMAL DECISION OF SERVICE PROVIDER CONSIDERING EXTRA
WAITING AREA VALUE-ADDED SERVICES — POOLED OR DEDICATED?

ZHAN WENTAO!, L1Uu JIDA!, YUAN XUCHUAN?,
HUANG XIAOTONG!' AND JIANG MINGHUI'*

Abstract. Service providers often provide chargeable extra waiting area value-added services (EWS)
to enhance customers’ waiting experiences, e.g., in VIP and business lounges at airports, train stations,
luxury brand stores, etc., to improve profitability. The impact of EWS on customers’ value perception
is subject to their heterogeneous sensitivities and also depends on the reference effect due to EWS’
observable status. This paper investigates the optimal level of EWS and price decisions for a service
provider facing heterogeneous customers, namely the EWS-preferring (E-type) customers and ordinary
(O-type) customers, considering the observable status (observable vs. unobservable) of EWS using
pooled or dedicated capacities in operations through M/M/1 queue models. The optimal price and
level are solved and the optimal profit is calculated under each scenario. It is found that customers’
heterogeneous sensitivities play an important role in the price and intensity decisions. Offering observ-
able EWS to leverage the reference effect in customers’ value perception can lead to a higher profit.
Furthermore, using pooled capacity in operations with EWS is more profitable when service costs are
higher. These results offer significant managerial implications and provide practical guidelines for ser-
vice providers regarding the intensity of EWS, service price, and whether EWS should be observable
to customers through pooled or dedicated capacities.
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1. INTRODUCTION

Value-added services in the waiting area refer to the various additional services provided by service providers
to enhance customer utility during the waiting process. For example, at various locations of Haidilao Hotpot,
customers are provided with complimentary services such as manicures, shoe shining, and snacks in the waiting
area, while some Mystic South-Yunnan Ethnic Cuisine restaurants provide Yunnan-themed performances for
customers in the waiting area [33]. These value-added services effectively alleviate negative emotions of customers
during the waiting process and enhance their service satisfaction [23,45,47]. Yuan et al. [45] conducted the first
study on entertainment in waiting areas, which can be seen as a form of value-added service in the waiting area.
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They provided the impact function of this value-added service on customers’ sensitivity to delays, providing
a theoretical basis for this study. In practice, due to limited service resources, not all service providers offer
free waiting area value-added services. Instead, these services are offered as additional purchasing options. For
example, many airlines have VIP lounges at airports that provide premium waiting environments and exquisite
meals to customers who purchase VIP lounge services. Similarly, high-speed rail stations have business waiting
rooms that offer better waiting area services to business travelers who pay extra. The world’s top luxury stores
spare no effort to provide their VIP customers with more valuable added services during their waiting process
[29]. These paid waiting area value-added services meet the high needs of some customers for the waiting
experience, and this paper refers to them as Extra Waiting area value-added Services (EWS).

However, once service providers only offer EWS to customers who have purchased them (E-type customers),
it may lead to a sense of unfairness among ordinary customers. Because when ordinary customers realize that
they are being treated differently with inferior service, they perceive unfairness, which further leads to a decrease
in their demand [18]. For example, some banks providing seats only for VIP customers have sparked protests
from ordinary customers [25]. This sense of unfairness stems from the reference behavior among heterogeneous
customers, and the presence of such reference behavior is correlated with the observability of service windows
[22]. For instance, when EWS provided to E-type customers cannot be observed by ordinary customers, ordinary
customers cannot perceive the value-added services enjoyed by E-type customers in the waiting area, thus losing
their reference point and not generating a sense of unfairness based on reference behavior. Similarly, when
E-type customers cannot observe the status of ordinary customers in the waiting area, their reference point
also disappears, so they will not generate corresponding feelings of superiority and show-off psychology based
on reference behavior, leading to a decrease in perceived utility for such customers. Therefore, according to the
study by Liu et al. [22], we assume that reference behavior among customers only occurs when the provided
EWS is observable, and based on this, we explore whether service providers should offer observable EWS.

When there are heterogeneous customers in the market, service providers also need to address the issue of
whether to use dedicated queues or pooled queues for service. In practice, some airlines provide VIP lounge
services that not only include a premium environment but also have dedicated staff to guide customers to the
VIP security checkpoint to reduce the time spent on security checks [34]. This operational approach provides
dedicated queues for customers who have purchased EWS, meaning that service providers will allocate dedicated
capacity to serve these customers. This helps to enhance the service utility for this category of customers but
also requires the service provider to invest more capacity. Conversely, if service providers use pooled capacity
to serve both types of customers, it can effectively utilize the available service capacity in the system [37]. It
is evident that both using pooled capacity and dedicated capacity have their advantages and disadvantages.
Therefore, for service providers operating EWS, how to make a rational choice becomes an important issue.

In response to the research background outlined above, this paper primarily addresses the following questions:

Should service providers offer observable or unobservable EWS?

Can providing dedicated queues for customers who purchase EWS lead to higher profits?
— How does the level of heterogeneity among customers affect service provider decisions?

— Does the choice between pooled and dedicated queues vary with the observability of EWS?

To address the above-mentioned questions, this paper constructs a decision model for service providers offering
EWS based on customer behavior using an M /M /1 queuing model. Firstly, we classify different customers based
on their preferences for EWS and provide the effective arrival rates for each customer segment. Then, we study
the optimal decisions of service providers in pooled queues when offering observable and unobservable EWS,
analyze the impact of customer behavior on service provider profits, and compare the differences in service
provider decisions and profits between observable and unobservable EWS. Furthermore, we extend the model
to the scenario of dedicated queues and analyze the optimal decisions of service providers when using dedicated
capacity for different customer segments. This provides theoretical support for service providers in making
service decisions by comparing the profits of service providers using pooled capacity and dedicated capacity.
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The main innovations of this paper are as follows: (1) The paper focuses on extra value-added services in
waiting areas, expanding the current research field on value-added services in waiting areas. (2) When service
providers offer observable EWS, the paper introduces reference theory to analyze the impact of heteroge-
neous customer behavior on service decisions, addressing the issue of observability of EWS provided by service
providers. (3) The paper investigates whether service providers should offer dedicated queues for E-type cus-
tomers, expanding the application of dedicated capacity and pooled capacity in value-added services in waiting
areas. (4) The research finds that the level of heterogeneity in customer reference sensitivity will affect the
service providers’ choice of EWS observability, while the cost advantage is a key factor determining whether
service providers adopt dedicated capacity to serve different customers.

The subsequent sections of this paper are arranged as follows: Section 2 provides a review of the relevant
literature. Section 3 constructs the utility function for heterogeneous customers and the decision-making process
for service providers based on the base assumptions. Section 4 analyzes the pricing and EWS level decisions for
heterogeneous customers when service providers use pooled capacity, and explores the differences in decisions
and profits between unobservable and observable scenarios. Section 5 examines the optimal pricing and EWS
level when using dedicated capacity, and compares the optimal decisions and profits under different EWS
observabilities. Section 6 contrasts the scenarios of using pooled capacity and dedicated capacity. Section 7
concludes the paper. Appendix A provides relevant auxiliary conclusions, while Appendix B offers the derivation
process of the propositions and corollaries in this paper.

2. LITERATURE REVIEW

This study is primarily related to research on value-added services in waiting areas, reference theory, queue
pooling, and delay announcements.

In practice, value-added services in waiting areas mainly include providing high-quality waiting environments
and various services. In the research on service environments, Kotler [17] was the first to define “atmospherics”
as the service environment that enhances customers’ purchase intentions. Subsequently, scholars have studied
the changes in customer emotions, dwell time, and payment expectations based on the physical attributes of
the service environment [6,19]. The service environment not only includes the physical aspect but also the
social aspect, such as the service level and attitude of service personnel, which have a significant impact on
customer consumption behavior [4]. In the related research on waiting area services, Yuan et al. [45] first
introduced entertainment services in waiting areas into business operations decision-making. They believe that
entertainment in waiting areas can reduce customers’ unit waiting costs and determine the optimal decisions
in cooperative and competitive scenarios. Li et al. [20] further expanded on this by analyzing the impact of
entertainment in waiting areas on service capacity and providing optimal service capacity. In addition, Sun
et al. [36] studied a queuing system with an observable queue, where servers provide entertainment services to
waiting customers. Based on this, they also developed a game theory model to study the equilibrium behavior
of customers. Their analysis indicates that entertainment in the waiting area is attractive only when the market
size is moderate and the optimal capacity for entertainment is a unimodal function of the market size.

Currently, research on value-added services in waiting areas often assumes that service providers offer them
for free, with limited research on extra value-added services in waiting areas. Therefore, this paper mainly
focuses on the impact of extra value-added services in waiting areas on service providers’ operational decisions,
expanding the current research scope on value-added services in waiting areas. Meanwhile, it provides theoretical
support for the operation of extra value-added services in practice, such as VIP lounges in airlines and business
waiting rooms in train stations.

Customer consumption behavior exhibits reference dependence characteristics. Customers make consumption
decisions not only based on the intrinsic value of products or services but also by comparing the value of products
and services with their psychological reference value to determine their final consumption behavior [8,44,49].
Tversky [39] were the first to study customers’ reference dependence behavior and proposed prospect theory.
They further conducted in-depth research on reference-dependent preference models [40]. Reference dependence
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theory suggests that customers’ decision-making behavior is influenced by the difference between actual value
and reference value (reference point) [8,49]. The reference point can be divided into status quo reference and
non-status quo reference [43]. The former refers to individuals using the current situation as a reference point,
while the latter refers to situations where a non-objective status is used as a reference. Some scholars prefer
to use minimum values, maximum values, or ideal points as reference points [9,27]. Shi [30] proposed a cross-
efficiency evaluation method based on prospect theory and using maximum profit as a reference point to analyze
performance evaluation in organizational management. Liu and Popkowski Leszczyc [21] studied the reference
price effect of historical price lists (provided in auction descriptions) on final prices. In queueing systems, Yang
et al. [42] analyzed the optimal decisions of service providers based on price and waiting time reference points.
Additionally, Terzi et al. [38] argue that the use of reference points exhibits clear consumer heterogeneity,
meaning that different types of customers select different reference points.

Currently, research on reference theory is relatively well-developed, but there is limited literature that connects
customer reference behavior with the observability of the service. Therefore, this study proposes that customer
reference behavior can only exist when the EWS is observable. When the EWS is not observable, different types
of customers cannot know each other’s current status (status quo reference point), resulting in the disappearance
of reference points. By combining customer reference behavior with the observability of the EWS, this study
establishes the prerequisite conditions for the existence of reference behavior and enriches the application of
reference theory in the operation of the EWS.

Pooling queues refer to organizing customers in waiting into a single queue served by a group of servers,
while dedicated queues refer to each queue having its own dedicated server [7]. Most queueing research generally
believes that operating with a pooled queue (i.e., shared queue) rather than separate queues (i.e., dedicated
queues) is beneficial [6,12,32]. Benjaafar [6] identified the boundary conditions for the improvement of system
efficiency with pooled queues. Gans et al. [12] confirmed that centralizing call centers in different regions can
achieve higher operational efficiency. Through behavioral experiments, Rafaeli et al. [26] found that when queues
are pooled, customers have stronger predictability and a higher level of fairness. This potential fairness difference
is also one of the factors considered in this study.

However, pooling queues are not always advantageous [3,51]. Some scholars have considered the adverse
effects that merging queues may have due to changes in server-side factors. Rubinovitch [28] suggested that
asymmetries in service rates may lead to inefficient sharing. Additionally, Gilbert and Weng [14] demonstrated
that in competitive markets, pooling queues can lead to a decrease in capacity at equilibrium states. Song
et al. [35] found that transitioning from a pooled queue system to a dedicated queue system in the emergency
department can reduce patients’ average waiting time and length of stay, further confirming the advantages of
dedicated queues in certain scenarios. Furthermore, pooled queues may lead to a decrease in service quality.
Wang et al. [41] analyzed the pooling effect in customer-intensive services and found that pooling agents tend to
increase service rates to serve more customers, but this leads to a decrease in service quality. Sunar et al. [37] also
demonstrated that even with the same servers and customers of the same type, pooled queues can result in worse
performance than dedicated systems when delay-sensitive customers make joining decisions in an observable
system.

Currently, these studies mainly consider the impact of service providers providing pooled queues or dedicated
queues on system performance in different contexts. This study, based on the fairness of pooled queues considered
by Rafaeli et al. [26] and using reference theory, analyzes customer reference behavior resulting from the adoption
of dedicated queues, and examines the impact of pooled queues and dedicated queues on service providers’
operations in EWS from a customer behavior perspective. This provides new explanations and support for
whether service providers in EWS should adopt dedicated queues.

Additionally, our research is related to the literature on information sharing and delay announcements. Delay
announcements are closely related to the experiential utility of customers in service systems and have received
widespread attention from service providers and scholars in recent years [48,50]. In practice, service providers
often share delay information with customers in the form of delay announcements. In this regard, Bassamboo
and Ibrahim [5] compared static and dynamic notifications to analyze when these announcements perform well.
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Yuan et al. [45] considered the consumption behavior of customers under the influence of entertainment in the
waiting area after service providers announced delay information and analyzed the competition and cooperation
decisions among service providers accordingly. Furthermore, Singh et al. [31] also analyzed how such delay
announcements affect the decisions and profits of service providers in a competitive environment where two
service providers are vying for market share. Meanwhile, scholars such as Aksin et al. [2] and Jouini et al. [15]
have empirically analyzed the impact of delay announcements on call center performance. In comparison to
these studies, we distinguish delay announcements under different capacity usage modes, i.e., when using pooled
capacity, service providers announce uniform waiting times to different types of customers, whereas when using
dedicated capacity, they announce different waiting times to different types of customers. By combining delay
announcements with capacity usage modes, we have expanded upon this literature stream.

Built upon existing studies, our study advances the research on service operations management with the
provision of extra value-added services in waiting areas. In particular, the contribution of our study can be
summarized as follows: (1) Our study addresses the impact of the chargeable instead of free value-added services
in waiting areas on service operational decisions such as pricing and capacity allocation. (2) We analyze the
impact of the observability of the extra value-added services in waiting areas on operational decisions and system
performance where the reference effect plays an important role in customers’ value perception. (3) Considering
capacity allocation in operating extra value-added services in waiting areas, we compare the advantages and
disadvantages of pooled and dedicated capacities driven by the cost of capacity, where the results enrich our
understanding of the joint impacts of customers’ reference behavior, resource pooling, and delay information
on service operations management. By filling the gap in the current literature, we aim to derive meaningful
managerial insights and offer practical guidelines for service providers in operating extra value-added services
in waiting areas.

3. BASE MODEL CONSTRUCTION

3.1. Customer classification and utility

A service provider in the market offers base services to customers, and to alleviate customer’s waiting anxiety,
the service provider also offers Extra Waiting area value-added Services (EWS) options for customers to choose
from. For example, airlines may offer VIP lounges for customers to purchase, and Chinese high-speed railway
stations may provide business waiting rooms or VIP waiting rooms for customers to choose from. In the market,
there are two types of customers: those who purchase EWS (E-type customers) and ordinary customers who do
not purchase EWS. This also indicates that different customer types have corresponding consumption behaviors.
This article assumes that customer categories are exogenous, depending on customer consumption habits and
preferences, and in the long-term steady state, customer transfers can be considered non-existent [11]. The base
arrival rates of E-type and O-type customers in the market are denoted as B, and B,, respectively. The delay
sensitivity (unit time waiting cost) of both customer types is the same, and the unit time waiting cost for
customers can be divided into opportunity cost and anxiety cost [16,46]. We represent the opportunity cost and
anxiety cost per unit time for customers as ¢t and h, respectively. EWS primarily reduces customers’ perceived
anxiety during waiting, and according to the study by Yuan et al. [45], when the level of EWS provided by
the service provider is a, customers’ anxiety sensitivity decreases to he™7%, where v > 0. Table 1 shows the
parameters and related definitions.

The service provider charges E-type and O-type customers p, and p,, respectively, and the customer’s sensi-
tivity to service prices is denoted as 8. Therefore, when the customer’s waiting time is w, the effective arrival
rate for the two types of customers can be represented as follows:

Ae = Be — tw — hwe™ % — (pe, (1)
Ao = B, — tw — hw — Bp,.

Given « and a, the equation above indicates that the effective arrival rates of both E-type and O-type
customers decrease linearly with increasing waiting time and price. This modeling assumption has been widely
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TABLE 1. Parameters and definitions.

Parameters  Definitions

Be or B, Base arrival rate for E-type or O-type customers

Ae O Ao Effective arrival rate for E-type or O-type customers

€e OT €, Reference sensitivity for E-type or O-type customers

h The cost of anxiety per unit time

t Opportunity cost per unit of time

w The waiting-time standard announced by the service provider
Jé] Customer sensitivity to price

y Customer sensitivity to EWS

Pe O Po The price charged to E-type customers or O-type customers
c The unit cost required to maintain the service capacity u

Service capacity of service provider

The index of reference sensitivity differences among different customers
EWS prices

Service provider profit

N >3 =

applied in such studies [13,45]. It also demonstrates that the anxiety cost for E-type customers, after purchasing
EWS, decreases to he™ 7%, while these customers need to pay a higher fee, p.. Meanwhile, it is evident that a
induces nonlinear effects on the anxiety cost for E-type customers. In the subsequent analysis, we will study the
level of EWS and the extra prices that E-type customers need to pay.

3.2. Decision behavior of the service provider

When the service provider uses pooled capacity to serve two types of customers, the service provider can be
considered as having only one server, and the service capacity p follows a negative exponential distribution,
which is in line with the classic assumption of the M /M /1 queuing model [13,45,47]. And we denoted ¢ as the
service cost to maintain unit capacity. In practice, the service provider is able to announce the waiting-time
standard w [45], such as the boarding schedule at the airport or the waiting time display board at a restaurant.
The average waiting time for the two types of customers in the pooled capacity service system is the same,
which indicates that even though E-type customers purchase EWS, they do not reduce the actual waiting time,
but only reduce the perceived cost of waiting. Just like customers paying for massage chair services provided
by a cinema but cannot watch the movie in advance, they still need to wait with O-type customers. Therefore,
according to the M/M/1 model, the service capacity p can be represented as follows when w, A., and A, are
given:

1
/’L:)\e"")\o'i'*' (2)
w

According to the study conducted by Yuan et al. [45] and Mukhopadhyay et al. [24], it is known that the

cost for the service provider to offer an EWS with level a is given by C(a) = %TGQ, where 7 represents the cost

coefficient. Therefore, the profit of the service provider can be represented as follows:
T = Pede + Doro — et — C(a). (3)

However, when the service provider uses dedicated capacity, it can be seen as having two independent service
counters, providing services to E-type customers and O-type customers separately. Their service capacities are
denoted as p and p,, respectively. For customers of a specific type, they still receive service at a single service
counter. The service provider specifies waiting-time standards for the two customer types as w, and w,. In other
words, customers purchasing EWS may have the privilege of priority use of the service facilities. For example,
Chinese high-speed train stations may offer priority boarding and ticket checking services to passengers who
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purchase the business waiting room, and most VIP airport lounges provide passengers with exclusive channels
for ticket checking [10]. Therefore, the service capacities u. and u, can be expressed as follows:

fle = Ae + 5
{# N (4)
o o W

Therefore, the service provider profit function at this time can be expressed as follows:
T = Pede + Podo — € (He + 110) — C(a). (5)

The decision sequence for the service provider is as follows: first, determine the optimal level of EWS, denoted
as a, and then, based on this service level a, formulate the optimal prices, p. and p,. We use a reverse solving
approach for the optimization.

Yuan et al. [45] were the first to analyze the impact of waiting area entertainment provided by service
providers on customers, exploring how waiting area entertainment interacts with pricing and capacity deci-
sions. By examining scenarios of monopoly, competition, and coopetition, Yuan et al. [45] demonstrated the
benefits of coopetition in service operations and provided managerial insights for operational execution and
strategic interactions among firms under coopetition. Compared to Yuan et al. [45], our study has three main
contributions:

(1) We categorized customers and studied the optimal operational decisions for service providers when offering
differentiated services to different customers;

(2) We addressed the issue of whether service providers should offer observable EWS in practical operations;

(3) We investigated whether service providers should use pooled or dedicated capacity when offering EWS to
different customers and provided theoretical support for this capacity mode selection.

4. OPTIMAL DECISION WITH POOLED CAPACITY

When service providers use pooled capacity for service, the average waiting time for two types of customers
is the same. For example, airlines announce boarding times and high-speed train companies publish departure
schedules, and the waiting time for both types of customers is the same. In addition, service providers offer the
option to purchase EWS and can set EWS as observable or unobservable. For example, when service providers
use transparent tempered glass to separate the waiting areas for E-type customers and O-type customers, EWS
is observable. Conversely, when they use non-transparent walls to separate these two waiting areas, EWS is
unobservable. We first analyze the optimal price and EWS level in the unobservable scenario.

4.1. Optimal decisions in unobservable scenario

When EWS is unobservable, the two types of customers cannot perceive the current status of each other
in the waiting area, so their effective demand functions are as shown in equation (1). Meanwhile, the service
provider uses pooled capacity to serve customers, so the service capacity of the service provider is as shown
in equation (2). By substituting equations (1) and (2) into the profit function equation (3), we can obtain the
following profit function:

L,

T = (pe — ) (Be —tw — hwe 7% — ﬂpe) + (po — ¢) (B, — tw — hw — Bp,) — 5 - 57’& . (6)

Using the inverse solution method to solve the above formula, the following propositions can be obtained:
Proposition 1. When B, > 2hw + (¢, there exists an optimal EWS intensity a), that maximizes the service

provider’s profit. This a, satisfies the following equation:

(Be — tw — hwe 1% — c) hwy — 2fTae? = 0. (7)
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B. —tw—hwe " Youthe

The pricing for E-type customers is p;, , = , while the pricing for O-type customers is py, , =

2B
B"_m’%ﬁw- In this case, the optimal profit can be calculated as follows:
Ca* c 1
= (p;e — c) (Be — tw — hwe™ 7% — ﬂp;e) + (p;o - c) (BO —tw — hw — ﬂpzvo) vl 57'(1;2. (8)

The above proposition first restricts the base arrival rate B, for E-type customers. Since EWS targets E-type
customers, it is necessary to limit the lower bound of the base arrival rate for E-type customers. B, < 2hw + (¢
means that there are fewer E-type customers in the market, and offering EWS does not generate profits. This
provides theoretical support from the perspective of base demand for whether service providers should offer
EWS. We can draw the following conclusions based on the propositions above.

Proposition 1 also indicates that the pricing for E-type customers, pj, ., increases with the increase of ay,
indicating that E-type customers need to spend more money to experience better EWS. However, the pricing for
O-type customers, py, ,, is not affected by ay,. Furthermore, both p;, . and pj, , increase with the increase of the
unit service cost ¢, indicating that the service provider transfers the service cost ¢ to both types of customers,
resulting in a decrease in customer utility. The magnitude of the impact generated by EWS not only depends on
but also on the sensitivity v of E-type customers to a},. Therefore, the following conclusions can be drawn.

U.’

Corollary 1. As vy changes, we have:

— The EWS level a, satisfies hrn,y_>0 o S >0 and llm,y_,+oo v < 0, indicating that a;, exhibits an increasing

and then decreasmg trend.
BPU .

uo

> 0, while the pricing for O-type customers satisfies o _

— The pricing for E-type customers satisfies
0.

The above corollary indicates that when customers have a low sensitivity v towards EWS, service providers
should offer higher quality EWS to attract customers. However, when + is at a higher level, even a lower EWS
level a¥, can increase customer utility. Limited by the cost of EWS, C(a) = %TG,Q, service providers should reduce
a; to minimize costs. Increasing v will prompt service providers to increase the pricing for E-type customers,
Dy However, since EWS does not affect the utility of O-type customers, changes in v do not affect pj ,.
The increase in py, . further drives an increase in service provider profits, which is meaningful for the service
provider. Therefore, many service providers advertise the EWS they offer to enhance the sensitivity v of E-type
customers, as seen in the promotion of VIP lounges by Airlines [1].

Based on the parameter settings of Yuan et al. [45] and Zhan et al. [47], the specific parameter settings are
as follows: B, =10, B, =6, h=4,8=1,r=2,¢=1,7=10,t =3, ¢, = 2, and &, = 2, which will be used
consistently in the following text. Figure 1 illustrates the variation of the EWS level a}, with .

Figure 1 shows that as the customer’s sensitivity v to the EWS level increases, there is a turning point in
the variation of the EWS level a}. Furthermore, as the service provider increases the announced waiting-time
standard w, not only does the service provider need to provide a higher level of a) to compensate for the
customer utility loss caused by the increase in w, but the turning point of @}, occurs earlier. This is because a
larger a;, leads to higher service costs, and the service provider must reduce a;, as soon as possible to minimize
cost investment.

In addition, based on Proposition 1, the separate price for the EWS, denoted as &, can be represented as

follows: ( )
. . . B, — B, +hw(l—e 7%
ku = Pu,e = Pu,o — 2ﬁ ! (9)

In many cases, service providers sell the EWS separately. For example, some airlines sell tickets and VIP
lounges separately. Therefore, having a separate price for the EWS benefits the service provider in improving
operational flexibility.

1Other relevant conclusions regarding opportunity costs, anxiety costs, and wait-time standard in the waiting process can be
found in the Appendixes A.1 and A.2.
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FIGURE 1. The variation of the EWS level a;, with .

4.2. Optimal decisions in observable situation

In the previous section, we analyzed the optimal decision-making and profit of service providers when pro-
viding unobservable EWS. However, in practice, some service providers make the EWS observable by using
transparent tempered glass to separate two waiting areas, allowing customers of different types to see each
other’s waiting areas and perceive the EWS in different waiting areas. In this case, O-type customers perceive
that the anxiety cost for E-type customers after enjoying the EWS becomes he™7*w. Therefore, with the anxiety
cost of E-type customers as a reference point, O-type customers perceive the difference in anxiety cost between
themselves and E-type customers as hw (1 — e~7%). According to the research by Liu et al. [22], O-type cus-
tomers will have a perception of unfairness, and the decrease in demand caused by this perception of unfairness
is eohw (1 — e~7*), where ¢, is the reference sensitivity (loss sensitivity) of O-type customers. On the other
hand, E-type customers will also compare their own anxiety cost with the anxiety cost of O-type customers,
resulting in a sense of satisfaction. The increase in demand caused by this perception is e.hw (1 — e~7%), where
€. is the reference sensitivity (gain sensitivity) of E-type customers. ¢, and ¢, indicate that E-type customers
and O-type customers have different reference sensitivities, reflecting differences in customer reference behavior
and aiding in our analysis of how customer reference behavior influences service providers’ decisions and profits.
Therefore, under observable EWS, the effective arrival rates of E-type customers and O-type customers can be
rewritten as follows:

Ae = Be — tw — hwe™ 7% — Bp, + echw (1 — e™79) | (10)
Ao = B, — tw — hw — Bp, — e,hw (1 —e™79).
And because 1 = Ac + X, + =, equation (3) can be rewritten as follows:
7= (pe—c) (Be —tw — hwee 7 — Bp, + echw (1 _ e*w))
—~a c 1 5 (11)
+ (po — ¢) (Bo — tw — hw, — Bp, — goh (1 — e~ 7%)) —5 37

By optimizing the above profit function, the following proposition can be obtained.

Proposition 2. When the base arrival rates of different types of customers satisfy ((BB:_—ttlfu __2515_:;::5__55) >
1%’ there must exist an optimal EWS level o}, that satisfies
(B8 — tw — hwe % + ¢ hw (1 - e’”“z> - ﬁc) (14 e.) hwy
(12)

- (BO —tw — hw — e, hw (1 — e_'ya3> — Bc) eohwy — QﬂTaze‘;az =0.
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Then, the optimal pricing for E-type customers and O-type customers can be calculated as follows:

B, — tw — hwe 7% + e, hw (1 - 6*7@’5) + Be

Poe = 25 ,
P:yo _ B, —tw — hw — 602hﬂw (1 — e*van) + ﬂc. (19)
The optimal profit for the service provider can be calculated as follows:
= ( — c) (Be — tw — hwe 1% — Bpy.e + echw (1 — e—WZ))
4 (o) (Bo— tw—hw — pp — ol (1)) = £~ Zra? (14)

Proposition 2 states that when ¢, and €. remain constant, the base arrival rates B, of E-type customers
and B, of O-type customers need to satisfy (5; ft“;j 2;12’;:0 ;Zj” ﬁﬁ;)) > 132 for the service provider to obtain
optimal profit by providing EWS. This indicates that the proportion of heterogeneous customer’s base demand
in the market determines whether the service provider should offer EWS. However, as ¢, increases, i.e., when
the loss sensitivity of O-type customers becomes stronger, it requires a higher B,.. Conversely, as ¢, increases,
i.e., when the gain sensitivity of E-type customers becomes stronger, it requires a higher B,. This suggests that
an increase in the reference sensitivity of one type of customer will increase the demand for the base arrival rate
of the other type of customer.

Based on the above proposition, we can obtain the EWS price &k} as follows:

B. — B, + hw (1 - ef'yaz) + (ee + &) hw (1 - ef'Y“:)
26
Formula (15) illustrates that under observable EWS, the price k) will be jointly influenced by €. and &,.

Additionally, in contrast to Proposition 1, in this scenario, the O-type price p; , will be affected by the EWS
level. So, how will the reference behavior of customers of different types affect the service provider’s decisions?

k; = p:,e - p:,o = (15)

p” >0,

Corollary 2. () As the sensitivity €. of E-type customers changes, it can be observed that %o >0,
dpo o

< O and Lo > (. ( ) Conversely, as the loss aversion €, of O-type customers changes, ’Lt can be deduced
that Zo < 0, 3])0 = dpo 2 dp; 2

concluded that ko >0 and ko < 0.

<0, Ze < 0, and lim.__,¢ <0, limg, 400 > 0. (ili) Furthermore, it can also be

The above corollary indicates that as e, increases, service providers will increase the level of EWS and
simultaneously increase the price for E-type customers while decreasing the price for O-type customers, which
is beneficial for improving service providers’ profits. This means that when E-type customers can obtain higher
utility through reference behavior, service providers need to increase a} to attract such customers and transfer
service costs by charging higher pj .. As the increase in aj leads to a stronger perception of unfairness for O-type
customers in reference behavior, service providers must lower p; , to attract such customers. In summary, the
reference behavior of E-type customers is beneficial for improving service providers’ profits. On the other hand,
the impact of increasing ¢y for O-type customers is opposite.

Furthermore, through the variation of the EWS price k), it can be observed that as e. increases, service
providers will increase k) to compensate for the cost increase caused by the rise in a}. However, an increase
in ¢ will lead to a decrease in a’, so service providers need to lower the EWS price k). Based on the above
conclusions, further analysis can be conducted on the impact of €., €,, and v on the EWS level provided by
service providers and the prices. In this case, specific parameter settings are B, = 10, B, = 6, h =4, § =1,
r=2c¢c=17=10,t =3, w = 0.10, and ¢, = 2 or &, = 2. And the variation of EWS level and service
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FIGURE 2. The impact of 7 on a} under different levels of e..
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FIGURE 3. The impact of v on 7 under different levels of e..

providers’ profits with respect to v under different levels of heterogeneity in customer reference sensitivity is
shown in Figures 2-5.

From Figures 2-5, it can be observed that as the sensitivity v of E-type customers changes, the optimal EWS
level a} shows a trend of initially increasing and then decreasing, while the optimal service providers’ profits
7 show an increasing trend. Additionally, as shown in Figure 2, it can be noticed that higher e. leads to a
more significant change in @} and a more pronounced increase in profits. This indicates that an increase in €,
promotes the positive impact of v on EWS level and profits. However, Figures 4-5 reveal that an increase in the
reference sensitivity €, of O-type customers suppresses the positive impact of v. Comparing Figures 2-5, it can
be inferred that under the condition of the existence of the optimal solution, i.e., when the base arrival rate of
E-type customers is relatively high, the magnitude of change in the EWS level a} and profits «; with respect to
a unit change in €. is greater than that with respect to a unit change in ¢,. In other words, ) and 7} are more
sensitive to changes in .. Therefore, for service providers, the positive effects of increasing . outweigh the
effects of reducing ¢,. This implies that service providers should pay more attention to the reference behavior
of E-type customers, which is beneficial for increasing profits.

Based on the above analysis, it can be concluded that the gain sensitivity of E-type customers and the loss
sensitivity of O-type customers have opposite effects on service providers’ profits. Therefore, we can propose a
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special EWS operation mode, i.e., by setting one-way observability to retain the acquisition sensitivity of E-type
customers and eliminate the loss sensitivity of O-type customers. This EWS operation mode can be achieved by
setting a one-way glass wall. According to the Appendix A.2, it can be concluded that this special operational
mode can achieve higher profits by eliminating the loss sensitivity of O-type customers.

However, we must acknowledge the unethical nature of this operation mode, and one-way glass is often used
in special occasions, with very limited application in public settings and a potential for non-compliance issues
[34]. Therefore, we focus more on analyzing the decisions and profits under bidirectional observability and
unobservability to determine the circumstances under which observable EWS should be implemented.

4.3. Observable vs. unobservable

In the observable case, customers of different types have reference effects on the service provider’s decisions and
profits based on their perceptions derived from the reference point. Therefore, the service provider can effectively
enhance profits by suppressing negative effects and reinforcing positive effects. We introduce a new variable to
aid in the subsequent analysis. Let 7 represent the degree of difference between the reference sensitivity e, of
E-type customers and the reference sensitivity ¢, of O-type customers, and it is referred to as the Sensitivity
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Differential Index. n can be expressed as follows:

€e —€o

n=—_ (16)

7 varies based on the characteristics of different industries. When O-type customers prioritize fairness more,
for example in certain public services, n < 0. However, in industries that are primarily focused on customer
experience and have a stronger social interaction effect, such as customized services, n > 0, meaning that E-
type customers compare themselves to O-type customers to achieve a higher level of satisfaction. Therefore, n
can be used to characterize the behavioral differences of heterogeneous customers regarding the EWS in various
industries. To ensure that ¢, and ¢, are both zero only when EWS is unobservable, the equation can be rewritten
as follows:

ge = (14 n)eo. (17)

In the equation (17), n > —1. By using this equation, we can replace the customer reference sensitivity
mentioned in Proposition 2. By comparing Propositions 1 and 2, there are two indifference points, n!” and nr,
respectively, which make the EWS level or profits equal in both cases. The indifference point for EWS level,
nk, satisfies the following equation:

hwy [(1+1n) (Be — tw — hwe™7* 4+ 2(1 + n)eshw (1 — e~ 7*) — Be) + (1 4 n)hwy (1 — e~ 7%)]

18
—hwy (BO —tw — hw — 2e,hw (1 - e_'ya) — ﬂc) =0. (18)
And the indifference point for profits, nt’, satisfies the following equation:
o —C
nE = 7(17?0 ) (19)
(pO,e - C)

And both indifference points satisfy nf > 7 > —1. Then, we can get the following conclusion:

Corollary 3. Asn varies, there are several scenarios between the optimal decisions and profits in the observable
and unobservable cases:

~ When —1 < n <P, it is guaranteed that a’ < a, Dpo < Duo and m, < . Pricing for E-type customers
and EWS pricing is uncertain.

— When nf < n < nk, it is guaranteed that a’ > a}, Doe > Duer ko > ki and w; < m. Pricing for O-type
customers is uncertain.

~ Whenn > nk, it is guaranteed that a} > a3, p} , > Pu,es kg > ki, and w5 > 7. Pricing for O-type customers
1S uncertain.

The above corollary provides choices between bidirectional observable EWS and unobservable EWS. While
there is still some price uncertainty in each scenario, the level of EWS and the magnitude of profits are crucial
for the service provider. The level of EWS determines the cost investment, and the relative size of profits directly
affects the service provider’s choices. When —1 < < i, with a lower sensitivity differential index 7, meaning
€. is relatively low, the service provider should offer a lower EWS level. Meanwhile, the profits are lower than
in the unobservable case. Therefore, the service provider should opt to forgo offering observable EWS.

When nf < n < nf, with a moderate 1, even though the service provider can offer better EWS, set higher
prices, they cannot achieve higher profits. Thus, the service provider should continue to offer unobservable EWS.

However, when 7 is relatively high, i.e., n > 1L, not only can the service provider offer better EWS and set
higher prices, but they can also earn higher profits. This is because the marginal revenue brought by E-type
customers through reference behavior is higher than that of O-type customers. Therefore, the service provider
can offer better EWS to attract E-type customers, increase prices to transfer service costs to customers, and
thereby gain high profits. In this case, the optimal strategy for the service provider is to forgo unobservable
EWS and choose observable EWS to strengthen customer reference behavior.
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5. OPTIMAL DECISION WITH DEDICATED CAPACITY

In the previous sections, we analyzed the optimal decisions and profits for service providers when using
pooled capacity for service. Using pooled capacity implies that service providers announce the same waiting-
time standards w for both types of customers. However, in practice, some service providers may announce
different waiting-time standards for different types of customers and utilize dedicated capacity to serve different
types of customers. The variation in waiting-time standards will further impact the role of EWS and customer
reference behavior in the observable case, which is the subject of our upcoming research. We will start by
analyzing the unobservable case once again.

5.1. Optimal decisions in unobservable situation

When a service provider uses dedicated capacity for service, the waiting-time standards published by the
service provider may vary due to differences in the service capacities for each type of customer. Let’s assume
that the waiting-time standards for E-type and O-type customers published by the service provider are denoted
as we and w,, respectively. If w, < w < w,, it means that E-type customers who have purchased EWS can
receive faster service. First, it should be noted that in this unobservable scenario, the two types of customers
can be considered as independent groups and cannot perceive each other’s waiting times or their respective
waiting areas. In this situation, the effective arrival rates for different types of customers are as follows:

- B _ _ —va _

{/\e = B, — twe — hwee BDe, (20)
Ao = B, — tw, — hw, — Bpo.-

Based on the arrival rates and waiting-time standards for different types of customers, the service provider’s

capacity to serve different customers can be expressed as follows: p. = e + w%,v o = Ao + w%) Substituting
equations (20) into (3) yields the following profit function:

—a c c 1
7"5 = (pe - C) (Be — twe — hwee™ " — ﬂpe) T + (po - C) (Bo — tw, — hw, — ﬂpo) T w. 57-@2' (21)

Through optimization, the following propositions can be obtained:

Proposition 3. When B, —tw, —2hw.—fc > 0, there definitely exists an optimal EWS level a2 that mazimizes
service profits and satisfies

(Be — twe — hweeJ’“f — ﬁc) hwey — 257@67‘15 =0. (22)
. . . D Bp—twg—hwpe’WaE—Q—Bc . .
Then, the optimal price for E-type customers is p,, = =* —5 , the optimal price for O-type
. —twy— L B.—B, —we)+h(w—wee 7* :
customers is pﬁo = B““"E—W, and the EWS price is kP = +(w w2)ﬁ+ (wowee™) The service
provider’s optimal profit can be calculated as follows:
D_ (D —vaP D c
T, = (Pu,e — c) B, — tw, — hwee 7% — ﬂpu’e o
e
c 1
+ (pio - c) (BO — tw, — hw, — ﬂpio) T 57(@5)2. (23)
o

Proposition 3 provides the requirement for the base arrival rate B, for E-type customers when using dedicated
capacity. Compared to Proposition 1, because w,. < w, indicating shorter waiting-time standards for E-type
customers published by the service provider, the lower limit requirement for B, will be lower. This means that
a lower B, is needed to encourage the service provider to offer higher-quality EWS.
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5.2. Optimal decisions in observable situation

When EWS is observable, and the service provider uses dedicated capacity, O-type customers not only see
that E-type customers are enjoying better EWS but also notice that the service provider is providing faster
waiting-time standards for E-type customers. As a result, different types of customers exhibit reference behavior
towards both anxiety costs and opportunity costs during the waiting process. Their effective arrival rates can
be expressed as follows:

Ae = Be — twe — hwee 7% + e, (t (w — we) + h (w — wee™%)) — Bpe, (24)
Ao = Bo —tw —hw — g, (t (w—we) + h(w—wee 7)) — Gp,.

Since t (w — w,) and h (w — wee~7%) represent the differences in opportunity costs and anxiety costs for the
two types of customers, the term t(w — we) + h (w — wee~ ) in the equation indicates that customers not
only compare anxiety costs during the waiting process but also compare opportunity costs. Moreover, because
Le = Ae""w% and p, = )\0—1—57 the service provider’s profit function is 7 = (pe — ¢) Ae+(po — ¢) Ap— = — £ —570a°.
Solving this profit function through optimization leads to the following proposition.

Proposition 4. When the base arrival rates of two customer types satisfy

Be —twe — 2 (1 4+ €.) hwe + €. (t (w — we) + hw) — B — (1 + &) tw, S o
B, — tw — hw + 2e,hw, — &, [t (w — we) + hw] — Be + eotwe T 1l4e.’

there exists an optimal EWS level af such that the service provider’s profit is optimized, and a2 satisfies the
following equation:

(Be — tw, — hwee*’yaf +e. (t (w—we)+h (w — weeﬂa?» — ﬂc) (14 &) hwey )
- (BO —tw — hw — &, (t (w—we)+h (w — wee_wf)) + ﬁc) eohwey — 2ﬁ7‘a?ew5 =0. (%)

Therefore, the charges for E-type customers pge, the charges for O-type customers pODW the price of EWS kP,

D

and the service provider’s profits 7

can be expressed as follows:

B, — tw, — hwee_wf + &, (t (w—we)+h (w — wee_mf)) + Bc

D _
po,e - Qﬂ )
5 B, —tw — hw — ¢, (t(w—we)—l—h(w—wee_"’“?))+5c
po’o: 26 )
B.— B, + (1+4+¢e.+¢,) (t (w—we)+h (w — wee_7a5)>
ky, = ; (26)
25
1
7D = (02, =) Ae + (P2, — ) Ao — — — < — =1 (aP)”

Similar to the prerequisites for other decisions, Proposition 4 first provides the conditions for the base arrival
rates of different customer types under observable EWS. It is evident that as the service provider shortens the
waiting-time standard w, for E-type customers, the requirement for the base arrival rate B, of E-type customers
in the market will decrease. This means that, compared to the service provider using pooled capacity, in this
scenario, the service provider is more inclined to provide EWS.

In pooled capacity, there is no difference in waiting-time standards between different customer types, so there
is no perception of differences in opportunity costs during the waiting process. However, in dedicated capacity,
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FIGURE 6. The impact of w, on a? under different levels of e..

FIGURE 7. The impact of w, on 72 under different levels of ..

different customer types will exhibit different behaviors due to differences in waiting-time standards. The impact
of the waiting-time standard can be found in Corollary A.4 of Appendix A.2.

Figures 6-9 illustrate the variations in EWS levels and profit as w, changes with variations in €. and ¢,.

Figures 6 and 8 illustrate that a2 follows an opposite trend with w, as e. and &, vary. With increasing e,,
the service provider’s a2 provided using dedicated capacity should increase. When e, is relatively small, a2
doesn’t always increase with the increase of w. but exhibits a trend of first increasing and then decreasing. This
is because the increase in w, implies a decrease in 6, which confirms Corollary A.4. On the other hand, a?
should decrease as €, increases, and when ¢, is relatively large, a shows a trend of first increasing and then
decreasing with the increase in w,.

Figures 7 and 9 depict the variations in profit 7TOD , illustrating that profit increases with the service provider’s
announced waiting-time standard w,.. However, at lower values of w,, it is possible for the service provider to
incur negative profit. This is because a smaller w, implies that the service provider needs to invest more in
service costs. Despite the simultaneous increase in customer demand, the revenue increment from the increased
demand cannot offset the losses caused by the increased service costs. Furthermore, the opposing effects of ¢,
and ¢, are also reflected in the service provider’s profit. Additionally, similar to Figures 2—5, in conditions where
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optimal solutions exist, especially when the base arrival rate of E-type customers is relatively high, the EWS
level a? and profit 72 exhibit more significant variations with unit changes in e, than with unit changes in &,.
Based on this finding, service providers should place greater emphasis on enhancing the reference sensitivity of
E-type customers. For example, offering services and products with a more conspicuous nature, such as trending

foods and popular photo spots, can be advantageous for service providers in achieving higher profits by providing
observable EWS.

5.3. Observable vs. unobservable

Comparing the optimal decisions and profits in the unobservable and observable cases under dedicated capac-
ity, there exist two indifference points n” and n2, which respectively make the EWS level and profit equal in
both scenarios. And both indifference points satisty n2 > nP > —1.

Corollary 4. Asn varies, the following scenarios exist between the optimal decisions and profits in the observ-
able and unobservable cases under dedicated capacity:
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— When —1 <n <nP, it is guaranteed that a? < a?, pgo < pﬁo and w2 < 7P Pricing for E-type customers
and EWS pricing is uncertain.

— When 0P < n <nP, it is guaranteed that af > a2, P?,e > pﬂe, kP > kD and 70 < xP. Pricing for O-type
customers s uncertain.

— When n > 0P, it is guaranteed that a2 > a?, pge > pfze, kP > kD and 7P > =P, Pricing for O-type
customers s uncertain.

The above corollary is similar to Corollary 3, as both illustrate the impact of the heterogeneity in sensitivity
levels between E-type and O-type customers on the observability of EWS. Combining Corollaries 3 and 4, it is
evident that in both dedicated capacity and pooled capacity settings, when the sensitivity difference index is
relatively low, i.e., e, is relatively low, providing unobservable EWS can result in higher profits for the service
provider. Additionally, in this scenario, E-type customers can experience a higher level of EWS.

However, when the sensitivity difference index is moderate, i.e., n? < n < 5P, providing unobservable
EWS can still yield profits higher than providing observable EWS, but the EWS level experienced by E-type
customers is relatively lower. As e, gradually increases, when the sensitivity difference index between customers
is relatively high, offering observable EWS not only results in higher profits for the service provider but also
enhances the level of EWS. Therefore, when ¢, is at a high level, the optimal strategy for the service provider
is to provide observable EWS to reinforce customer behavioral responses, thus achieving higher profits.

6. POOLED CAPACITY vs. DEDICATED CAPACITY

6.1. Comparison in unobservable scenarios

In Sections 4 and 5, we respectively determine the optimal decisions, and profits for service providers under
pooled capacity and dedicated capacity. The question of whether service providers offering EWS should adopt
pooled capacity or dedicated capacity is a crucial one, and one that we will focus on next. First, we turn our
attention to the comparison in unobservable scenarios. According to Propositions 1 and 3, the level of EWS in
unobservable scenarios satisfies the following equation:

(Be — tw — hwe V% — c) hwy — 20871ae =0,
(Be — twe — hweef"“ﬁ — 60) hwey — 257'(167“5 =0.

According to Propositions 1 and 3, the profits under pooled capacity and dedicated capacity are respectively:

7= (e — ) (Be — tw— hoe ™% — 855, ) + (g — ) (Bo— tw — b — g ) — & — 7 (a2)?
775) = (pfe — c) (Be — tw, — hwee_WE — ﬁpfe) _ L + (pfo — c) (BO — tw, — hw, — ﬁpfo) - 17'((15)2.
’ ’ We ’ ’ w, 2

By comparing the two formulas above, we get the following conclusions.

Corollary 5. The level of EWS under dedicated capacity is lower than the level of EWS under pooled capacity,
i.e., al < al.
Corollary 6. There exists ¢ such that (p?, —¢)(t + hefwg) = 5. When ¢ < ¢, we have 7 > w;. However,

when ¢ > ¢, we have 70 < 7.

Corollaries 5 and 6 suggest that when the service provider uses dedicated capacities to offer shorter waiting
times for customers who have purchased unobservable EWS, the level of EWS tends to decrease. This is because
the actual waiting time for E-type customers is shortened compared to the case of pooled capacity. The service
provider doesn’t need to provide a better EWS to bring higher utility to customers. However, when the service
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provider offers observable EWS, the EWS level in dedicated capacity will be lower than in pooled capacity
under the same conditions only when the base arrival rate of E-type customers is high. This is because having
more E-type customers means the service provider doesn’t have to provide a higher EWS level and can reduce
costs by lowering the EWS level.

6.2. Comparison in observable scenarios

Next, we compare the EWS levels and the profits of service providers under different capacity usage modes
in the observable EWS scenario. According to Propositions 2 and 4, the EWS levels under pooled capacity and
dedicated capacity are respectively:

(Be — tw — hwe % + e .hw (1 - efwz) - ﬁc) (1+e¢) hwy
— (Bo —tw — hw —ec,hw (1 — 6_7“Z> — ﬁc) eohwy — QﬁTa’o‘e‘S“z =0,
(Be — tw, — hwee_wc? + & (t (w—we)+h (w — wee_woD)) — ﬁc) (1 + &) hwey

— (Bo —tw — hw — &, (t (w—we)+h (w — weefﬁ’a?)) + 60) eohwey — 257(1567“5 =0.

According to Propositions 2 and 4, the profits under pooled capacity and dedicated capacity are respectively:
1

* * * _ E _ = *\2
Tro - (po,e C) )‘6 + (po,o C) )‘0 w 27'(@0) ?

D_ (D _ D Ny ¢ ¢ 1 9
) = (po7e c) )\e—&—(po’o c) Ao v w 2T(CLO) .

From the comparison of the above formulas, we can draw the following Corollaries.

Corollary 7. When EWS is observable and H, > H, > —So we find a? < af. Conversely, we can get

1+e.’
aOD > al. H, and H, are illustrated in Corollary A.4.

D D
Corollary 8. When ¢ < ¢, we have ‘Z,?U"e > 0, which leads to T2 > 7*. However, when ¢ > &, we have gfu"e <0,
resulting in wh < w%. Here, ¢ satisfies (pl, —¢) [t +he 7" +ect +eche ] = (pL, — ¢) [eot + cohe™ %] +

Combining Corollaries 5-8, we can conclude that whether dedicated capacity can yield higher profits than
pooled capacity depends on the relative value of the unit service cost ¢, regardless of whether EWS is observable.
When c is relatively low, the service provider can achieve higher profits using dedicated capacity because the
lower ¢ results in lower additional costs associated with the use of a dedicated service channel. In this case, the
cost reduction from the decrease in EWS level compensate for the service cost. Conversely, when c is relatively
high, using dedicated capacity may lead to a rapid increase in service costs. In such cases, using pooled capacity
becomes the optimal strategy for the service provider. This also implies that the cost advantage is a key factor in
using dedicated capacity. Therefore, service providers must evaluate the current service costs when considering
whether to adopt dedicated capacity.

7. CONCLUSION

7.1. Findings

We have constructed a mathematical model using queueing theory to analyze the decision-making related
to EWS operations when using pooled capacity and dedicated capacity. We have also examined the impact of
EWS observability on decisions change. Based on the theoretical model analysis and numerical simulation, the
following conclusions have been obtained:
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— The optimal level of EWS shows a trend of first increasing and then decreasing as customer sensitivity to
it rises. When customer sensitivity to EWS is low, providers should offer a higher level of EWS to attract
customers. Conversely, when sensitivity is high, providers should reduce the EWS level to minimize costs.
This implies that linearly increasing the EWS level may not be beneficial for profit growth.

— The heterogeneity of customer reference sensitivity will affect the service provider’s choice of EWS observ-
ability. When the reference sensitivity of E-type customers is higher than that of O-type customers, meaning
a higher level of heterogeneity in customer reference sensitivity, observable EWS generates more significant
value through customer reference behavior. Therefore, the service provider should provide observable EWS
to enhance the reference behavior of heterogeneous customers and increase profits. Conversely, when the
heterogeneity in reference sensitivity between E-type customers and O-type customers is lower, the service
provider should provide unobservable EWS.

— Under unobservability, the EWS level under dedicated capacity is always lower than that under pooled
capacity. However, once EWS is observable, the EWS level under dedicated capacity is lower than that under
pooled capacity only when the base arrival rate of E-type customers is high. When the service provider uses
dedicated capacity to provide unobservable EWS for different types of customers, the actual waiting time
for E-type customers is shorter compared to using pooled capacity. Therefore, the service provider does not
need to provide better EWS to bring more utility to customers. This also illustrates that when the service
provider offers unobservable EWS, pooled capacity provides better waiting area services for customers.

— The key factor in determining whether the service provider uses dedicated capacity to serve different cus-
tomers is the service cost. When the service cost is relatively low, the service provider can earn higher
profits by using dedicated capacity because the reduced EWS level and increased prices result in higher unit
revenue. Once the service cost is relatively high, then using pooled capacity is a better strategy, providing
theoretical support for whether the service provider adopts dedicated capacity.

7.2. Management inspiration

We conducted an in-depth study on the observability of EWS operations and the using mode of capacity.
From this research, we have gained the following key management insights.

First, when considering whether to provide observable EWS, it’s important to take into account the hetero-
geneity of customer reference sensitivity levels. Service providers can conduct market research to understand
the reference sensitivity of different types of customers. When the heterogeneity in reference sensitivity between
E-type and O-type customers is relatively high, service providers can enhance the perceived value for E-type
customers by offering observable EWS and increasing prices. This is beneficial for increasing profits. However,
when the heterogeneity in reference sensitivity is low, and O-type customers have a stronger loss aversion, pro-
viding observable EWS will lead to a rapid decrease in demand among O-type customers, which is unfavorable
for profit growth. In such cases, service providers should offer unobservable EWS to mitigate customer reference
behavior.

Second, whether to use pooled capacity to serve different types of customers needs to consider the impact of
service costs. When service costs are low, the cost advantage of using dedicated capacity outweighs the pooling
effect under pooled capacity. Therefore, service providers need to use dedicated capacity to serve different types
of customers and provide shorter waiting-time standards to E-type customers. However, once service costs are
higher, using pooled capacity becomes the superior strategy.

For example, in the hotel industry, hotel operators can provide better value-added services in the waiting
area for VIP customers who are waiting to check in, such as a pleasant waiting environment and complimentary
beverages, to enhance their utility. Moreover, when service costs are relatively low, hotel staff should provide
dedicated service to these VIP customers, further enhancing their value. Furthermore, when the gain sense
from enjoying EWS by VIP customers significantly outweighs the loss sense by ordinary customers, hospitality
practitioners should provide observable waiting area services. These insights have practical implications for
operations in industries such as airlines, airport operations, and railway stations.
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7.3. Deficiencies and future prospects

In our research, we analyzed the impact of EWS observability on customer consumption based on reference
effects. We assumed that customer types are not interchangeable, but in the long-term operation, customer
consumption behaviors may change, leading to a transformation in the market’s customer structure. This is a
question worth exploring in the future. Additionally, we believe that service capacity can be adjusted based
on waiting-time standards, such as through temporary staffing. However, in practice, once service capacity
becomes limited, it’s necessary to analyze the allocation of capacity across different channels. This can assist
service providers in addressing operational decisions when faced with limited service capacity and is an area of
focus for future research.

APPENDIX A. SOME AUXILIARY CONCLUSIONS

A.1. The impact of opportunity cost and anxiety cost

EWS mainly affects the anxiety of customers during the waiting process, but cannot reduce the opportunity
cost of waiting. With changes in ¢ and h, we can draw the following conclusions.

. . . * op’
Corollary A.1. (i) As the customer’s unit opportunity cost t changes, we can have 6;5” < 0, %’;*E < 0,
Bp;’o on)
o> <0, and 5+ < 0.
8?;,0 on*

(ii) However, as the customer’s unit anxiety cost h changes, we can have %}L‘ <0, 5> <0, Hp» <0, and

*

. opy, e . op .
limy, g = <0, limp,— 400 5= > 0.

Proof. Given F = (B, — tw — hwe % — Be)hwy — 2B7ae’mz, the derivative of F' with respect to t is %—f =

—hw?y < 0. Therefore, %1—; = —35//3; < 0. Similarly, 61;?2.6 = _w+hww;;;; (92,/98) () and algf = Q_—ﬁt < 0.
Based on the envelope theorem, ‘r’aitﬁ = —w(p; . —c)—w(py,—c) <0.

The derivative of F' with respect to h is g—g = (Be—tw—Qhwe_WZ —Bc)wy > 0. Therefore, 8;,’} = —g%gg > 0.

For pj, . = Bftwfh;”;_wz+ﬁc, the derivative with respect to h is 82%’2 = 7weﬂai+h’yg;ﬂai(aa;/ah)
we 2 (00301 Therefore, limp—o( 22) < 0 and limy . yoo(22) > 0.

For pj, , = B"_“’JQ;W, the derivative with respect to h is 81(;%“ = % < 0. Based on the envelope theorem,
the derivative of the profit function 7} with respect to h is 887? = —(Pe — c)we ™ V% — (Do —c)w < 0. O

It is unexpected that an increase in unit opportunity cost ¢ leads to a decrease in a;,. It is generally believed
that when the customer’s waiting cost increases, the service provider should provide a better EWS to correspond-
ingly reduce the customer’s waiting cost. However, our research indicates that opportunity cost and anxiety
cost have opposite effects on the EWS level. This is because the EWS cannot reduce the increase in opportunity
cost, so the service provider can only ensure customer utility by lowering prices. The decrease in price requires
the service provider to lower the EWS level to save on cost expenditure, thus ensuring optimal profit. However,
when the anxiety cost h increases, the service provider can reduce customer anxiety by increasing ay,, while py, .
shows a decreasing-then-increasing trend. This indicates that when h is relatively low, the service provider can
further reduce p;, . to attract E-type customers. However, once h is relatively high, the service provider must
increase py, . to compensate for the cost increase caused by the increase in ay. Furthermore, further reduction
in p;, , will result in a decrease in the service provider’s optimal profit. Overall, changes in both customer
opportunity cost and anxiety cost lead to a decrease in O-type prices and service provider profits, reflecting the
adverse impact of increased customer costs on profits. The variation of these two costs has opposite effects on
the level of EWS.
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A.2. The impact of waiting time in all cases

A.2.1. The unobservable scenario with pooled capacity

Corollary A. 2 As the waztmg time standard w announced by the service provider increases, it can be shown
67r
tha t fu >0, 5= >0, an

Corollary A.2 indicates that when the service provider announces a longer waiting-time standard w, the
service provider should provide a higher quality EWS and compensate for the service cost of the EWS by
setting a higher price k. However, a higher k does not effectively increase the service provider’s profit. This is
because the decrease in profit is mainly influenced by the decrease in the effective arrival rate of two types of
customers. When w is longer, both types of customers realize that they will have to wait longer in the system.
Although the service provider will provide a better EWS to alleviate the waiting anxiety of E-type customers,
the inevitable increase in waiting time directly leads to a rise in costs. Moreover, for O-type customers, the
increase in w directly increases the waiting cost, further reducing customer demand and lowering profits. This
provides a management insight that in the absence of observable EWS, the way for service providers to increase
profits is to announce shorter waiting-time standards as much as possible, while simultaneously reducing the
optimal level and price of EWS.

With the development of internet technology, modern service providers are able to inform customers of wait
times through electronic display boards, mobile terminals, and other means [45,50]. Therefore, based on the
managerial insights mentioned above, in some high-end service industries such as private medical clinics, upscale
restaurants, and luxury retail stores, customer experience is often emphasized, including minimizing customer
wait times as much as possible. Consequently, these service providers may be willing to invest more resources to
provide more efficient and expedited services, thereby increasing customer demand and generating more revenue
for themselves.

A.2.2. The unobservable scenario with dedicated capacity

In the case of using dedicated capacity with unobservable EWS, we can derive the following conclusions about
the changes in waiting-time standards:

Corollary A.3. (i) As the waiting-time standard w. decreases, the EWS level aP will decrease. However, as

w, increases, al remains fived.

(i) When (p2, —c)(t+ hef'yaf) < 2 , we hcwe LI 0; and when (pl.—o)(t+ hef'YaD) > -5, then we have
8” (pl, —c)(t+h) > 5, then

< 0. Szmzlarly, when (pf, —c)(t+h) < et

we hcwe Tu ().

The above corollary indicates that under dedicated capacity, when the service provider discloses a lower
waiting-time standard we, to the E-type customers, the service provider should offer a lower level of EWS, but
w, does not affect the formulation of EWS. As for the service provider’s profit, when both w, and w. are
relatively small, the profit 72 increases with the increase of w, and w,. However, w, and w, cannot be infinitely
small, otherwise it will lead to negative profit for the service provider. Conversely, the profit 72 decreases with
the increase of w, and w.. This also indicates that larger profit and smaller w, and w, are not conducive to
profit increase. Because smaller waiting-time standards require the service provider to incur higher service costs,
while larger waiting-time standards will lead to a decrease in customer demand. For the purpose of simplifying
subsequent analysis without loss of generality, we assume that the waiting-time standard disclosed by the service
provider to O-type customers is consistent with that in pooled capacity, i.e., w, = w. Therefore, we can obtain
we < w, which will be used in the subsequent text.
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A.2.8. The observable scenario with dedicated capacity

In the case of using dedicated capacity with observable EWS, for the sake of subsequent analysis, let’s assume
that the reduction in waiting-time standard w, for E-type customers compared to w is 0, i.e., w — w, = 6. We
can then derive the following corollary.

Corollary A.4. With the variation of 8, we can derive the following:

_ ~ ~ D
~ IfH. > H. > 5=, we have 9a o > H,, we can have ag(;’ > 0, where

D _
o . £
T 56~ < 0; Once He > T

i _ Be —twe —2(1 +ec) hwe + e [t (w — w,e) + hw] — Be
" B, —tw— hw + 2c,hw, — €, [t (w — we) + hw] — Be’

7 _ Be —twe —2(1 + &) hwe + e [t (w — we) + hw] — fe — (1 + &) twe
e B, — tw — hw + 2g,hw, — &, [t (w — w,) + hw] — Bc + g,tw,

— There exists a ¢ satisfying
(0Be =) [t 4+ he ™™ e+ eche™™) = (08, =) [eot +20he™] + o

D D
When ¢ < &, we have ng > 0, while when ¢ > ¢, there exists ag; < 0.

Corollary A.4 first indicates that when other conditions are fixed, if the base arrival rate B, of E-type
customers is high, then as 6 increases, service providers offering observable EWS should gradually reduce the
EWS level to decrease service cost expenses. This is because an increase in 6 implies that E-type customers can
derive higher perceived utility from the reduction in waiting time. Therefore, the service provider no longer needs
to offer a higher EWS level to reduce the actual waiting costs for customers. However, when B, is relatively
low, even though an increase in 6 can provide customers with increased utility, the service provider still needs
to offer a higher level of EWS to attract more customers.

As for the service provides’ profit, when 6 gradually increases, the demand for E-type customers in the system
increases due to shorter waiting times. Hence, only when the service cost c¢ is relatively low can the increased
revenue from the demand offset the service cost investment, leading to an increase in the service provider’s
profit. However, if the service cost ¢ is high, the cost increase caused by the demand increment due to the
increase in 6 may harm the service provider’s profit.

A.3. Single-sided observability

Proposition A.1. When the base arrival rates of different types of customers satisfy Be—tw—2hw—e hw—L0Gc >
0, there must exist an optimal EWS level al* that satisfies

(Be — tw — hwe ™% + e hw (1 - e*“’“i*) - ﬂc) (1+ee) hwy — QﬂTaé*eéai* =0. (A1)
(The superscript “17 indicates the one-way observable scenario)
Corollary A.5. Based on Proposition A.1, the optimal pricing for E-type customers and O-type customers are
B, —tw — hwe=7%" + cchw (1 — e"’ai*) + Bec
26 ’

1x
po7e -

1 :Bo—tw—hw+ﬁc.

p070 2/6

The optimal profit for the service provider is

= () (B e gt e (1))

+ (pcl;:ko - C) (Bo —tw — hw — ﬂpéj‘o) _ 5 _ %Ta})*Q.



4330 7. WENTAO ET AL.

Proof. When there is no loss aversion for O-type customers, the effective arrival rates for both customer types
can be expressed as follows:

Ae = Be — tw — hwee 7% — Bp. + echw(l — e %),

Ao = B, — tw — hw, — (p,.

Therefore, the service provider’s profit function is given by

1
—_ = 5’7—@2.

775 = (pe —¢) (Be —tw — hwee™ 7 — Bpe + echw (1 — e‘”’“)) + (po — ¢)(Bo — tw — hw, — Bp,) — ¢
w

Taking derivatives with respect to p. and p,, we obtain

1
gﬂo = B, — tw — hwee " — 20p,. + echw (1 — eﬂa) + fc,
Pe
and ol
To _ B, — tw — hw, — 26p,.
dpo

Thus, the optimal prices are given by

1« Be—tw—hwe " +e.hw(l —e %) + fe

po’e 25 )

and
1« _ Bo—tw—hw+ fc

Do,o 23
Substituting these into the profit function yields

1 (Be—tw—hwe " +ec.hw(l—e ") — 60)2 (By — tw — hw — Bc)* 1,
T, = + — §Ta ,

443 45

and differentiating with respect to a gives

or  (Be —tw — hwe™ " + e.hw (1 — e ") — Fe) (1 + e.)hwye 7
— = —Ta,

Oa 24
and the second derivative is
*r (Be — tw — 2(1 + g )hwe ™% + e hw — Be) (1 + g.)hwy?e™7?

da? 203
Therefore, when B, — tw — 2hw — e.hw — (¢ > 0, there exists an optimal EWS intensity al* satisfying

(Be — tw — hwe Y% + echw (1 — e‘wi*> — ﬁc) (1+ ee)hwy — 2ﬁ7a})*66“3’* =0.
The optimal prices and profit at this point are given by

Be — tw — hwe™ %" + g.hw(1 — e~ 7% ) + B
206 ’

1x
po,e -

1« Bo—tw—hw+ e

po,a - Qﬂ s
and 1 |
71—(1;* = (péjke - C) (B‘3 — tw — hwe % — ﬂpi:"e + e hw (1 _ 677‘10*))
C 1 2 (A-?))
+ (p(lj*o —¢) (B, — tw — hw — ﬁp})*o) _c_ 57_(1(1)*
; 7 ”
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Compared to Propositions 1 and A.1 suggests that if only E-type customers can observe the waiting area
where O-type customers are located, then the minimum base arrival rate of E-type customers required by the
service provider to provide EWS will be higher. In other words, only when there are more E-type customers
will the service provider choose to provide EWS.

Corollary A.6. When service providers use one-way observability, it is certain that al* > a, p}:e > Diyes

1« __ % *]1 *
po,o _pu,m 71—o > 7ru'

*

Proof. In the case of one-way observability, the optimal EWS level al* satisfies

1%

(Be —tw — hwe "% + e hw (1 - 677‘2‘1’*) - 60) (1+ ) hwy — ZBTai*eéai* =0.

Let Fy = (B, — tw — hwe %" + gohw(l — e 7%") — Be)(1 4 o) hwy — Zﬁra(l,*e‘sai*. The derivative of F3 with
respect to €, is given by

F : :
g; = (Be = tw— hwe ™% 4 (14 2e) b (1= %7 = ) huwy > 0.

1
da,

Thus, 65: > 0, indicating that there exists a positive relationship between e, and al*. When ¢, = 0, al* = a

u?

) o Cal® qalx
and therefore, ay* > aj. Given that pf; = Be—tw—hwe 770 Jg‘;ehw(l o T )+he

respect to €. is

, the derivative of p%;“ye) with

* N 1%
aplr, B (hw — hwe™ %" + (1+ee) hwe Y% ) &ITOE o
Oee 203 ’
implying that p})fe > Py Simultaneously, péfo = Pj,o- The profit function ml* is given by

T = (p}):"e - c) (Be —tw — hweefwi* — ﬁpé?‘e + echw (1 — eJ’ai*)>

+ (pt, — ¢) (Bo — tw — hw, — Bpl7,) — 5 _ %mi*g-

Applying the envelope theorem to €. yields

87r1* .
850 = (ptl):ke —¢) hw (1 — e % ) > 0,
€
and when e, = 0, 7}* = 7, indicating that 71* > 7. O

The above corollary confirms that in the case of one-way observability, the EWS level provided by service
providers is higher than in the unobservable scenario, and the price for E-type customers is also higher. Since
po > i and pl¥, = pr it is evident that k)* > k, indicating that the EWS price under one-way observ-
ability is higher than in the unobservable scenario. More importantly, 71* is higher than 7, which means that
providing one-way observable EWS can yield higher profits, providing theoretical support for service providers
to set observability for EWS. However, we must acknowledge the unethical nature of this operation mode, and
one-way glass is often used in special occasions, with very limited application in public settings and a potential
for non-compliance issues [34]. Therefore, we focus more on analyzing the decisions and profits under bidirec-
tional observability and unobservability to determine the circumstances under which observable EWS should

be implemented.
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APPENDIX B. PROOF OF PROPOSITIONS AND COROLLARIES

B.1. Proof of Proposition 1
We know that the profit of the service provider is given by

T = (pe — ¢) (Be — tw — hwe™ " — Bp.) + (po — ¢) (Bo — tw — hw — fp,) — 5 - %T@? (B.1)

Taking the partial derivatives of © with respect to p. and p,, we obtain 867” = (B. — hwe™ 7% — 20p. + Bc)
and g—;ﬂ = B, — hw — 20p, + Bc. Setting % = 0 and g—; = 0, we get pye = Bezhwe Tife 4nq Duo =

24
—~a 2 2
%E’Jrﬁq Substituting these into the profit function, we have 7 = (Be_h’wiﬁw —Be)” 4 (B"_}Zg_ﬁc) — i7a’.
Taking the first and second derivatives of 7 with respect to a, we obtain 9% = (Be—hwe WQEﬁ Qhwye ™ _ 14 and
g% = —hun(B _Qhu;@ “=Bepye ™ _ . Therefore, when B, > 2hw + fc, there must exist 8 < 0, indicating

the existence of an optimal EWS level a} satisfying (B. — hwe™ Vo — c)hwd — 28TaeY% = O, and optimizing
Bgftwfhwefwa"iJrﬁc

the service provider’s profit. The optimal prices under this condition are p;, , = 26 and pro =
Bo*m’%ﬁhw%, Therefore, the profit is
— * 1
_ ( 276 B c) (Be — tw — hwe—T% — ﬂpz,e> + (pz,o - c) (Bo —tw — hw — /6]7270) - 57&2. (B.2)

B.2. Proof of Corollary 1

Let F(a) = (B.—tw—hwe™7*—fc)hwy—207ae?®. Taking the first and second derivatives of F'(a) with respect
to a, we obtain F, = Bg(a) (hwy)?e™ 7% —2B7e1* —2BTaye"?, Fyq = —y(hwy)?e %% —481ye¥® —2BTay?e?® <
0. F,(a) = 0, meaning that the first derivative is equal to 0 at a = @, and since F,, < 0, this implies that F(a)
has a maximum value at a = a. As a increases, at a = a3, F' = 0, so a}, > a, and for F,, it must be the case
that F,(a}) < 0.

Taking the derivative of F' with respect to 7 yields the following function:

OF(a)
o0

= (Be — tw — hwe™ 7 — Bc) hw + (hw)?aye 7 — 2B7a’e". (B.3)

For the above equation, we have lim,_,q F(a) = (B, —tw —hw — fc)hwy —287ae?®, which gives lim,_g g—f =
(Be — tw — hwe™"* — Bc)hw — 237a?. Since lims_o F(a) = 0 at a = a};, it follows that lim. ¢ ‘?)—f = (B — tw —
hwe=7*— Bc)hw > 0. Additionally, we can obtain lim_, 4 aFEY a) (B, —tw—hwe™7®— Be)hw —2PB1a?e? < 0,

o oF OF
which leads to lim,_.g 8—,;‘ = ——4% >0 and lim,_, | % = -9 <0.
da¥ Ba H
7’\’&:‘4 c . . . . . .
Phe= Be*tw*hz%e £ , and taking the derivative with respect to v , we can obtain the following formula:

n B Z

u

Py, _ hwe ™7 (—QZQﬁTeWGZ - [(Be — tw — hwe % — ﬁc) hw} ) >0

By the envelope theorem, the profit function 7} with respect to v yields 887? = (p;i,e - ) ayhwe™ Yo > (.

B.3. Proof of Corollary A.2

Given F = (B, — hwe™"® — Bc)hwy — 2(67ae?®, the derivative of F with respect to w is 2€ = hé§(B, —

ow
2hwe %% — B¢) > 0. Thus, we can obtain %“ = ‘ZF//aw > 0.
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Given the individual EWS prices kj, = py . — py, = Be—Bothw(l-e 7)

24
w is gT’Z = h(1—e*”au)+huége*“/“u(aa;/aw) > 0. Additionally, based on the envelope theorem, %Lj = —(Ple —

c)he= "% — h(pk, —c) < 0.

, the derivative with respect to

B.4. Proof of Proposition 2

Given the proﬁt function 7 = (p. — ¢)(Be — tw — hwee ™ — Bpe + echw(l — e™7?)) + (po — ¢)(Bo —
on

tw — hw, — Bpo — eoh(l1 —e77%)) — & — %T(IQ, the partial derivatives with respect to p. and p, are e =

B, —tw — hw.e 7% — 25]7@ +echw(l—e ") + Gc and 88—;0 = B, —tw — hw, — 20p, — e,h(1 — e~ 7%) + Ge. Setting

om _ o _ ; _ Be—tw—hwe " techw(l—e""")4+fc _ Bo—tw—hw——c,hw(l—e "")+8c
oo = 0 and e = 0, we obtain p, . = 55 and po o = 55 .
. . . . —tw— —va _e—Yay_ 2

Substituting these into the profit function, we get =n} = (Be—tw—hwe tfgh“’(l e )=o) 4
B,—tw—hw—¢e,hw(l—e"7%)—Bc)? o .

(Bo—tw—huw E"fw( e T)—Be)” _ i7a®. The first and second derivatives of 7 with respect to a are
or) _ (Be—tw—hwe Y*+e.hw(l—e” 7*)—fBc)(1+ec)hwye 7 _ (Bo—tw—hw—c,hw(l—e”"*)—fBc)e,hwye” ¥ d % .
i 23 55 Ta and - =
,(BE7tw72(1+55)hw6_wj;;36hw7ﬂ0)(1+56)h“’726_w + (Bo*twfhw*thuﬂr%oz}éwe_”’"’7,Bc)sohwv2e_w1 — 7. Since 32;2 <
_ (Be—tw—2hw—e.hw—pc)(1+e.) + (Boftwfhwzzaohwfﬁc)eo — 7 it follows that when (B —tw—2hw—e.hw—Pc) S o

23 (Bo—tw—hw+e,hw—pc) 1+ee?
there exists §°7%/0a® < 0, and there exists an optimal EWS level a} such that the profit of the service
provider is maximized, and a satisfies the following equation: (B, — tw — hwe 7% + e, hw(1 — e~ %) — fe)(1 +
ge)hwy — (B, — tw — hw — g,hw(l — e’”a*) ﬁc)aohw'y — 2B7ate’ = 0. Therefore, the optlmal prices and

Be—tw—hwe 7% +e, hw(1— e 7% o)+Bc x _ Bo—tw—hw—ce,hw(l—e 7"0)+Bc
55 s Poo = 35 , and 7}

(P} .—c)(Be —tw—hwee % —Bps . techw(l —e_'yaz))+(pz7o—c)(Bo —tw—hw, —Bp;o—eohw(l—e_’yao ))— %Tag

profit at this time are: pj , =

B.5. Proof of Corollary 2
(i) Differentiating F with respect to e, yields g—i = hwy(B. — tw — 2(1 + €.)hwe™* 4+ e.hw — ¢) > 0.

Therefore, it is certain that % > 0. Knowing that p}, = Be_t“’+56hw_(;;‘€e)hweﬂ%+ﬂc, differ-
. : : op; hw—hwe™ 74 (14e)hwe 7 J% .

entiating with respect to e. yields gg,e S +(2;€ Jhwoe 5 > 0; and knowing p;, =

B‘thwfhwf”gé”(l*eﬂ%)‘Lﬁc differentiating with respect to ¢, yields 8" > = (—50hw76_”a3%)/26 < 0.

B.—B,+hw(l—e —vag o)+ (eeteo)hw(l—e™7® 0)

Knowing that k) = pj‘m —Doo = 55 , differentiating with respect to e,

hw(1—e~ 798 )+ (1+e.+e,) hwye™ 1% 22
wlze o)+ +;ﬂ+6 Jhwne %= > 0. Given that the profit function is 7 = (p; . — ¢)(Be —

tw — hwee 1% — By o +echw(l — e~7%)) + (Ph,0 — ) (Bo — tw — hw, — Bp}; , — echw(1l — e~7%)) — %7a2
differentiating with respect to e, using the envelope theorem yields 825 = (P} — c)hw(1l — e7%) > 0.
(ii) Differentiating F" with respect to &, yields 5 8—F = —(B,—tw—hw—2e,hw(l—e~7*)—Bc)hwy > 0. Therefore,

. ok
yields s =

it is certain that 22 < 0. Knowing that p} , = BE7tw+5ehw7(égae)hm_wo +Be  Jifferentiating with respect

poe

Boftwfhwfsohw(lfe_'m;)+ﬁc
20 ’

to e, yields = (( + e¢)hwye 7% —“)/Qﬂ < 0; and knowing p; , =

dlfferentlatmg with respect to e, yields p;’ © = (—hw(l — e %) — g,hwye % gzz)/Qﬁ. Thus, it can be

1¢) op: . .. . .
concluded that lim. _.q % < 0 and lim,, 4o gg""’ > 0. Differentiating k; with respect to ¢, yields

* * da’
k™ hw(1—e~ Y% )4 (14cc+e,) hwye™ V%0 52 . .
3= = ( )+( 33 ) 90 and since €, and &, are both greater than 0, it follows that
ok’

52> < 0. Given that the profit function is 73 = (p; . — ¢)(Be — tw — hwee 7% — By o +echw(l— e7%)) +
(P0 — ¢)(Bo — tw — hw, — Bp}; , — eohw(1 — e™7%)) — Lra2, differentiating with respect to e, using the
o — — (P50 —c)hw(l —e —a; o) < 0.




4334 7. WENTAO ET AL.

B.6. Proof of Corollary 3

Given the observable case, the EWS level o} satisfies

(Be — tw — hwe % + g hw (1 — efva:) — ﬁc) (1+ &) hwy

. . (B.4)
— (Bo —tw — hw — e, hw (1 — 6_7“0) — ﬁc) eohwy — QﬁTa’o‘e‘S“O =0.
Substituting . = (1 + )¢, into the above equation yields
(Be — tw — hwe ™ + (1 + n)eohw (1 — e77*) — Bc) (1 + (1 +n)e,) hwy (B.5)
— (BO —tw — hw — e,hw (1 - e_'ya) — ﬂc) e hwy — 2871ae® = 0. .
Thus, F' can be expressed as
F = (Be — tw — hwe " 4+ (1 + n)eochw (1 — e ") — Be) (14 (14 n)e,) hwy (B.6)
— (BO —tw — hw — e, hw (1 - 67“"‘) — ﬁc) eohwy — 281aed. ’
The derivative of F' with respect to &, is given by
oF = hwy [(1+7) (Be — tw — hwe " + (1 + n)eshw (1 — e 7*) — fBe)
O, (B.7)

+(1+n) (14 (14 n)eo) hwy (1 — e )] — hwy (B, — tw — hw — 2e,hw (1 — e~ ") — fBe) .
When g—i = 0, namely a} = a, the indifference point %" satisfies g—i = 0. The second derivative of g—i with
respect to 7 is given by

= hwy [(Be — tw — hwe™ 7" + 2(1 4 n)ehw(l —e™7*) — fe) + (1 +2(1 4+ n)eo) hw (1 — e 7*)] > 0.

In the observable case, the prices are given by

. B, — tw — hwe™ "% 4 e hw(l — e~ %) + fe
po,e = 2ﬂ

and .
B, — tw — hw — g,hw(l — e™7%) + Fe

p0,0: Qﬂ

The profit function is represented as follows:

= (P:,e — c) (Be — tw — hwee % — ﬁp’;,e + (14 n)eshw (1 - e*W:))

. 1 (B.8)
+ (p;o — c) (Bo —tw — hw, — ﬂpz,o —eg.hw (1 — e"mn)) — 57—@:2.
The derivative of the profit function with respect to ¢, is given by
877; * —vyal * —val
e = (pm—c) (1+n)hw (l—e 0) —(pop—c) hw (1—6 0),
thus, when nf = ZEO:Z — 1, it follows that g:: = 0. Furthermore, since S?F can be rewritten as
oF _ _

= hwy(1+1n) (1 + (1 +n)eo) hw (1 — e ") + g,hw (1 — e 7*) > 0. (B.9)

Oe,
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Hence, it is known that 8—F > 0 when nf = ii: —1. Additionally, since 65 3n > 0, there exists nf > nf > 0.
When 77 77a ; f =0, 1mp1y1ng p" = ﬂhw(l —e77%) > 0. On the other hand when n =L, gTF >0,

and thus 2 e % > 0, leading to a” < > 0. Thlb condition holds for n > %, enburmg “e > () and gs” < > 0.

The derivative of Do,o With respect to €, is given by

oo hw (1 — e‘”“z) + thwve_w%

o

Oe, 203 ’

which is negative when n = n2 and gc;z = 0. The monotonicity of p, , with respect to €, cannot be determined
in other cases.
Similarly, the derivative of k) with respect to ¢, is given by

Ok yhwe™ % G

+ (24 n)hw (1 — e 7% ) +(2+ n)eohw’yefwz ggg

Oe, 203 ’
and when 77 =k, gg =0, resulting in gg’ = 2+—77hw(1 —e77%) > 0. Furthermore when 77 =k, gEF > 0,

leading to %o > 0, and thus Yo > 0. This condition holds for n>nk, ensurlng %o >0 and ko s 0, indicating
kX > k.

B.7. Proof of Proposition 3

Given the profit function
70 = (p. —¢) (Be — twe — hwee ™™ — Bpe) + (po — ¢)(Bo — two — hw, — fp,) — — — — — 57-@27
w

the partial derivatives with respect to p. and p, are

oy, —7a
= B, — twe — hwee™ 7" — 208p. + Bc
€
and b
on
ap“ = B, — tw, — hw, — 28p, + Bc.
o
D —~a
Setting %7;‘: = = 0, we obtain the optimal prices pﬁe = B‘i*twﬁflygce 4Be and pio =

Bo—two,—hw,+Bc
20
Substituting these prices back into the profit function, we have

p  (Be—twe — hwee 7 — 50)2 (B, — tw, — hwg — 60)2 c c 1,
v = + T T gTa

40 443 We W

Uy

Taking the first and second derivatives of 72 with respect to a, we get

O (Be — twe — hwee™ 7 — fB¢) hweye 74 “
= -7

da 23

and

0 Y(Be — twe — 2hwee 1 — Be)hwey2e®
=— —T.

da? 23
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Therefore, when B, — tw, — 2hw., — B¢ > 0, there exists an optimal EWS level a? satisfying (B, — tw. —
hweefwf — Be)hwey — 2/8’7'0,567(15 =0.

Hence, the optimal prices and profit function are represented as follows:
D B, — tw, — hwee*“*ag + Be D B, — tw, — hw, + (¢

pu,e: 2ﬂ ’ pu,OZ 2/8

and
7TuD = (pqu?,e - C) (Be — twe — hw6677a5 - ﬁp£e> + (Pﬁo - C) (Bo — tw, — hwo — ﬁpﬁo) — u}i — —— — =TQ, .

B.8. Proof of Corollary A.3

The EWS level a? satisfies (B, — tw, — hwee_wg — Be)hwey — QBTaEe'mf = 0. Let G; = (B, — tw, —
hwee™ 7% — Be)hwey — 2ﬂ7'a5’67“5. Therefore, ‘ggl = (Be — twe — 2hw.e™7* — Bc)hy > 0, and hence, there

D 2G, . D 9G,
must exist gfu“e = —58= > 0. However, ggi =0, so ?)Z;: = — 58 =
da da
The profit function is given by 72 = (p), — ¢)(Be — tw. — hawee ™" — Bl ) + (P, — ¢)(Bo — tw, — hw, —
D D
Bpl,) — & — & — Zral. According to the envelope theorem, g:;“ =—(pl.—c)(t+ he= 7 ) + —<5 and gzj“ =
. o e, < o
—(];50—0)(t—|—h)+ oz < 0. When (pD.—c)(t+he ’Y“ﬂ;) < ooz 87;“6 > 0; and when (pﬁe—c)(t—i—heD Yh) > 6,
?_)fvi < 0. Similarly, when (p2, —¢)(t + h) < RE g:;“o > 0; and when (p?, —¢)(t + h) > R 27;“0 <0.

B.9. Proof of Proposition 4

Given the profit function 7 = (pe —¢)(Be —twe —hwee™ "+ [t(w—we) +h(w—wee™ )| = Bpe) +(po—¢)(Bo—
tw—hw —ego[t(w —we) +h(w —wee™ )] = Bpo) — 5= — 5 — i7a?, where gT;: = B, —twe—hwee "+ [t(w—we)+

h(w—wee™7%)]—20p, and g—; = B,—tw—hw—¢,[t(w—we)+h(w—w.e 7*)]—208p,. Setting g—; = 0 and g—;} =0,

. _ _ —vya _ _ —ya _ _ _ _ _ —va
we obtain pP, = Be=fwe—hwee Fee[t(w—we) th(w-wee ") +Be 14 pD = Bo—tw—hw Eolt(w §u§)+h(w wee )| +Bc

2p
_twe_hweei’ya"rae[t(w_we)“!‘h(w_weeiwa)]_BC)Z

Substituting these prices into the profit function, we get m = (Be

_|_

—va 2
(B"*tw*hwfgo[t(wﬂi;frh(w*w&e BD) 210 N £ — £ — 17g%. The derivative of 7 with respect
to the EWS level a is ?TZ = [Be_twe_hweeiwﬂe[t(w_weH;l;(sw_weeiw)]_ﬁc](lﬂe)h%Wﬂa _

Bo—tw—hw—e,[t(w—we)+h(w—wee™ 7" Whweye= 7% e
[Bo—tw—hw—eot(w—we)+ 2(;”3” wee M)HBeohwere™™ 1 and the second derivative is

82777 = [Be —twe —2(14¢.) hwee™ ™ + e, [t (w — we) +w] — Be] (1 + €.) hweye 7
> =
da - 26 B (B.10)
n [B, — tw — hw + 2e,hwe.e™ 7% — ¢, [t (w — w,) + hw] — Bc] ephweye™ 7
—T.
25

B.—twe—2(1+e. ) hwe+e. [t(w—we)+w]—Be o
ThllS, when o—tw—hw+2e,hwe—e, [t{(w—we)+hw]—Bc 2 1+ee

hwee 7% + ee[t(w — we) + h(w — wee_'yaf)] — Bc)(1 + ec)hwey — [By, — tw — hw — g,[t(w — we) + h(w —

, there exists an optimal a? satisfying [B. — tw. —

wee_w?)] + Ocle hwey — QﬁTaewoD = 0. In this case, the optimal prices and profit function are given
by pOD7€ = Be_twe_hweeiwaoD+5e[t(;Uﬁ_we)+h(w_weeiwaoD)]+ﬁc, p(?o — BO_tw_hw_so[t(w_wzeﬁ)‘i‘h(w_weei’ya?)]+ﬁc7 and

7T0D = (po?e - C)Ae + (poD,o - C))‘o - wie - £ — %TG/OD.
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B.10. Proof of Corollary A.4

(i) Because e, = (14 n)e,, we can obtain

Gy = |:Be - (t + hefWoD) (w—0)+(1+n)e, [t@ +h (w —(w— G)efwgﬂ - ﬁc}
X (L4 (L +mn)eo) h(w — 0)y (B.11)
- |:Bo —tw — hw — &, [tlg +h (w —(w— 9)6_%5)} + Bc} eoh(w — )y — 2BTae'moD =0.

The derivative of Gy with respect to 6 yields the following function:

% = — (U (o) ey [Be— (14 e ™) (w = 0) + (1 m)eo [184 . (w— (w —0)e ™% )] — ]

(1 (L4 m)eo) h(w — )y [t 4 he ™™ 4 (L4 m)e, (t+he 77 )] (B.12)

[t h e 4 (o 00 )] -0 (1420

Thus we know

0G2

W<—(1+56)h’y[Be—twe—2(1+56)hwe+se[t(w—we)—|—hw]—ﬂc—(l—i—ee)twe]

(B.13)
+ [Bo — tw — hw + 2e,hw, — &, [t (W — we) + hw] — Be + e tw,] e.hy.
Let H, be defined as

i — B, —twe — 2(1 4 €c)hwe + €[t (w — we) + hw] — fe — (1 + €¢)tw,
© B, —tw— hw + 2e,hw, — g,[t(w — we) + hw] — B+ eotw,

. — o D — —
then, we can determine that when H, > 11‘; , we have gg < 0. Once H, > 1?5 > H., we can have
BaDD ) )

56~ > 0.
Additionally, we know that

Ty = (pge - C) [Be —t(w—0) —h(w—0)e " +ec [t +h (w— (w—0)e )] — Bpe]
+ (P2 =€) [Bo = tw —hw =<, [t0 -+ h (w— (w — 0)e7)] = Bpo] = o = & — “ral”.

According to the envelope theorem, the derivative of 72 with respect to 6 is given by

orb
06

(w—0)>

The difference in profits is related to the unit service cost c. We need to determine the threshold for ¢, and we
also know that p?, > pZ,. When lim._o (872 /00) = pL [t+he 1" +e t+e.he 1| —pL leot+e,he™ %] > 0,
and when lim._,,p_ (02 /06) = —c/(w — )% < 0, there must exist é such that

= (pD. — Ot + he ™ + et + cche ™) — (p, — ©)[eot + eohe™ 7] —

C

(PP, — &) [t+he " + et + eche ™) = (p2, — &) [eot + cohe ] + (w—0)%’

when ¢ < ¢, (072 /06) > 0 exists. In this case, 72 > w*. When ¢ > ¢, (072 /06) < 0 exists, and we have
D *
T, < T,.

B.11. Proof of Corollary 4

Similarly to the proof of Corollary 3.
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B.12. Proof of Corollaries 5 and 6

We already know that under dedicated capacity, when EWS is unobservable, the EWS level a satisfies
(Be — tw, — hwee*”f“f — Be)hwey — Q/BTaeWB =0. Let G = (B, — tw, — hwee*wg — Be)hwey — 257@67“5.
Taking the derivative of G with respect to w,, we get G /0w, = (B —tw, — 2hwee’”“5 — B¢)hy > 0. Therefore,
we conclude that daZ /0w, > 0, implying that there must exist a? < a¥.

We know the profit function is given by 72 = (p2, — ¢)(B, — tw. — hawee =70 — Bl )+ (pD, —¢)(Bo —tw, —
hwo — BpL,) — ¢/we — ¢/w, — 1/27al)?. Differentiating w2 with respect to we, we obtain 87 /0w, = —(pf ., —
c)he’”“f +c¢/w.2. We need to determine the threshold for c. When lim, (072 /0w, ) = fpﬁehe*“’f < 0, and
im0 (02 JOow,) = ¢/w.? > 0. Therefore, there must exist ¢ such that he 1% = ¢/((pl. — we?). When

c< ¢ (0rP /ow.) <0, implying 72 > 7*. However, when ¢ > ¢, (972 /0w.) > 0, and thus, we have 70 < 7.
B.13. Proof of Corollaries 7 and 8
Can be directly derived from Corollary A.4.
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