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Abstract

Introducing new products into the marketplace presents significant challenges, no-
tably the free-riding behavior of copycats that affects both large corporations and
small business innovators. Developing effective strategies to mitigate this issue is
crucial for achieving success in competitive markets. Additionally, when competing
firms embark on exploring new markets, they often face dual pressures: the need to
enhance product quality by accumulating experience and progressing along learning
curves, and the inadvertent expansion of brand awareness that benefits all compet-
ing products. These dynamics underscore the complex interplay between innovation,
competition, and market entry strategies that are central to overcoming obstacles in

new product introduction and market exploration.

In the first study, we examine the role of price commitment and quality management
as strategies to tackle the threat of imitation. We develop a parsimonious game-
theoretic model involving an innovator and a copycat to analyze the impact of com-
mitted pricing and flexible pricing strategies on imitation deterrence and their effects
on welfare. Our findings reveal several key insights. First, when quality is exogenous,
flexible pricing is more effective in blockading copycats, whereas committed pricing
excels in deterring them. However, when quality is endogenously managed, flexible
pricing may outperform committed pricing in deterring copycats. Second, innovators
should pursue price leadership through committed pricing when quality investment

is inexpensive. By contrast, when quality investment is moderately affordable, the



flexibility provided by flexible pricing consistently makes the firm better off. Third,
the threat of imitation incentivizes innovators to strategically limit both price and
quality under either pricing strategy. In this context, limit quality and limit pricing
function as strategic complements, and the presence of replica products can lead to a
more aggressive approach in both dimensions. Last, a reduction in quality investment
costs or an increase in market competition does not necessarily benefit consumers or
society. Their potential benefits can be outweighed by the strategic reduction in
product quality, resulting in adverse outcomes for both consumer surplus and social
welfare. We further validate the robustness of our findings in the presence of strategic
consumers. This study underscores the intricate interplay between pricing strategies,
quality management, and imitation, highlighting the nuanced challenges innovators

face in safeguarding their market position.

In the second study, we study a two-period duopoly price competition where firms
can improve their quality based on the accumulated demand (learn-by-doing effect)
and their potential market size is positively affected by both firms’ quality levels
(quality spillover effect). In addition, we investigate two pricing schemes, namely,
committed pricing and dynamic pricing, and their impact on the equilibrium out-
comes. Assuming the two firms are symmetric in every aspect, our main findings
include the following. First, we establish the existence and uniqueness of the pure
Nash equilibrium for the dynamic game under either pricing scheme, and show that
firms always set a low price in the first period to leverage quality improvement. As
the quality spillover effect gets stronger, firms tend to raise their first-period price,
leading to a lower individual quality improvement and a non-monotonic impact on
firms’ profit. Moreover, we find that committed pricing scheme benefits the duopoly
when the spillover effect is strong, otherwise dynamic pricing scheme brings more
profits. Finally, we examine two asymmetric cases where the firms are different in
certain attributes pertaining to their learning speed and the quality spillover strength.

Our analysis shows that the findings in the symmetric case still hold qualitatively.

i



Useful managerial insights are derived from these studies.
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Chapter 1

Introduction

In today’s intensely competitive markets, firms are not only challenged by rivals but
also face the paradox where their own quality improvements can become a source of
competitive advantage for others. Competitors can gain an edge directly from the
enhancements one company makes, intensifying the race to stay ahead. For example,
imitation has become a pervasive issue; copycat firms are ubiquitous, exploiting their
late-mover advantage to replicate successful products. The more successful and inno-
vative a product is, the more these imitators benefit, which further undermines the
original creator’s market position. Moreover, as companies strive to improve prod-
uct quality—often by integrating customer feedback—they must contend with the
reality of quality improvement spillovers. In many industries, these spillover effects
mean that competitors can capitalize on each other’s advancements without bearing
the same costs or efforts. This interconnectedness allows rivals to benefit from the
innovations of others, potentially eroding the original firm’s competitive edge. These
dual challenges of rampant imitation and quality spillovers imply that firms need to

exercise caution with their quality improvement.

A common thread linking these challenges is the critical role of pricing strategies.

Firms must choose between price commitment and pricing flexibility - while price
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commitment may help alleviate market competition (e.g., through pre-announced
prices or price matching guarantees), pricing flexibility allows firms to build com-
petitive advantages by responding to market changes (e.g., through dynamic pricing
or promotional adjustments). Both strategies are prevalent in practice, as seen in
retailers’ different approaches to holiday sales or airlines’ contrasting pricing models.
Moreover, since quality improvements may benefit competitors through imitation
or spillover effects, firms must carefully evaluate their quality investment decisions.
Understanding how these pricing and quality decisions interact in competitive en-
vironments is essential for developing effective strategies that balance competition,

imitation risks, and market growth.

The first study addresses the pressing issue of copycat products and their detrimental
impact on innovation. In today’s digital era, opportunistic imitators have unprece-
dented access to innovative ideas and popular products, posing significant threats to
both small-scale entrepreneurs and large corporations. For instance, crowdfunding
projects like the KAISR air lounge and the Fidget Cube have quickly encountered
copycats, undermining the original creators’ ability to secure capital and invest in
patent protection. Even major industry players like Apple face imitation, as seen

with Xiaomi producing phones that closely resemble the iPhone.

To combat copycats, the study explores alternatives to traditional intellectual prop-
erty enforcement, which can be costly and ineffective due to blurred lines between
imitation and originality. It examines the use of marketing and operational strategies,
specifically pricing strategies and quality management, as tools for innovators. By
analyzing flexible (contingent) pricing, where innovators adjust prices in response to
competition, versus committed pricing, where prices remain consistent, the research
investigates the optimal approach for innovators to deter copycat entry. Furthermore,
it considers how quality investment affects these strategies and the potential benefits

to consumer surplus and social welfare.

The second study delves into the dynamics of emerging “blue ocean” industries, where



start-up firms face the dual challenges of improving product quality and expanding
market awareness. Innovative products often lack extensive trials and may not fully
meet customer needs, making it vital for firms to climb a learning curve through
experience-based quality improvements. The more these firms engage with customers,
the more they can refine their offerings. Concurrently, expanding brand awareness
is crucial, often achieved through word-of-mouth that can lead to a quality spillover

effect benefiting all firms in the industry.

In this context, pricing is the central decision variable linking learn-by-doing, quality
improvement, and profitability. The study investigates two common pricing schemes:
committed pricing, where firms set and maintain prices over time, and dynamic pric-
ing, where prices are adjusted periodically. By building a two-period duopoly model
incorporating experience-based quality improvement and positive spillover effects, the
research examines how these pricing strategies affect competition and firms’ profits.
It also explores how differences between firms, such as varying abilities to improve

quality or capitalize on spillover effects, influence the competitive landscape.

By addressing these interconnected challenges through the lenses of pricing strate-
gies and quality improvement, both studies contribute valuable insights into strategic
decision-making in competitive environments. They highlight the importance of se-
lecting appropriate pricing schemes and managing quality improvements to deter
imitation, enhance competitiveness, and ultimately promote consumer welfare and

industry advancement.



Chapter 2

Pricing Strategies Against Quality

Imitation

2.1 Introduction

Copycat products are a pressing threat to innovation. In today’s digital era, innova-
tive ideas and popular products are much more readily accessible than ever—not just
to consumers but also to opportunistic imitators. The consequences of replication are
far-reaching, impacting both small-scale entrepreneurs and large-scale corporations.
For instance, crowdfunding platforms have become hotbeds for copycats. Successful
crowdfunding projects like the KAISR air lounge on Indiegogo (Guzman| 2017) and
the Fidget Cube on Kickstarter (Lee/2017) quickly spawn imitation and encounter
copycats. Startups who initiate crowdfunding projects have limited resources and
need to secure capital, leaving them difficult to invest in patent protection. Copycats
do not just target small business innovators; even major industry players fall victim
to imitation. For example, Xiaomi, a leading Chinese electronics manufacturer, has
gained significant market share with producing phones that closely resemble Apple’s

iPhone, recently surpassing Apple as one of the top five smartphone vendors (Chiang
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2024).

Copycat strategies greatly reshape competitive dynamics in industries worldwide.
Replica products, though often of inferior quality compared to the originals, are typ-
ically sold at significantly lower prices. For example, the Fidget Cube, originally
launched on Kickstarter for $20, faces competition from replicas priced as low as $4
on Amazon and $1.50 on Taobao (Lee 2017)). In another instance, Xiaomi provides
remarkably affordable prices to its budget-conscious consumers who cannot afford
$1,000 for a iPhone (Russell |2018)). This aggressive pricing strategy gives replica
products a distinct advantage, as many consumers prioritize cost savings over the au-
thenticity or origin of innovation. Such consumer behavior poses a serious threat to
innovators, as it undermines their ability to recoup research and development invest-
ments, thereby reducing incentives to pursue innovation. The prevailing availability
of low-priced replicas not only erodes the market share of original products but also
hurts their profitability, ultimately stifling the overall progress within the industry.
As a result, innovators face increasing challenges in sustaining their competitive edge

and securing the financial resources necessary for continued innovation and growth.

A prevalent approach to counteract copycats involves the implementation of intel-
lectual property (IP) strategies. However, enforcing patent rights through legal pro-
ceedings can be prohibitively expensive, rendering it unaffordable for many small
businesses and startups (Key|2017). Although large industrial firms can absorb these
costs, they often find that pursuing legal action against copycats is a lengthy and
resource-draining process. Furthermore, the lines between imitation and originality
are often blurred, and patents typically provide only limited protection for innova-
tions. For instance, Thatchers attempted to assert that Aldi had deliberately imitated
its Cloudy Lemon Cider. However, their claim was rejected in the High Court ruling,
where judge acknowledged the similarity between the appearance of the two products,
albeit to a low degree (Farrell|2024)). This highlights the need to identify alternative

and more effective mechanisms to tackle the challenge posed by copycats.
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In this paper, we explore the use of common marketing and operational levers, in-
cluding pricing strategies and quality investment, as tools to combat copycatting.
Our model examines two pricing strategies: flexible pricing, also known as contingent
pricing, where the innovator adjusts pricing decisions contingently, and committed
pricing, where firms maintain fixed prices and offer price commitments to consumers.
For example, Tesla implemented aggressive price reductions in response to increasing
competition (He/2024)), while Apple maintains notably consistent pricing throughout
a specific iPhone model’s lifecycle. The pricing flexibility offered by flexible pricing
allows innovators to significantly erode the profits of copycats. Anticipating intense
competition, copycats may choose not to enter the market. In contrast, committed
pricing allows innovators to establish pricing leadership, which can be an effective
strategy for countering replica products. Consequently, understanding how imitation

impacts an innovator’s choice of pricing strategies has become increasingly important.

In addition to selecting an appropriate pricing strategy, innovators must first consider
the extent of their investment in quality. While high-quality products are more likely
to be favored by consumers, they are also more susceptible to imitation by copycats.
Previous research has shown that as a follower, the quality of a copycat’s product is
heavily influenced by the quality of the innovator’s original creation, which we refer
to as the “free-riding” behavior (Qian et al.|2015). This free-riding behavior clearly
undermines innovators’ incentives to invest in quality. In such cases, appropriate
quality investment becomes a vital tool for innovators to counteract the threats posed

by copycats.

Building on the preceding discussions, this paper aims to examine the role of price
commitment and quality investment as strategic approaches to address the threat
posed by copycats. Specifically, we seek to investigate the following research questions
that have not been adequately addressed in the literature: (i). In scenarios with
exogenous quality, what constitutes the optimal pricing strategy for the innovator to

effectively compete with copycats? Can such strategy deter potential market entry?
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(ii). How does the capability to manage product quality affect the optimal pricing
strategy, and what are the resulting effects on entry deterrence? and (iii). Can
the adoption of optimal pricing strategy and quality investment improve consumer
surplus and social welfare? To address these questions, we build a parsimonious game-
theoretic model involving an innovator and a copycat, and examine the implications
of committed pricing and flexible pricing strategies in deterring copycats, as well as

their impacts on welfare. Among other results, we highlight the following key findings.

First, we identify the optimal pricing strategy when product quality is exogenous.
Under flexible pricing, the innovator is compelled to accommodate copycats and can-
not effectively deter their entry as product quality increases. By contrast, committed
pricing allows the innovator to use price commitments as a deterrent against copycat
entry. As a result, committed pricing outperforms flexible pricing for the innovator
when its product quality is high. However, flexible pricing may be optimal when
product quality is moderate, as the flexibility it offers enables the innovator to better
blockade copycat entry. Notably, flexible pricing can lead to higher consumer surplus

and greater social welfare, but only when the original product quality is high.

Second, when product quality is endogenously determined, we show that the innovator
should adopt committed pricing when the cost of quality investment is low, but switch
to flexible pricing if the cost is moderate. Moreover, the key results derived above,
assuming exogenous product quality, remain valid in this context. Here, committed
pricing does not always outperform flexible pricing in deterring entry. We find that
under both pricing strategies, the innovator tends to adopt a “limit quality” strategy
by deliberately curtailing product quality to mitigate the threat of copycats. The limit
quality strategy together with flexible pricing enables the innovator to deter copycat
entry. Furthermore, the capability to manage quality enhances the effectiveness of

flexible pricing.

Finally, we extend our main model by considering two additional scenarios. First,

when the copycat can freely determine its level of imitation efficiency, we find that
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flexible pricing always weakly outperforms committed pricing by leading to a less
efficient copycat. Second, when the innovator adopts uniform pricing instead of com-
mitted pricing, flexible pricing emerges as the optimal pricing strategy for the case
with endogenized product quality decision. The uniform pricing constraint signifi-

cantly limits the effectiveness of price leadership endowed by price commitment.

The rest of the paper is organized as follows. Section[2.2]reviews the existing literature
and positions our work. Section [2.3]introduces the model setup. We study the optimal
pricing strategy and its social impact under both exogenous and endogenous product
quality in Sections [2.4] and respectively. Section discusses two extensions.
Concluding remarks are provided in Section 2.7 All proofs and supporting results

are relegated to the appendices.

2.2 Literature Review

Entry deterrence has been extensively explored in the literature. Various strategies
have been proposed by economists to deter entry, including pricing (Salop||1979),
advertising (Thomas|[1999), capacity (Basu and Singh![1985)), product proliferation
(Bonanno||1987), and channel management (Liu et al.[2006]). Ofek and Turut/ (2008)
examine how firms should respond to entrants possessing both innovation and imita-
tion capabilities. |Li (2019)) shows that incumbents can launch line extensions to di-
minish competitors’ profits and deter entry. In this line of research, our work is closely
related to the studies by [Jost (2023) and [Wang et al.| (2016). [Jost| (2023) considers
endogenous price leadership, focusing on its effect when introducing a fighter brand.
Wang et al. (2016) compare Stackelberg and Nash price competition in the presence
of an entrant with limited capacity and zero entry cost. Our study contributes to
this stream of research by examining a special type of entrant whose replica prod-
uct quality depends on the quality of the original product. The entrant’s imitation

behavior incentivizes the incumbent to limit quality. We highlight the distinct roles
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of pricing strategies and quality investment, as well as their strategic interactions, in

combating copycats.

Our work contributes to the emerging literature exploring the issue of copycats and
their impact on brand management (Qian/2014)), global supply chain (Cho et al.[2015),
luxury management (Gao et al.|[2017)), and crowdfunding (Chen et al.|2023). These
studies examine the impact of copycats in various business environments. Other re-
search study various strategies to counteract copycats. For example, [Sun et al.| (2010))
propose barrier-erecting and market-grabbing strategies to deter copycat entry in the
presence of technology transfer. Pun and DeYong| (2017) investigate optimal adver-
tising and pricing policies in the presence of strategic customers, finding that lower
product quality may increase profits. |Yi et al. (2022) explore the impact of counter-
feiting from a global supply chain perspective, addressing how supply chain members
combat counterfeiting. [Jin et al.| (2023) discuss the advantages of dynamic and com-
mitted contracts in a supply chain with network externalities to combat copycats.
A common assumption in the copycat literature is that innovators frequently adjust
retail prices to counter copycats. However, these studies largely overlook price com-
mitments and quality investment. In contrast, we explore different pricing strategies
and derive novel insights in this study. For example, we show that under exogenous
quality, flexible pricing is more effective in blockading copycats, whereas committed
pricing is better in deterring them. Moreover, the ability to adjust product quality

further influence the effectiveness of pricing strategy in combating copycats.

Last, our work is also related to the stream of literature on pricing strategies, which
primarily focuses on the trade-off between price flexibility and price commitment.
Aviv and Pazgal (2008)) demonstrate that announced pricing can be more advan-
tageous for the seller than contingent pricing in the presence of strategic consumer
behavior. Ozer and Zheng (2016) reinstate the profitability of a markdown strat-
egy compared to an everyday-low-price strategy in the presence of consumers with

anticipated regret. [Liu and Zhang| (2013) examine duopoly price competition with
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strategic customers and show that static pricing can generally improve profits. Wang
and Hu (2014) investigate whether competing firms should commit to a fixed price
ex ante or adopt contingent pricing ex post under demand uncertainty. They show
that flexible pricing can intensify competition compared to committed pricing. Selcuk
and Gokpinar| (2018)) compare fixed and flexible pricing when consumers have bar-
gaining power. Kabul and Parlaktiirk| (2019)) study the value of price and quantity
commitments from both retailer and supplier perspectives. |Chen and Jiang (2021))
compare the effects of flexible pricing and price commitment on new experience goods
selling where consumers learn product quality from informed consumers. (Geng et al.
(2022) show that committed pricing benefits the duopoly if the spillover effect is
strong. |Dong et al| (2023) investigate the interactions between price commitment
and mutlti-sourcing in mitigating supply yield risk. |Wu et al.| (2023) discuss manu-
facturers’ commitment strategies in the presence of supply disruption risk. However,
none of the aforementioned studies examine the role of pricing strategies in combat-
ing copycats. We complement their results by analyzing optimal quality and pricing

strategies in the presence of potential copycats.

2.3 Model Setup

In this section, we develop the framework for the strategic interaction between an
innovator and a potential copycat. First, we outline the objectives and decisions of
each player in Section [2.3.1] Then, in Section [2.3.2] we introduce two specific pricing

strategies that will be examined in detail.

2.3.1 Players

Our model consists of two key players: an innovator and a potential imitator. The

innovator markets an innovative product to consumers over two periods, facing the

10
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possibility of an imitator (i.e., the copycat) entering the market in the second period

to compete. In what follows, we detail the role and decisions of each player.

Innovator. Consider an innovator introducing a new product to the market. The
innovator incurs costs when investing in product quality. That is, the innovator incurs
a fixed cost of %’qu to achieve a product quality level ¢, where v represents the quality
cost coefficient. Such quadratic form of the quality cost function has been widely
utilized in the economics, marketing, and operations management literature, as it
captures the increasing costs associated with achieving higher quality levels (Purohit
1994} [Li 2019). The selling season spans two periods. In each period j € {1,2}, the
innovator sells the product at a price denoted by p;;, where subscript ¢ represents the

innovator.

Copycat. The introduction of a new product often attracts opportunistic firms
seeking to free-ride on the innovator’s efforts. Following the incumbent and entrant
framework, we consider a copycat in the second period, reflecting the fact that the
copycat acts as a follower of the innovation. After the first period, the copycat
evaluates the potential profitability of imitation and will enter the market if the

expected profit is sufficient to cover the entry cost, denoted as K.

When the copycat chooses to enter the market, it produces a replica product, sets
its selling price p., and competes with the innovator’s original product in the second
period. We denote the quality of the replica product as dg, where § € (0, 1) represents
the copycat’s imitation efficiency. It is assumed that 0 < 6 < 1, i.e., the copycat
can only replicate part of the original product’s quality (Gao et al. 2017, Pun and
DeYong |2017). The parameter 0 can also be interpreted as the “competitiveness” of
the replica product compared to the original (Jin et al./[2023)). We further remark that
when the quality level of the replica product and the original product are very close,
the copycat’s equilibrium profit may decrease as its imitation efficiency increases, due
to the intensified price competition. To avoid this extreme scenario, which is also

uncommon in practice, we require that § € (0, %) This indicates that the imitation
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Chapter 2. Pricing Strategies Against Quality Imitation

efficiency cannot be too high, or perfect imitation is prohibitively costly, ensuring
that the copycat always benefits from its improved imitation efficiency. Later, we

relax this assumption by endogenizing the copycat’s imitation efficiency § in Section

2.6.11

Customers. Following |Anand et al. (2008) and |Jin et al. (2023), we assume that
one unit mass of customers arrives in each period, with each customer demanding
at most one unit of a product. Consumers are heterogeneous in their willingness-
to-pay for quality, denoted by 6, which is distributed uniformly on [0, 1]; that is,
6 ~ U[0,1]. Consumers buy the product if and only if they receive non-negative
utility, i.e., 8¢ — p > 0, where ¢ and p are the quality and the price. In our base
model, we focus on the case where customers are short-lived and myopic, meaning
their demands must be satisfied within the period of their arrival; otherwise, their

demands are lost [l

We remark that customers in our model are able to distinguish between the original
product and the replica product. Importantly, the replica product is distinct from a
counterfeit product, which can sometimes be mistaken for the original by customers
(Gao et al. |2017, |Cho et al.2015). This distinction highlights the challenge of ad-
dressing copycats through patent protection, as most copycats offer a lower-quality
alternative at a reduced price rather than misrepresenting their products as the origi-
nal. For example, Raspberry Pi can be used in a wide range of industry and business.
However, due to its high price, consumers often consider more affordable alternatives,

such as Orange Pi (Osborne [2024]).

!Furthermore, we stand ready to expand our analysis to encompass considerations of strategic

consumer behavior, if warranted.
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2.3.2 Pricing Strategies

There are various approaches to addressing the challenges posed by copycats. An
innovator can seek patent protection prior to a product launch or initiate legal pro-
ceedings against the copycat. However, legal actions are often time-consuming and
costly, potentially exceeding the innovator’s financial capacity. In this paper, we ex-
plore the role of pricing strategies in mitigating the impact of copycats. Unlike other
methods, pricing strategies are relatively easy to implement and have an immediate
effect. Specifically, we analyze and compare two distinct pricing strategies, flexible

pricing and committed pricing.

Flexible Pricing. Flexible pricing, also known as responsive pricing in the literature,
enables innovators to adjust their pricing decisions based on the most up-to-date in-
formation available. This approach offers the innovator a strategic advantage referred
to as price flexibility. Price flexibility allows the innovator to determine optimal pric-
ing in a competitive market environment. In practice, many firms adjust the prices
of their new products in response to the entry of copycats. For example, Tesla an-

nounced substantial price reductions in response to increased competition (He|[2024).

Under flexible pricing, the sequence of events is as follows. First, prior to the selling
period, the innovator determines the quality level of its original product, q. Next,
during selling period 1, the innovator determines the price p;;, and sells the original
product to the market. Following this, the copycat decides whether to enter the
market, incurring the entry cost K if it chooses to do so. Finally, during selling

period 2, both firms compete by making their respective pricing decisions, p;» and p..

Committed Pricing. Under committed pricing, the innovator sets prices at the
beginning of each period and commits to them. Compared to flexible pricing, com-
mitted pricing may be less effective in a dynamic market since the innovator cannot
adjust prices in response to changing market conditions. However, it can offer the

innovator a strategic advantage known as price leadership, which is similar to a first-
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mover advantage. This pricing strategy is particularly applicable to many seasonal
products, such as fashion items and electronic goods (Aviv and Pazgal 2008, |Aviv

et al.|[2019, |Arifoglu et al.[2020).

The sequence of events under committed pricing is as follows. First, prior to the
selling period, the innovator determines the quality level of its original product, q.
The innovator then sets the price p;; for selling period 1. During selling period 1,
only the innovator sells the original product to the market. At the onset of selling
period 2, the innovator decides the price p;» and commits to it. Following this, the
copycat decides whether to enter the market, incurring the entry cost K if it chooses
to do so, and sets its price, p.. Finally, demand in selling period 2 is realized through

consumers’ purchasing decisions.

Note that a specific variant of committed pricing is uniform pricing, where the inno-
vator commits to a single price for the entire selling horizon. This pricing strategy
is commonly adopted in practice. For instance, Apple maintains notably consistent
pricing throughout a specific iPhone model’s lifecycle. In our main model, we focus
on comparing flexible pricing with committed pricing. We further examine uniform
pricing as an extension in Section and find that our key findings remain valid.
Key notations are summarized in Table 2.1]

2.4 Exogenous Quality

In this section, we examine the innovator’s optimal pricing strategy for countering
copycats by considering the case where the product quality is exogenously deter-
mined. The exogenous quality case applies to scenarios where engaging in product
quality management is either impractical-such as when production is outsourced—or
prohibitively expensive due to high research and development costs. This case serves

as a benchmark for understanding the effectiveness of pricing strategies in combating
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2.4. Exogenous Quality

Table 2.1: Summary of Model Notations

Parameters
v coefficient of quality cost
K copycat’s entry cost
) copycat’s imitation efficiency

Decisions

q innovator’s quality decision
Dij innovator’s pricing decisions in period j, j € {1,2}
De copycat’s pricing decision

Superscripts

FB (CB)  copycat blockade under flexible (committed) pricing
FD (CD)  copycat deterrence under flexible (committed) pricing

FA (CA)  copycat accommodation under flexible (committed) pricing

copycats when adjusting quality is costly. By assuming exogenous quality, we isolate
the impact of pricing strategies, removing any confounding effects of quality invest-
ment. The solution concept used is the subgame perfect Nash equilibrium, obtained

through backward induction.

2.4.1 Equilibrium Outcomes

We begin by examining the optimal pricing decisions under different pricing strategies.
For each given strategy, we derive the innovator’s pricing decisions and the copycat’s
entry decision. For clarity, we use the superscripts F' and C' to denote notations
under flexible and committed pricing, respectively. Under flexible pricing, both firms

simultaneously choose pl, and pf in period 2 to maximize their profits:

max I = ph(1 — 6,.),

Dio

a3
max 15 = p” (eic - p_c) 5
pf oq
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Chapter 2. Pricing Strategies Against Quality Imitation

where 6;. := 7(’;2_—}’)’; is the the willingness-to-pay for quality at which consumers are
indifferent between the original product and the replica product. The following lemma
provides the equilibrium pricing decisions in the context of flexible pricing. For the

sake of brevity, all proofs are relegated to the online appendices.

Lemma 1. When the innovator adopts a flexible pricing strategy, there exists a quality

threshold ¢F = ggfzsl{ such that:

(i) If the product quality ¢ < ¢, the innovator sets prices p;* = ply* = %, and the

copycat does not enter the market.

i) If ¢ > qF, the innovator sets pfi* = ¢ and phr = 299 The copycat enters the
71 2 12 1—5
; . Fx 6q(1-9)
market and sets its own price pI* = L=

As shown by Lemma [Ifi), the copycat will refrain from entering the market if the
original product’s quality is low, as it would be unable to recoup its entry costs
through imitation. We refer to the scenario described in Lemma (1) as the copycat
blockade region. Conversely, when the quality of the original product is high (¢ > ¢'),
the copycat can achieve a positive profit through imitation. This scenario incentivizes
the innovator to reduce the price in the second period, employing a strategy known as
limit pricing, a term widely used in the economic literature on entry deterrence (see,
e.g., |Salop||1979, Milgrom and Roberts [1982). By setting prices below the first-best
level, firms can deter or weaken rivals. We refer to the scenario described in Lemma
(ii) as the copycat accommodation region, where the copycat enters the market, and
the innovator strategically sets a price below the first-best level to counteract copycat
competition. Throughout the paper, we use the superscripts B and A to denote
equilibrium outcomes for the regions of copycat blockade and copycat accommodation,

respectively.

Next, we proceed to examine the equilibrium outcomes under committed pricing. In
contrast to flexible pricing, committed pricing endows the innovator with price lead-

ership. Consequently, the copycat assumes a follower role, making pricing decisions
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after observing the innovator’s price commitments. Under committed pricing, the

innovator chooses pg, in period 2 to maximize

IPA = 44 pG(1—0),  if G > pG”;
¢
P = ¢ +p(1—52), if pfy < p";

q
st I8 (05)] o on = 0.

PH=P%
The following lemma characterizes equilibrium pricing and entry decisions under com-

mitted pricing.

Lemma 2. When the innovator adopts a committed pricing strateqy, there ezists

8(276)<1+\/5(276)>

quality thresholds, ¢¢ := MK and ¢§ = =8 K, where ¢¢ < ¢S,
such that:
(i) If the product quality q < q¢¥, the innovator sets prices p5* = p%* = 1, and the

copycat does not enter the market.

2./Kq(1 5)

(ii) If ¢¥ < q < ¢§, the innovator sets p* = =1 and PS5 = . The copycat

does not enter the market.

(iti) If ¢ > ¢S, the innovator sets pii* = % and p* = %. The copycat enters the
market and sets its price p¢* = gpg*.

Similar to that under flexible pricing, the first and third statements of Lemma [2] show
that under committed pricing, imitation is blockaded when the original product’s
quality is low (¢ < ¢¥) and accommodated when it is high (¢ > ¢§). However,
Lemma (ii) reveals a nuanced outcome for original products with moderate quality,
ie., ¢¢ < q<qf. In this situation, the innovator commits to a lower-than-first-best
price in the second period, but the price reduction is more aggressive compared to
the case of copycat accommodation, i.e., p5” < p%A. Here, price leadership acts as
a strategic barrier to imitation, discouraging the copycat from entering the market.

We refer to this scenario, described in Lemma (ii), as the copycat deterrence region,
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Chapter 2. Pricing Strategies Against Quality Imitation

where the innovator deliberately deviates from the first-best pricing to deter entry.
Throughout the paper, we use the superscript D to denote equilibrium outcomes for

the regions of copycat deterrence.

A close look at Lemmas [1| and [2| reveals that committed pricing grants the innova-
tor price leadership, thereby deterring entry—a capability that flexible pricing lacks.
Intuitively, when product quality is exogenously determined, committed pricing is ex-
pected to outperform flexible pricing in effectiveness. However, the following propo-

sition shows that this conjecture is not necessarily true.

Proposition 1. Given that ¢§ > ¢q¥ > ¢ always holds, flexible pricing is more
effective in blockading copycats than committed pricing, while committed pricing is

more effective in deterring copycats than flexible pricing. Moreover, we have:

(i) If the product quality ¢ < q%, the two pricing strategies yield the same profit for

the innovator, i.e., IIF* = 1.

(ii) If ¢¢ < q < qF, flexible pricing leads to a higher profit for the innovator com-

pared to committed pricing, i.e., TII'* > T1¢*.

(iii) If ¢ > q*, committed pricing leads to a higher profit for the innovator compared

to flexible pricing, i.e., IIF* < TI¢*.

It can be shown that the quality threshold ¢! falls into the region (¢{,q%); see the
proof of Proposition 1. This implies that the region of copycat blockade under flexible
pricing is larger than that under committed pricing, while the region of copycat
deterrence under committed pricing is larger than that under flexible pricing. The
underlying reason is that in a competitive environment, the copycat gains greater
profit under committed pricing and finds it easier to enter the market. Yet, by
committing to a lower price, committed pricing can deter entry over a broader range.

See Figure 1 for an illustration.
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Figure 2.1: The Equilibrium with Exogenous Quality

Proposition 1 further identifies the optimal pricing strategy when product quality
is exogenously determined. Specifically, when the original product’s quality is low
(ie., ¢ < ¢%), the innovator is indifferent between the two pricing strategies. In
this scenario, the copycat cannot cover its entry costs, and imitation is blockaded
under both flexible and committed pricing. When the original product’s quality is
sufficiently high (i.e., ¢ > ¢"), committed pricing proves more advantageous for the
innovator compared to flexible pricing. This is driven by the following underlying
reasons: (1) when " <q< qQC , the innovator can deter copycats under committed
pricing but must share the market with the copycat under flexible pricing; and (2)
when ¢ > ¢, the copycat enters the market regardless of the pricing strategy, and

the innovator benefits from taking price leadership.

Somewhat surprisingly, flexible pricing outperforms committed pricing for the innova-
tor when the original product’s quality is moderate and falls within the intermediate
range (¢¥, ¢*']. Note that in this range, the copycat does not enter the market under
either pricing strategy, and flexible pricing is more effective in blockading copycats
than committed pricing. This is because pricing flexibility creates a highly compet-
itive environment, which helps deter imitation. In contrast, price leadership associ-

ated with committed pricing, while enhancing the innovator’s profit, also improves
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Chapter 2. Pricing Strategies Against Quality Imitation

the copycat’s potential profit. Hence, the barrier to imitation is lower under commit-
ted pricing due to a less competitive environment. As a result, flexible pricing allows
the innovator to achieve the first-best outcome, while committed pricing requires a

sacrifice—a price lower than the first-best—to deter market entry.

2.4.2 Impact of Pricing Strategy

In this section, we investigate the innovator’s limit pricing strategy by analyzing
the second-period price, p},, as it adequately captures the trade-off between copycat
deterrence and copycat accommodation. As previously discussed, the innovator sets
a price lower than the first-best to either deter entry or accommodate imitation.
While limit pricing has been studied in the literature on industrial organization and
marketing, how the innovator employs limit pricing under different pricing strategies
in the presence of copycats remains unclear. In particular, it is unclear whether
the innovator will adopt a more aggressive limit pricing strategy when the original
product has lower quality or when the copycat exhibits greater efficiency in imitation.

The following proposition provides an answer:

Proposition 2. (Limit Pricing) Under committed pricing, the second-period price
increases with the original product’s quality (q) and is non-monotonic in the copycat’s
imitation efficiency (6). By contrast, it is non-monotonic in q and decreases with §
under flexible pricing. Moreover, phy* > pS* if and only if (iff) q¢ < ¢S ; otherwise,

F c
Diz" < Pip"-

Some sensitivity results are monotonic in a straightforward way. The second-period
price p%* under committed pricing increases with the original product quality ¢; the
innovator will charge a higher price for a better product, regardless of copycat entry.
Under flexible pricing, the second-period price ph* decreases with imitation efficiency
0 since the competitive environment forces the innovator to cut prices. However,

the proposition shows that p%* may increase in §, whereas p5* may decrease in q.
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Under committed pricing, the case shifts from CD to CA as § increases, meaning the
innovator is compelled to accommodate the copycat once § becomes sufficiently large.
In both cases, p%* decreases with §. Nonetheless, in case CD, the innovator uses more
aggressive limit pricing to deter copycats compared to case CA. When § crosses the
threshold between the two cases, such aggressive limit pricing becomes more costly
when facing a more efficient copycat, and there is no need to lower the price to such
an extent after entry. In the case of flexible pricing, pk* may decrease in ¢ when the
copycat enters the market, i.e., the innovator cannot deter copycats and is forced to

accommodate imitation through lower prices.
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Figure 2.2: Optimal Limit Pricing

We next examine whether the innovator would choose a lower second-period price
under the optimal pricing strategy. Proposition [ indicates that the reduction in
the second-period price under the optimal pricing strategy does not necessarily align
with the more aggressive pricing approach. Figure [2.2] compares the second-period
prices under committed and flexible pricing strategies alongside the optimal strat-
egy, revealing three interesting findings. First, when the product quality falls into an
intermediate-low range (¢ € (¢¥, ¢"']), limit pricing is more aggressive under commit-
ted pricing, i.e., p5* < pL*. However, the optimal pricing strategy in this range is
flexible pricing, which directly blockades copycats. Committed pricing, by contrast,

can result in excessive price reduction that is not in the innovator’s best interest.

Second, when ¢ < ¢ < ¢f, the more aggressive limit pricing appears under the op-
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timal pricing strategy, which is committed pricing. Under flexible pricing, improved
product quality attracts imitation, making it impossible for the innovator to deter
entry. Instead, the innovator must accommodate the copycat, leading to fierce price
competition. Committed pricing, on the other hand, enables the innovator to deter
copycats through aggressive limit pricing. Notably, the gap between second-period
prices under committed and flexible pricing varnishes at the quality level ¢ = ¢,
meaning the copycat enjoys the same profit under both strategies, and it increases
in g for ¢ € [¢",¢5]. Third, when ¢ > ¢¥, flexible pricing results in excessive price
reduction to compete with the copycat. In contrast, committed pricing, which is
the optimal pricing strategy, mitigates the ensuing price competition and allows the

innovator to charge a higher second-period price despite the entry of the copycat.

Finally, we discuss the impacts of imitation efficiency ¢ and product quality ¢ on
both the innovator and the copycat. First, irrespective of the pricing strategy, a more
efficient imitator always benefits itself while harming the innovator. Second, due to
free-riding behavior, the imitator gains from improvements in the original product’s
quality under both pricing strategies. This holds even when the optimal pricing
strategy is adopted. As the original product’s quality ¢ increases, the optimal pricing
strategy switches from flexible pricing to committed pricing. This strategy switching
reduces competitive pressures and further boosts the imitator’s profitability. We thus
hypothesize that the innovator will also benefit from an increase in product quality.
This holds true under committed pricing; however, it does not apply under flexible

pricing, as outlined in the following corollary.

Corollary 1. Under flexible pricing, the innovator’s profit II™* is non-monotonic in

the original product’s quality (q).

Interestingly, Corollary [1| shows that under flexible pricing, an increase in the original
product’s quality does not necessarily enhance the innovator’s profitability. This
counterintuitive outcome occurs because higher-quality products are more likely to

attract imitation. Once the product quality reaches the imitation threshold (¢ = ¢*),
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the imitator finds market entry profitable. Consequently, further increases in product

quality beyond this threshold may ultimately harm the innovator.

2.4.3 Social Welfare Implication

In this section, we investigate the social impacts of the optimal pricing strategy. Recall
that under flexible pricing, the second-period price (pl*) exhibits a non-monotonic
relationship with respect to the original product’s quality ¢, while under committed
pricing, the second-period price (p%*) is non-monotonic in the copycat’s imitation effi-
ciency 0. These non-monotonic effects on selling prices suggest that changes in market
conditions may lead to nuanced impacts on consumer surplus and social welfare. We

explore these impacts in the subsequent analysis.

Lemma 3. Under flexible pricing, consumer surplus and social welfare both increase
with the original product’s quality q and the imitator’s imitation efficiency 6; while

they are non-monotonic in q and 6 under committed pricing.

Lemma [3| shows that despite that pk* is non-monotonic in ¢, consumer surplus and
social welfare under flexible pricing increase with both the original product’s quality
(¢) and the imitator’s imitation efficiency (J). This is because, in general, a better
product and a more efficient copycat provide greater benefits to consumers. Moreover,
when the innovator accommodates the copycat under flexible pricing, the price reduc-
tion resulting from imitation also benefits consumers. By contrast, under committed
pricing, the opposite patterns emerge: consumer surplus and social welfare may de-
crease with ¢ and 0. Unlike flexible pricing, an innovator using committed pricing
tends to raise prices when accommodating imitation. This increase in prices dimin-
ishes the advantages typically associated with competitive markets. Consequently,
both consumers and society may experience adverse effects from quality improve-
ments and imitation under committed pricing. This raises the question of which

pricing strategy is socially optimal. To facilitate the analysis, define ¢“F" € (¢, ¢5)
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such that (C’SCD* — CSFA*)

cr = 0.

9=q

Proposition 3. There exists a quality threshold ¢©F such that:

(i) Consumers are better off under flexible pricing if the product quality q € (¢*, ¢“F) J(¢¥, 00),

under committed pricing if ¢ € (¢, ¢") (@Y, q5), and indifferent between the

two pricing strategies otherwise.

(ii) Flexible pricing is socially optimal if ¢ > ¢S, while committed pricing is socially
optimal if ¢¥ < q < ¢§. Otherwise, both pricing strategies lead to the same level

of social welfare.

Proposition |3 has the following implications. First, when the product quality satisfies
qf < q < ¢¥, both consumers and society are better off under committed pricing.
This is because the innovator sets a price lower than the first-best level to deter
the copycat’s potential entry. Second, flexible pricing fosters a more competitive
environment, enhancing both consumer surplus and social welfare when ¢ > ¢§.
However, under these circumstances, the innovator’s preference is misaligned with
those of consumers and society, as the innovator does not favor the pricing option

that maximizes consumer surplus and social welfare.

When the original product’s quality is moderate (¢ < ¢ < ¢§), the effects of price
reduction and competition are intertwined. In this range, flexible pricing accommo-
dates imitation while committed pricing does not. Despite this, consumers benefit
from a lower second-period price under committed pricing. However, the competition
effect outweighs the price reduction effect when ¢ < ¢ < ¢“*, making consumers
better off under flexible pricing. In contrast, committed pricing always benefits the
innovator and improves the social welfare. Thus, a “win-win-win” outcome for the
innovator, consumers, and society occurs when ¢“¥ < ¢ < ¢¢, where the innovator
chooses committed pricing and the copycat refrains from entering the market. Fi-

nally, we summarize the equilibrium outcome regarding the copycat’s potential entry
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and the preferences of all parties towards the two pricing strategies, depending on the

magnitude of the original product’s quality ¢, in Table

Table 2.2: Preference of Different Parties with Exogenous Quality

Product Pricing Preference

Quality Committed Flexible Innovator Consumer Society

qg<qt CB FB C=F C=F C=F
¢ <q<qt CD FB F C C
¢ < q< q¢“F CD FA C F C
¢“F <q<qf CD FA C C C

q>q5 CA FA C F F

2.5 Endogenous Quality

In this section, we endogenize the quality decision by allowing the innovator to decide
the product’s quality level prior to the selling period. This is motivated by the
business practice of using effective quality investment as a means to deter imitation.
Our analysis aims to provide valuable insights into how innovators can effectively

integrate quality investment with pricing strategies to combat copycat.

2.5.1 Equilibrium Outcomes

Before the selling period, the innovator selects the pricing strategy and decides the
level of quality investment. It is worth noting that the innovator’s profit is concave
with respect to product quality, ¢, given a pricing strategy. Therefore, we can an-
alyze the problem in a sequential manner via backward induction. Specifically, we

first solve for the optimal quality decision under a given pricing strategy. Then, by
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comparing the equilibrium outcomes associated with two pricing strategies, we iden-
tify the optimal pricing strategy. For the flexible pricing strategy, Lemma {4 follows
directly from Lemma

Lemma 4. Under flexible pricing, there exist two quality cost coefficient thresholds,

F 06(1—90) 6(1 — 8)4/0(8 + 6)(362 — 400 + 64) §AF 5(1—9)
T oK@ —02 4K (4 — 5) WET2 TR — e

such that:

(i) If the innovator’s quality cost coefficient v < ~F, the innovator sets its quality

level ¢F* = %and prices pii* = q;* and ply = %. The copycat
; Fx _ 6¢7*(1-9)
enters the market and sets the price p,* = =5

(ii) If vF < v < +F, the innovator sets its quality level ¢f* = 12%:22 and prices

phr = phy = %; the copycat does not enter the market.

(iii) If v > ~L°, the innovator sets its quality level ¢*™* = % and prices ph* = ply =

%; the copycat does not enter the market.

A close look at Lemmas [I] and ] reveals that the optimal flexible pricing strategy with
the endogenous quality decision resembles that with the exogenous quality. Specifi-
cally, the first and third statements of Lemma {4|indicate that imitation is effectively
blockaded when the quality cost coefficient is high (v > ~4") and that imitation is
accommodated when v < 7. However, when the quality cost coefficient is interme-
diate (vf" < v < 44"), the innovator can successfully deter imitators under flexible
pricing due to its capability of managing quality. Moreover, the innovator can also
choose a first-best price in the second period. In contrast, an innovator lacking this
capability fails to achieve such deterrence, as shown in Lemma [I] This result arises
because an innovator with quality management capabilities can strategically invest
less in quality, thereby reducing the profitability of imitation for potential copycats.
Analogous to the concept of limit pricing in the exogenous quality scenario, we refer

to this strategy as limit quality.
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Next, we analyze the optimal committed pricing. To facilitate the analysis, define ¢

as the threshold that satisfies HZCD* e = iCA* e and
,}/C:# P = 1—7q0D+ q“PK(1—9) 0
2 32K(1-9) T4 VdqCD '

We then have the following:

Lemma 5. Under committed pricing, the following statements hold:

(i) If the quality cost coefficient v < 4%, the innovator sets its quality level ¢©* =

¢“*(1-9)

4-30 qc and p$F = -5 The copycat enters the market

: Cx __
H@5) and prices py* =

and sets the price p<* = gpg*.

(ii) If ¥ < ~v < AY, the innovator sets its quality level ¢°* = q“P and prices

2\/Kq (1-9)

C*_q

P& = T and ply = ; the copycat does not enter the market.

Cx __

= and prices p5* = p&* =

(iii) If v > ~S, the innovator sets its quality level ¢°* = 5

%; the copycat does not enter the market.

Lemma [5| shows that the qualitative findings obtained under the exogenous qual-
ity, as stated in Lemma [2, continue to hold when the quality level is endogenized.
The key difference is that the regions of copycat accommodation, deterrence, and
blockade now depend on the magnitude of the quality cost coefficient v. Having
analyzed both pricing strategies, we now derive the innovator’s optimal pricing strat-
egy in the context of endogenous quality. Define vF as the threshold that satisfies

CDx _ FDx
Hi ’7=va - Hz

__or- We then obtain the following results.
=71

Proposition 4. Flezible pricing is more effective in blockading copycats than com-
mitted pricing (since vE < 7§ ). Regarding deterring entry, the relative performance

of each strateqy depends on the level of imitation efficiency, (5.@ Moreover,

2For detailed analysis and comparisons, please refer to Lemma in the appendix.
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Chapter 2. Pricing Strategies Against Quality Imitation

(i) if the quality cost coefficient v > ~S, the two pricing strategies yield the same

profit for the innovator, i.e., IIF'* = 11¢*;

(ii) if vF < v < 7§, flewible pricing leads to a higher profit for the innovator

compared to committed pricing, i.e., TII* > TI{*;

(iii) if v <~ committed pricing leads to a higher profit for the innovator compared

to flexible pricing, i.e., III* < TI¢*.
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Figure 2.3: The Equilibrium with Endogenous Quality

Proposition [4] indicates that flexible pricing still outperforms committed pricing in
blockading copycats even when the quality level is endogenized. However, committed
pricing now does not always outperform flexible pricing in deterring entry. We can
further show that committed pricing is more effective in deterring entry only when
the copycat’s imitation efficiency 9 is smallﬂ This finding highlights an important
implication: the ability to manage quality enhances the effectiveness of flexible pric-
ing. While copycat deterrence may not be achievable under committed pricing when
the innovator faces a highly efficient imitator, it can potentially be achieved within a

flexible pricing framework; see Figure for an illustration.

3See Lemma in the appendix for the details.
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Proposition {4 further reveals that the innovator’s equilibrium pricing strategy prefer-
ence under endogenous quality is qualitatively similar to that under exogenous quality
(see Proposition . However, the former depends on the magnitude of the quality
cost coefficient, whereas the latter depends on the magnitude of the exogenous qual-
ity level. Specifically, there exists a threshold ¢ regarding quality cost coefficient,
below which the innovator prefers committed pricing. Moreover, we can show that
7¢F is greater than both v¢ and ~4F, where 7 < 4" when the imitation efficiency §
is low and v > ~F otherwiseﬂ We then obtain the following two interesting cases.
First, when ¥ < v < 4, the innovator can deter the copycat and thereby becomes
a monopolist under flexible pricing, whereas imitation must be accommodated un-
der committed pricing. However, the innovator ultimately prefers to accommodate
the copycat through committed pricing. This preference arises because, compared to
the exogenous quality scenario, there is a substantial reduction in quality investment
when the innovator seeks to deter copycats under flexible pricing. This distortion in
quality investment significantly diminishes monopoly profits, making flexible pricing

less favorable for the innovator.

Second, when max(y",7f) < v < ~4', the innovator prioritizes copycat deterrence
under both pricing strategies. Interestingly, the profit gap between committed pric-
ing and flexible pricing narrows as 7 increases| Specifically, committed pricing is
preferred by the innovator when quality investment is relatively inexpensive, whereas
flexible pricing is preferred when quality investment becomes costly. To better ex-
plain the underlying reasons, we conduct a comprehensive analysis of the interaction

between limit quality and limit pricing in the next section.

Endogenous quality also yields additional new results. When quality is exogenous,
the optimal pricing strategy shifts from flexible pricing to committed pricing as the

imitation efficiency () increases, as illustrated in Figure 1. However, when quality

4See Lemma for the detail.

5Detailed expressions are provided in Lemma
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is endogenous, the optimal pricing strategy first transitions from flexible pricing to
committed pricing and may subsequently revert from committed pricing to flexible
pricing as ¢ increases. With exogenous quality, flexible pricing can lead to intense
competition when facing highly efficient copycats, which can be detrimental. Con-
versely, with endogenous quality, the innovator can deter copycats via flexible pricing

too, thereby avoiding intense competition.

2.5.2 Impact of Pricing Strategy

In this section, we examine the innovator’s limit quality strategy, which emerges as a
response to the copycat’s free-riding behavior that disincentivizes the innovator from
investing in quality. We first analyze how the quality cost coefficient, +, and the
copycat’s imitation efficiency, d, affect the innovator’s optimal quality decision. Let

ASF = %. We have the following:

Proposition 5. (Limit Quality) Under both flexible and committed pricing, the inno-

vator’s optimal quality level ¢* (i € {C,D}) decreases with v and is non-monotonic

in §. Moreover, ¢ > q©* if either ¥ < v <~ or v > ~§F: otherwise, ¢ < ¢©*.

Although the innovator’s pricing decision under flexible pricing is non-monotonic with
the original product quality ¢ in Proposition [2| Proposition [5] demonstrates that, re-
gardless of the pricing strategy, the innovator reduces its quality level ¢** as quality
investment becomes more costly (i.e., with a larger ). This is because, without the
ability to manage quality, the innovator can only passively accommodate imitation by
reducing prices when quality exceeds a certain threshold. In contrast, the innovator
with the ability to manage quality can choose to deter the copycat rather than pas-
sively accommodate imitation. The transitional case of copycat deterrence ensures
the monotonicity of quality decisions with respect to v. Meanwhile, the relationship
between quality decisions and § exhibits non-monotonicity: an increase in the copy-

cat’s imitation efficiency (§) can push the innovator to increase its quality level ¢™*.
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2.5. Endogenous Quality

This stems from the aforementioned effects: A more efficient copycat pressurizes the

innovator to accommodate imitation through a more moderate limit quality strategy.

We are now ready to explain why the profit gap between committed pricing and
flexible pricing decreases with the quality cost coefficient  for max(y", ) < v <
4. Within this range of the quality cost coefficient, the innovator’s objective in
employing either pricing strategy is to deter copycats and monopolize the market.
Limit quality and limit pricing serve as strategic complements for the innovator in
combating copycats, as both can effectively undermine and deter their entry. Under
committed pricing, limit quality and limit pricing can be employed together, whereas
only limit quality can be employed under flexible pricing, as previously discussed.
Compared to committed pricing, the limit quality strategy under flexible pricing is
more sensitive to changes in «; that is, the innovator adopting flexible pricing makes
more significant quality adjustments as ~ varies. As shown in Figure [2.4a] when
quality investment becomes more expensive (i.e., v increases), the innovator has less
incentive to limit quality, as product imitation becomes less attractive to copycats.
Furthermore, the equilibrium quality under flexible pricing is lower than that under
committed pricing when quality investment is inexpensive (with a small 7), but the

opposite holds true when it is costly.

The innovator’s quality investment capabilities influence both its limit quality and
limit pricing strategies. Under committed pricing, the innovator can combine limit
quality and limit pricing strategies to deter copycat entry. However, under flexible
pricing, copycat deterrence relies exclusively on limit quality strategies, but this also
implies that the innovator can implement monopoly pricing. As illustrated in Figure
2.4b| in the region of copycat deterrence, innovators employing flexible pricing con-
sistently chooses a lower level of limit pricing compared to those utilizing committed
pricing. Consequently, when quality investment is expensive, the innovator sacrifices
less quality and pricing power under flexible pricing compared to that under commit-

ted pricing, resulting in a more favorable position in the copycat deterrence region. In
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this case, the ability of committed pricing to combine limit quality and limit pricing

strategies may yield contrasting outcomes.
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(a) Limit Quality (b) Limit Pricing

Figure 2.4: Equilibrium Quality and Pricing Strategy with Endogenous Quality

Note: The ratio on the vertical axis represents the proportion of the equilibrium decision to the first-best decision.

Next, we examine which pricing strategy results in a lower quality investment level,
referred to as a more aggressive implementation of the limit quality strategy. Re-
call from Proposition [2| that when quality is exogenously given, limit pricing under
committed pricing is more aggressive than under flexible pricing when the original
product’s quality is low (¢ < ¢). This leads us to conjecture that, when the quality
decision is endogenous, limit quality under committed pricing should also be more ag-
gressive than under flexible pricing when quality investment is costly (i.e., v > 7¢).
However, this argument does not hold when 7" < v < 7§, To understand why,
note that two factors contribute to the outcome pL* > p&* under exogenous quality.
First, when ¢ < q < ¢, p&* > p&* occurs because flexible pricing achieves the
first-best outcome. This corresponds to the case where 74" < v < 7§. Second, when

C'*

" < q< qQC ) pf;* > pi" occurs because committed pricing requires undercutting

prices to deter entry. This corresponds to the case where 7¢ < v < ~F.

The remaining case, 7/ < v < 744", does not correspond to any of the above discussed
scenarios under exogenous quality. This case arises due to the effects described ear-

lier: the ability to manage quality enables the innovator using flexible pricing to deter
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2.5. Endogenous Quality

copycats. When quality investment is moderate, i.e., vi' < v < 4, the innovator
employing flexible pricing has a stronger incentive to limit quality, as this is the only
means of deterring copycats. In contrast, the innovator adopting committed pricing
can deter copycats by combining limit quality and limit pricing; therefore, there is
no need to offer a low-quality product. When ~ exceeds 7§F, the situation reverses.
As previously discussed, flexible pricing is more effective in deterring imitation, and
the innovator’s decisions are more sensitive to changes in quality investment. Con-
sequently, innovators offering lower-quality products are those employing committed

pricing. Next, we examine the profit impact of these strategies.

Corollary 2. Under both flexible and committed pricing, the innovator’s profit 117
decreases in both the quality cost coefficient ~v and the copycat’s imitation efficiency

0, while the copycat’s profit II: decreases in vy and is non-monotonic in 9.

Corollary [2] further confirms our earlier findings that increased efficiency in imitation
adversely affects the innovator’s profitability. Unlike the conclusions drawn in Corol-
lary [I} the innovator’s profit declines as the quality investment becomes more costly
(i.e., with a larger =), regardless of the pricing strategy employed. The underlying rea-
son is that as the cost of quality investment decreases, the innovator can strategically
leverage quality management to deter imitation through flexible pricing. Moreover,
quality management introduces a nuanced effect on the copycat’s profitability. The
value of imitation efficiency diminishes for the copycat, as the innovator may strategi-
cally curtail quality investment to weaken the copycat. This outcome is in contrast to
the model with exogenous quality, where the copycat always benefits from improved

imitation efficiency.

2.5.3 Social Welfare Implication

We now investigate how system parameters, including the quality cost coefficient

and the copycat’s imitation efficiency, affect the equilibrium consumer surplus and
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social welfare under the two pricing strategies. The results are summarized in Propo-

sition [Gl

Lemma 6. The following statements hold:

(i) CST*, SWE* and SW* decrease in vy, while CS°* is non-monotonic in .

(i1) Both consumer surplus and social welfare under flexible and committed pricing

are non-monotonic in 9.

Lemma [6]i) shows that consumer surplus under flexible pricing (C'S™*) and social
welfare under both pricing strategies decrease in the quality cost coefficient ~, as
shown by Figure 2.5, To understand why, two key points should be considered. First,
as the cost of quality investment decreases, the innovator can offer a higher-quality
product in the market, thereby enhancing both consumer surplus and social welfare.
Second, as the quality cost decreases and the equilibrium transitions from copycat
deterrence to copycat accommodation, the innovator tends to adopt more moderate
levels of limit quality and limit pricing strategies. However, this intuition does not ap-
ply under committed pricing. Specifically, consumer surplus under committed pricing
may decrease even when a higher-quality product is offered. This can be explained by
the dynamics outlined in Proposition [5} the innovator employing committed pricing
strategically combines limit quality and limit pricing to deter imitation. Notably,
compared to the innovator employing flexible pricing, the one employing committed
pricing offers a higher-quality product at a lower price. Consequently, consumers may

benefit more from committed pricing when quality investment is expensive.

As the copycat’s imitation efficiency ¢ increases, a more efficient copycat could inten-
sify price competition and provide an alternative for consumers with a low willingness
to pay for quality, potentially increasing consumer surplus and social welfare. How-
ever, Lemma @(ii) indicates that this may not always hold. With the ability to manage

quality, a higher-efficiency copycat impels the innovator to reduce quality investment,
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Figure 2.5: The Social Impact of Quality Cost

either to deter or accommodate the copycat. This reduction in quality investment can
lead to lower consumer surplus and social welfare. In what follows, we identify the
pricing strategy that maximizes consumer surplus and social welfare. To facilitate the
analysis, define K as the entry cost threshold satisfying I1¢7* = ¢4

_ FAx
Keky = cSs

K=K K=Ky’

and

K, as the one satisfying C'S“P* K=Ky

(1—06)d (252 — /5 (30% — 1607 — 2566 + 512) — 164 + 32)

K p—
3 Ay (5 — 4) ’

o T(1—=06)6 (1167 — 2v/14(6 — 1)v/1182 — 406 + 56 — 406 + 56)

T 8 (1162 — 405 + 56)* K '

Proposition 6. Depending on the magnitudes of entry cost K and quality cost coef-

ficient v, the following statements hold:

(i) If v > +S, flexible and committed pricing yield the same consumer surplus and

social welfare.

(ii) Flexible pricing makes consumers better off if (1) v <~ or (2) Ky < K < Kj;

otherwise, committed pricing makes consumers better off.

(iii) Flexible pricing is socially optimal if (1) v <~ or (2) 4T < v < AS; other-

wise, committed pricing is socially optimal.

35



Chapter 2. Pricing Strategies Against Quality Imitation

Proposition [6]shows that flexible pricing benefits consumers only when either the qual-
ity investment is inexpensive (v < &) or the entry cost is moderate (Ky < K < K3).
Under the former, the innovator offers a product of similar quality under both pric-
ing strategies; however, flexible pricing results in a significantly lower price, thereby
benefiting consumers. Under the latter, copycats are deterred by committed pricing
but are accommodated under flexible pricing, where the resulting competition helps
enhance consumer surplus. Interestingly, when both pricing strategies successfully
deter copycats, committed pricing proves to be more beneficial for consumers. This
is because, in this situation, flexible pricing deploys monopoly pricing, which benefits

the innovator at the expense of consumers.

Proposition [6] further reveals that committed pricing is socially optimal when the
quality investment cost is intermediate (7 € (7, 7$T)); otherwise, flexible pricing is
socially optimal. Two points are particularly noteworthy. First, when v& < v < ~F,
the innovator will choose committed pricing, and consumers may also prefer it; how-
ever, flexible pricing remains the socially optimal one. This is because copycats enter
the market under flexible pricing but are deterred under committed pricing. Second,
when the quality investment cost is intermediate (v$F < v < ~4§), flexible pricing is
socially optimal. Under committed pricing, the innovator tends to excessively rely on
both limit quality and limit pricing, which ultimately reduces social welfare. Finally,
we summarize the equilibrium outcome regarding the copycat’s potential entry and
the preferences of all parties towards the two pricing strategies, depending on the

quality cost coefficient, in Table [2.3] However, since the relationships among certain

thresholds may vary, we present the most representative outcome.

2.6 Extensions

In this section, we extend our main model to two alternative settings to check the

robustness of our key results and to derive additional insights. First, in Section
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Table 2.3: Preference of Different Parties with Endogenous Quality

Quality Pricing Preference
Cost Committed Flexible Innovator Consumer Society
v <A CA FA C F F
<y <Af CD FA C CorF F
v <y < AFF CD FD C C C
AOF <y < /5F CD FD F C C
S <y < ASF CD FD F C C
A§E <y <oF CD FD F C F
W<y <Af CD FB F C F
v > CB FB C=F C=F (C=F

Note: When ¢ < v < 4¥, consumers prefer flexible pricing iff Ko < K < K3 and committed pricing otherwise.

[2.6.1], we relax our assumption regarding exogenous imitation efficiency and allow the
copycat to decide its level of imitation. Next, our main model focuses on short-lived
customers whose demands must be satisfied in their arrival period. In other words,
consumers do not delay purchases even in anticipation of a lower price in selling period
2. We relax these assumptions and consider a setting in which the innovator commits

to a uniform price for both selling periods in Section [2.6.2]

2.6.1 Strategic Copycat

In our main model, we consider that the copycat’s imitation efficiency is not too high.
This applies to replica products with quality considerably lower than that of the orig-
inal. For instance, Lululemon faces competition from firms claiming to offer leggings
with softness comparable to Lululemon’s (Marufi 2024)). Nonetheless, Lululemon is
often considered the preferred choice due to its distinctive fabric (Lindeman|2024)).

Here, we explore an alternative setting in which the copycat’s imitation efficiency
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can be sufficiently high, i.e., § € [0, 1], enabling the copycat’s product to match the
quality of the original. Furthermore, we endogenize the copycat’s imitation decision,

allowing it to optimally select §.

In what follows, we replicate the analysis in Sections and with a strategic
copycat. We begin by studying the copycat’s imitation decisions under two pricing

strategies and summarize the key findings in the following lemma.

Lemma 7. The following statements hold:

(i) When imitation efficiency is endogenized, the copycat chooses a lower imita-

tion efficiency under flexible pricing than under committed pricing, specifically,

Fx _ 4 Cx _ 2
) —7<5 =3

(1) When quality is exogenous, flexible pricing is more effective in blockading copy-
cats than committed pricing (since ¢& > ¢ ), while committed pricing is more

effective in deterring entry than flexible pricing (since ¢§ > q*').

(i1i) When quality is endogenous, flexible pricing is more effective in both blockading

copycats and deterring entry than committed pricing (since v& < ~§ and v <

V).

Lemma [7](i) first show that when the copycat makes its imitation efficiency decision,

it adopts a strategy of partial imitation efficiency, i.e., 6* € (0,1). Specifically, the

6F>k:l_l

= under flexible pricing and

copycat chooses a partial imitation efficiency of
8¢ = % under committed pricing. This indicates that the price leadership endowed
by committed pricing incentivizes more efficient imitation. When quality is exoge-
nous, part (ii) reveals that the conclusion of the Proposition [I|remains robust, flexible
pricing is more effective in blockading copycats than committed pricing, and commit-
ted pricing is more effective in deterring copycats than flexible pricing. However,

when quality is endogenous, part (iii) shows that flexible pricing is more effective in

both blockading copycats and deterring entry than committed pricing. Here, both
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endogenous quality and endogenous imitation efficiency enhances the effectiveness of
flexible pricing, as the copycat is incentivized to select a lower imitation efficiency

under flexible pricing.

With the optimal imitation decision established, we then examine the optimal pricing
strategy under both exogenous and endogenous quality, as outlined in the following

proposition.

Proposition 7. Regardless of whether quality is exogenous or endogenous, flexible

pricing leads to a weakly higher profit for the innovator compared to committed pricing.

Proposition [7] shows that flexible pricing always weakly outperforms committed pric-
ing for the innovator, irrespective of whether the innovator has the quality manage-
ment capability. In our main model, price leadership reduces competition and benefits
the innovator in the region of copycat accommodation. However, when imitation effi-
ciency is endogenous, the benefits of reduced competition are offset by a more efficient

copycat. Consequently, flexible pricing weakly dominates committed pricing.

2.6.2 Uniform Pricing

In our main model with a committed pricing strategy, we consider the scenario where
the innovator commits to two distinct prices prior to each selling periods. This setup
reflects business environments where the innovator adjusts prices specifically in re-
sponse to potential copycat entry. Practical situations may also arise where the

innovator commits to a uniform price for the entire selling horizon.

We now examine the scenario where the innovator adopts a uniform pricing strategy,
an alternative approach to establish price leadership. A notable example of this strat-
egy is Apple’s practice of maintaining stable prices throughout the iPhone product
cycle, which aims to discourage consumers from postponing their purchases strategi-

cally. For ease of notation, We use the superscript U to denote variables and outcomes
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under uniform pricing, where the innovator commits to a uniform price p? for the en-
tire selling horizon. The equilibrium outcome under uniform pricing with exogenous
product quality is presented in Lemma of the appendix, which are similar to
those presented in Lemma [2under committed pricing. Specifically, imitation is block-
aded when the original product’s quality is low and accommodated when it is high.
It is worth noting that uniform pricing is a specialized form of committed pricing,
constrained by a single uniform price, and is always weakly dominated by the more
general committed pricing strategy. Below, we compare the performances associated

with uniform and flexible pricing in the context of exogenous quality. Define

2 (—5+\/SM+ 2) (4 30)K

. 16(1 —9) B
o= K d = (1—0) ’
and )
L B2E(1-8)(4 - o) <\/6(8 T0) — V26 + 4\/5)
q - = .

§(62 — 240 + 32)?

Lemma 8. Under exogenous product quality, flexible pricing is more effective in
blockading copycats than uniform pricing (since ¢ > ¢V ), while uniform pricing is
more effective in deterring entry than flexible pricing (since ¢5 > ¢¥' ). Moreover, we

have:

(i) If the product quality q < ¢V, the two pricing strategies yield the same profit for

the innovator, i.e., II* = T1V*.

(ii) If ¢ < q < ¢*'Y, uniform pricing leads to a higher profit for the innovator

compared to flexible pricing, i.e., IIF* < T1V*.

(11i) Otherwise, flexible pricing leads to a higher profit for the innovator compared to

uniform pricing, i.e., [IF* > TIV*.

Lemma shows that when the original product’s quality is low (¢ < ¢V), both flexible

and uniform pricing yield the same profit for the innovator. However, uniform pricing
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makes the innovator better off when the quality falls within an intermediate level. This
is because the single uniform price constraint significantly reduces the effectiveness
of price leadership. Consequently, in competitive environments, uniform pricing is
strictly dominated by flexible pricing. In the quality range ¢ < ¢ < ¢"'Y, uniform
pricing enables the innovator to deter imitators, whereas flexible pricing fails to do
so. Nonetheless, flexible pricing is always weakly optimal when the innovator faces
an efficient imitator. Therefore, uniform pricing become a viable strategy only when
the imitator is less capable. In the following proposition, we examine how quality

investment affects the innovator’s optimal pricing strategy selection.

Proposition 8. Under endogenous product quality, flexible pricing is more effective
in blockading entry than uniform pricing. Regarding deterring entry, the relative
performance of each strategy depends on the level of imitation efficiency, . Moreover,
flexible pricing leads to a weakly higher profit for the innovator compared to uniform

L - Us Fx
pricing, t.e., II7* <II;"™.

When product quality is endogenous, flexible pricing is weakly preferred by the in-
novator over uniform pricing. Flexible pricing outperforms uniform pricing in both
the copycat deterrence and copycat accommodation regions. This is because quality
management enhances the advantages of price flexibility inherent in flexible pricing,
while the single uniform price diminishes the effectiveness of price leadership under
uniform pricing. To summarize, an innovator with the ability to manage quality

should not adopt uniform pricing when facing the threat of imitation.

2.7 Summary

Copycats contribute to substantial societal losses each year. Like large corporations,
small business innovators are also susceptible to imitation. Despite the significant

time and resources dedicated to mitigating this risk, their efforts often fail. Unlike
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corporate giants, small businesses encounter greater difficulties in absorbing the fi-
nancial burdens associated with imitation. Pricing and quality investment are two
fundamental levers for firms, serving as strategic tools in a competitive environment.
In this paper, we develop a parsimonious game-theoretic model involving an innovator
and a copycat to explore the effectiveness of price commitment and quality invest-
ment in addressing copycat threats. Specifically, we investigate the roles of committed
and flexible pricing strategies in deterring copycats and analyze their implications on

consumers and social welfare.

We have obtained the following several key findings. First, under exogenous prod-
uct quality, flexible pricing is more effective in blockading copycats, while committed
pricing is more effective in deterring entry. However, when product quality can be
managed, flexible pricing may outperform committed pricing in deterring copycats.
Second, the innovator should pursue price leadership through committed pricing when
quality investment is inexpensive. Conversely, when quality investment is interme-
diately affordable, the pricing flexibility under flexible pricing consistently results in
a higher profit for the innovator. Third, the presence of imitation impels the inno-
vator to limit both price and quality under either pricing strategy. In this context,
limit quality and limit pricing act as strategic complements: the threat of replica
products can drives the innovator towards more aggressive limit pricing and limit
quality. Finally, lower quality investment costs or a more competitive environment
does not necessarily improve consumer surplus or social welfare. The strategic reduc-
tion in product quality can offset the benefits brought by decreased quality costs and

increased competition, leading to worse outcomes for both consumers and society.
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Chapter 3

Duopoly Price Competition with

Quality Improvement Spillover

3.1 Introduction

In recent years, business innovations of various kinds have been constantly introducing
new and emerging industries, opening up unfilled markets and attracting start-up
entrepreneurs. In these so-called blue ocean industries, competing firms, especially at
their starting stages, will typically face two major challenges when trying to survive.
First, they need to improve their own quality level in terms of providing the customers
with better products or services. Indeed, an innovative new product often lacks
extensive trials and is likely to suffer from mismatch between the product features
and the customers’ needs. Hence, it is of vital importance for the firms to climb
up a learning curve and improve the quality as perceived by the customers. The
way to achieve this goal in the emerging industries is through accumulating serving

experiences and the learn-by-doing effect[] Specifically, the more demand a firm

'Note that this paper particularly focuses on the quality that can be improved via the learn-by-

doing effect and neglects other quality determinants (e.g., at the beginning the firms are already
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obtains, the more it can learn from the past experiences, and the higher quality
it may achieve in the future. Such an experience-based quality improvement has
been widely seen in practice and well-documented in relevant literature (Pinker and

Shumsky|[2000, Misra et al.|[2004, Ryder et al.|2008]).

The second major challenge facing the start-up firms in new and emerging industries
is the expansion of brand awareness in potential markets. Although an innovative
product or service does uncover a new market and create new demands, the size
of the demand is usually not very profitable due to the limited product awareness.
Hence, enlarging the potential market with more informed customers should be a
high-priority goal to the firms that materialize innovative ideas into business. On
the one hand, the market growth surely depends on the quality level of the firms.
On the other hand, more importantly, it depends on the awareness expansion among
customers, which is often seen in the form of word-of-mouth spread (Godes [2017)).
Specifically, there exist interpersonal communications among customers who have
used the product or service and the potential customers who have not. Interest-
ingly, these communications could be either within-brand or cross-brand (Libai et al.
2009)), meaning that the total potential market may be expanded for the benefit of
all competing firms, rendering a quality spillover effect. Therefore, with respect to
the product awareness expansion, firms will not necessarily take competitive actions;

rather, they may leverage the spillover effect to their own advantage.

[lustrating examples combining both experience-based quality improvement and qual-
ity spillover effect abound in practice. For example, in the Internet age, many inno-
vative ways of entertainment have emerged. Among others, playing the multiplayer
online battle arena (MOBA) games (such as Heroes Evolved and DOTA 2) and read-
ing online serial novels (updated actively and regularly on websites such as Qidian.com

and WuxiaWorld.com) are the most popular categories, and the game and novel pub-

doing the best within their capabilities, but will be able to further improve quality by improving
their capabilities through learning).
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lishing industries are still growing. One major feature of these industries is that the
publishers must constantly enhance the quality of the contents by correcting bugs and
revising plots according to the feed-backs from the existing users. This means that
their quality improvement is based on the number of the accumulated players/readers.
Another important feature of these industries is that similar products are constantly
reviewed, rated, and discussed altogether on forums. Hence, abundant social interac-
tions, mostly in the form of word-of-mouth, are present in the users communities (e.g.,
game players and novel readers). Since the word-of-mouth communications among
users may not be product-specific, quality spillover may transpire, for example, when
the potential users of all similar products increase due to the word-of-mouth recom-
mendation from a user of one particular product. In fact, similar effect has also been
observed in fiction books sales, where the bestsellers appear to increases sales for both
bestsellers and non-bestsellers in similar genres (Sorensen 2007). As another exam-
ple, when introducing ground-breaking smartwatch, competing firms, such Apple and
Samsung, frequently issue upgrades via incremental innovations to incorporate addi-
tional features selected from user feedback. Moreover, high product quality and good
user experience of one firm can foster the growth of the entire market significantly,

benefiting other smartwatch producers

The central decision variable that links the learn-by-doing process, the quality im-
provement, and eventually the profit of the competing firms is the price. Since the
firms are climbing up the learning curve over times, they may decide different prices
for the product over multiple periods to reflect the quality improvement. Depending
on the specific setting, two pricing schemes are often observed in practice. First,
firms may announce the prices for all time periods at the beginning of their market
entry and keep them unchanged, which is referred to as committed pricing scheme.

The benefit of such a pricing scheme is easy implementation for management and

2Supporting evidences can be found from three sources: https://tinyurl.com/appleswi;
https://tinyurl.com/applesw2; and https://tinyurl.com/applesw3, respectively. Accessed on
Jan. 10th, 2022.
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less risk in irritating customers with changing prices in short notice. Second, with-
out any commitment device, it is not uncommon that the prices are inter-temporal
variables decided dynamically in each time period, which is referred to as dynamic
pricing scheme. Obviously, this pricing scheme endows firms with a level of flexibility
that may be valued in a dynamic and competitive environment. In addition to being
commonly observed in practice, both pricing schemes are also widely studied in the
related literature (see, e.g., Liu and Zhang [2013, Wang and Hu [2014} Shang et al.
2021)). In our setting, it is expected that different pricing schemes may have distinct

impacts on competing firms’ quality improvement and spillover.

Motivated by the above discussion, the primary objective of our paper is to investigate

the following research questions in a duopoly dynamic competition setting.

(1) What does the equilibrium outcome, if one exists, of the duopoly price compe-
tition look like, and how is it affected by the experience-based quality improve-

ment and spillover under different pricing schemes?

(2) How do the two pricing schemes compare to each other in terms of their impacts

on the duopoly competition and the firms’ profits?

(3) How would the above results change if the duopoly is different in certain at-

tributes related to quality improvement and its spillover?

To answer these questions, we build a two-period duopoly pricing model where firms
set prices, under either committed or dynamic pricing schemes, and compete with each
other as their quality levels not only increase according to a linear learning curve, but
also have positive spillover effect on the rival’s potential demand. Moreover, we first
consider the case where the two firms are symmetric in every aspect, and then examine
the possible asymmetric case where the firms differ in certain important attributes
pertaining to learning and quality improvement. In the following, we highlight our

major findings.
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First, for a symmetric duopoly, regardless of the pricing scheme, we establish the
existence and uniqueness of the Nash equilibrium under some mild condition. In the
equilibrium, firms always set a lower price in the first period and raise it in the second
period. The lower first-period price is charged with the purposes to both attract
more demand as a source for self quality improvement and prevent the competitor
from learning too fast. As the quality spillover effect gets stronger, firms tend to
raise their first-period price, leading to a lower individual quality improvement and
a non-monotonic impact on firms’ profit. This is because stronger quality spillover
alleviates competition intensity and reduces firms’ reliance on quality improvement.
In addition, compared to the benchmark where no quality learning exists, both firms
choose to sacrifice some short-term profit by setting a lower price, in exchange for

climbing up their learning curve fast and the corresponding long-run benefit.

Second, we further compare symmetric firms’ equilibrium prices and profits under
both committed and dynamic pricing schemes. When the strength of the spillover
effect is large compared to the competition intensity level, committed pricing can
help alleviate the price competition, and benefit the firms more than dynamic pricing
does, which is consistent with the existing literature (Liu and Zhang 2013, Wang and
Hu 2014} |Shang et al.[2021). By contrast, when the quality spillover is weak, dynamic
pricing scheme brings more profits for the duopoly, as firms can take advantage of
the pricing flexibility and earn a high second-period profit without sacrificing the

first-period profit for self quality improvement.

Finally, we extend our model to two asymmetric cases with respect to quality learning
speed and quality spillover effect, respectively. For the first case, the firm with the
learning advantage dominates the market by setting prices aggressively, which, sur-
prisingly, may even benefit the firm without the learning advantage, especially when
the quality spillover effect is strong. This is true under both pricing schemes. How-
ever, dynamic pricing scheme further intensifies firms’ asymmetry, and benefits the

firm with the learning advantage more than the committed pricing. For the second
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case, by contrast, the firm without the spillover advantage tends to price more aggres-
sively, regardless of the pricing scheme, as it must rely on its own quality improvement
more than the spillover from the competitor. Moreover, we find that dynamic pricing
further provides pricing flexibility for the firm with the spillover disadvantage and
helps it better leverage the individual quality learning and gain a higher profit.

The reminder of the paper is organized as follow. In Section [3.2] we give a review on
related literature. Section formulates the model and presents a benchmark case
without quality learning. Section studies the symmetric two-period duopoly game
to develop the conditions for the existence and uniqueness of the equilibrium and an-
swer our research questions in the symmetric case. Moreover, we extend this duopoly
game to two asymmetric cases: asymmetric learning speed and quality spillover in
Section [3.5 Finally, Section concludes the paper with discussions. All proofs are
relegated to the appendices.

3.2 Related Literature

Broadly speaking, this paper contributes to the literature on oligopoly price and qual-
ity competition; (see, e.g., Banker et al./ 1998, (Chambers et al.|[2006, Liu and Zhang
2013, (Gallego and Hu/|2014, |Geng et al.[[2021). Although this stream of literature is
vast, there are three important features that distinguish our paper from all previous

works. These three differences are related to three streams of literature, respectively.

First, this paper is built upon the literature on learn-by-doing and experience-based
quality improvement. Here, we focus on the perceived quality that cannot be directly
controlled by firms, and thus is not a decision variable. Instead, the firms’ pricing
decision indirectly affects their quality improvements according to a learning curve;
see |Yelle (1979) for a comprehensive survey on learning curve. Quality improvement

and learning was first studied by [Fine (1986 in the context of productive system, and
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later introduced to service systems (Pinker and Shumsky| 2000, [Misra et al.[2004). In
particular, price competition with the presence of learning, which is similar to our
setting, has been studied by prior works such as |Spence| (1981)), [Dasgupta and Stiglitz
(1988)), and (Cabral and Riordan| (1994). These papers show that the high-quality firm
has an incentive to set low price (predatory pricing) in order to prevent the low-quality
entrant from learning and improving. Apparently, the quality spillover effect is absent
in those works. Hence, by considering the beneficial spillover of quality improvement

between firms, we manage to derive more insights in this novel setting.

Second, our paper is also related to the literature on spillover effect in operations
management. For example, Agrawal et al|(2016) investigate the investment in shared
suppliers in the presence of spillover effect and competition, the interplay of which
is shown to have different impact on investment decision; Hu et al. (2020) study
the outsourcing decision where the outsourcing may lead to knowledge spillover, and
show that the innovator may strategically outsource the product out of technical
and non-technical motivations. Different from these papers, our paper focuses on a
duopoly game and identifies the impact on pricing decisions with quality improvement
and its spillover effect. Moreover, the extant studies towards quality spillover are
largely empirical and covers a variety of topics: inventory management (e.g., |[Yao
et al. 2012)), supply chain management (e.g., Muthulingam and Agrawal 2016)) and
platform strategy (e.g., Haviv et al|2020). To the best of our knowledge, we are
the first to build and solve a theoretical model of duopoly pricing in the presence of
quality spillover. Hence, our work provides important and practical insights into the

fundamental impact of quality improvement in many business settings.

Third, this paper joins the group of prior works that study the comparison between
committed and dynamic pricing schemes. |Liu and Zhang| (2013)) examine the duopoly
price competition with strategic customers and show that static pricing can generally
improves profits. Wang and Hu| (2014) discuss whether competing firms should com-

mit to a fixed price ex ante or elect to price contingently ex post in the presence of
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demand uncertainty. They conclude that, compared to committed pricing, dynamic
pricing may intensify the competition. Shang et al.| (2021)) consider firms’ positioning
and pricing choices in the presence of variety-seeking and strategic consumers, and
show that price commitment softens horizontal competition and increases profits.
There are several fundamental differences between our paper and theirs. First, the
quality spillover effect can mitigate competition and this impact may be magnified if
prices are pre-determined. Second, the ability of quality improvement may intensify

price competition and thus influence the results under each pricing scheme.

Lastly, the quality spillover effect captured by our model could call for certain collab-
orative actions from the competing firms; e.g., they may allow the other firm to learn
and improve quality so that the total market may be expanded. In this sense, our
work is also related to the notion of co-opetition (Brandenburger and Nalebuff]|1996]).
Indeed, as discussed by many previous papers (see, e.g., Arya et al.| 2007, [Hu et al.
2017, [Niu et al.[2019), certain competitive strategies may result in mutual benefit for
competing firms in many practical settings. Hence, our paper simply identifies and

studies another example setting in this regard.

To sum up, our primary contribution to the literature is as follows. We are among
the first to consider possible quality spillover of firms that engage in price and quality
competition, and the impacts of different pricing schemes on the equilibrium out-
comes. This not only advances the relevant literature, but also captures many of
the real-life situations and therefore has a considerable practical value. Moreover, by
introducing the learning curve to firms’ quality improvement in a competitive envi-
ronment, our model links the firms’ quality levels to their pricing decisions, which
has important managerial implications but is largely overlooked in the literature that

studies quality competition.
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3.3 Model Setup and Preliminary Analysis

In this section, we first formulate our model by laying out the basic assumptions and
describing the key model elements, and then analyze a static model without quality

improvement to provide some benchmark results.

3.3.1 Model Setup

Consider a duopoly price competition in a two-period setting. The two firms (A and
B) provide similar products to a market of customers and, as a result, the demand
of one firm is interdependent with the demand of the other firm via their prices and
quality levels. Moreover, we assume that both firms are on the learning curve in terms
of their quality improvement. That is, each firm’s quality level may increase in the
second period due to improvement made based on the accumulated experience, which
is represented by the market size gained by the firm in the first period. The main
distinguishing feature of our model is the assumption that the rival firm’s quality level
can expand the total market size and positively affect a firm’s demand. As discussed
in Section 1, such a spillover phenomenon can be observed in industries wherein the
competing firms are at the startup stage or the service is relatively new to customers.
As such, the pricing schemes considered in our model is of particular importance,
because the firms’ pricing decisions will jointly affect their demands and thus influence
the quality improvement, which in turn has an impact on the competition. Hence,
the duopoly pricing schemes and the quality improvement spillover are intertwined
in a non-intuitive way. In the following, we detail the key elements to complete the

model setup.
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Pricing Schemes

In a dynamic setting such as ours, two types of pricing schemes are commonly stud-
ied, i.e., committed pricing and dynamic pricing. In the former case, the prices for all
periods are decided at the beginning and committed throughout the horizon, whereas
in the latter case, the price for one period is announced in a dynamic fashion, when
that period starts. These two pricing schemes are both employed by firms in practice
and well-documented in literature (e.g., Wang and Hu/2014, Geng et al.[2021)). In par-
ticular, the equilibrium under committed pricing is often referred to as “open-loop”
equilibrium, and that under dynamic pricing as “closed-loop” equilibrium. Although
dynamic pricing seems to have the obvious benefit of pricing flexibility, which al-
lows the firm to always price according to the most updated information, it may
still be outperformed by committed pricing in a competitive environment. Indeed,
when considering firms that are climbing learning curves, dynamic pricing may exces-
sively intensify the competition and beneficial quality improvement spillover cannot
be fostered. In other words, the combined effect of pricing flexibility and quality
improvement spillover is not immediate in our setting. Therefore, one of the primary
objectives of our analysis is to compare the two pricing schemes and to characterize

the condition under which one can outperform the other.

Quality Improvement and Learning Process

Quality improvement and learning is first studied in the context of production system,
and the underlying assumption is that the unit production cost is reduced according
to a learning curve that is based on production volume (e.g., Fine| 1986, Spence
1981). In service industries, similar learning process can be observed (e.g., Misra
et al.|[2004, Ryder et al.,2008)). In this paper, we focus on the experience-based
quality improvement; i.e., the learning is based on the total past sales. Indeed, as a

firm serves more customers, it has to apply a correspondingly large amount of care
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and scrutiny to the process, and as a result the quality can be enhanced.

The learning curve (as a function of the accumulated sales) is often increasing and
concave, and has an upper bound. Although the log-linear functional form can be used
to describe the learning curve, one approach commonly seen in the related literature to
reduce the analytical difficulty is to employ linear learning curve as an approximation
(see|Jin et al[2004). Hence, in this paper, we use a linear approximation to describe
the firms’ learning process. Let ¢; be the quality level in period t and ¢,,.. = 1 be
the maximal quality level. Then, the quality improvement from period ¢ to t + 1 can

be written as

¢r+1 = min{1, g, + 0D},

where 0 > 0 represents the learning speed of the firm and D; is the firm’s demand
in period t. To focus on the effect of learning and quality improvement spillover, we
assume that the learning occurred in the first period is not sufficient for either firm to
achieve the maximal quality level in the second period. Thus, the firms’ decisions will
not be restricted by the ceiling of quality improvement. It is straightforward to see
that this assumption can be satisfied as long as the total market size and the learning

speed are finite. Therefore, in our model, the learning process is further simplified to

be

Gr41 = @ + 0Dy (3.1)

Demand and Profit Functions

Consistent with the most commonly seen demand model in the literature, we focus on
linear demand function, which is based on the quadratic utility function maximization
derived in Shubik and Levitan (1980). Suppose that the total market size is A. In

period t (t = 1,2), firm i’s (i = A, B) demand when using pricing scheme k (k = ¢, d)
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is a function of both firms’ prices (p¥, and p%,) and their quality levels (¢%, and ¢%,):

Di = - [A((1—6) g + 6:d5,) — v+ (05— pf)] 0.5 € {A B} i# 4,k € {cd}.

(3.2)

N | —

In the above, the superscript “c” means committed pricing scheme and “d” means
dynamic pricing scheme. Here, a > 0 is the substitution parameter, which indicates
the intensity of the price competition; e.g., larger a means that firms compete more
fiercely. On the other hand, the parameter 6; measures the effect of firm j’s quality
on firm i’s demand. Deviating from the traditional economic and operations manage-
ment models, where a firm’s market share and its rival’s quality level are negatively
correlated, we assume that #; > 0 in our setting. That is, a firm can benefit from
a higher quality provided by the rival firm. This assumption aims to capture the
situations discussed in Section [3.1] where one firm’s higher quality level can help ex-
pand the entire market and improve consumers’ perceived quality of both firms (Libai
et al.[2009). Moreover, we only consider 6; < %, meaning that, each firm’s own quality
has a stronger impact on its own demand than the other firm’s quality. Note that,
in our model, the first-period demand improves firms’ quality levels via experience-
based learn-by-doing, which in turn affects each firm’s demand in the second period.
Hence, our model shares a similar nature with those studying the market expansion

via social interactions (e.g., |Geng et al.|2021]).

The duopoly independently and simultaneously decide the prices to maximize their
respective profits. Without loss of generality, we normalize the firms’ unit cost to
zero. Thus, given firm j’s prices, firm 4’s problem is formulated as below:

k rk
max E PipDiy-

PPl {1
Under committed pricing, the two firms decide the price in each period at the begin-
ning of the game; however, if dynamic pricing scheme is in effect, firms will decide
only the first-period price at the beginning of the game and announce the second-

period price after they know their sales and profits of the first period. Regardless of
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the pricing scheme, the firms’ quality level will be improved according to (3.1)) at the
end of the first period.

With the price competition on the one hand, and the quality improvement spillover
on the other, the duopoly faces a trade-off between the degree of the competition
intensity and the amount of quality spillover. In our model formulation, o measures
the competition intensity and 6; and ¢ are closely related to the quality improvement
spillover, these parameters are at the core of our analysis on the firms’ optimal pricing

decisions and they shed lights on the firms’ profits in equilibrium.

3.3.2 Benchmark: Static Duopoly Game

We first investigate the benchmark model where quality improvement is absent.
Specifically, consider a single-period duopoly pricing game. Without learning or qual-
ity change, the game is degenerated to a simple price competition with exogenous

quality levels. Therefore, the demands of firm A and B are given by:

Dy=5[A((1—04)qa+0aq) —pa+a(ps—pa)l

N[ =

Dp =35 [A((1—-08)qs +059a) —pB+ (pa — pB)]

N =

Then, each firm will simultaneously set price to maximize its own profit.

We focus on the pure Nash equilibrium prices. It is straightforward to solve the first

order conditions and find the unique equilibrium prices to be

x _ 2040)((1-04)9a+0498)+a((1-05)a5+0B94) A

Pa (a+2)(3a+2) (3.4)
x _ 204a)((1=0p)ap+059a)+a((1=04)qa+0aap) A

Pp (@+2)(3a12)

Moreover, the equilibrium market share and revenue are, respectively,

. 1+a , . l+a ,
D) = 9 Pa, Dp= 9 Pps
and
. l1+a . l1l+a,
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Note that, if g4 > ¢p, then p¥ > pj, D% > Dy and 7 > 7. That is, the firm with
higher quality would price in a more aggressive way and dominate the low-quality

firm in both market share and profit.

This simple static model serves as a natural benchmark for our study on the two-
period model. In particular, by comparing the equilibrium outcomes of the two-period
model against the benchmark, we can examine the role of the quality improvement
in the duopoly game, as well as the impact of its possible spillover to the opponent.
Next, in Section [3.4] we study the two-period model under the assumption that the
two firms are symmetric in all aspects; and then, we repeat the analysis in Section

for the case where the two firms are asymmetric in certain key attributes.

3.4 The Two-Period Model with Symmetric Firms

In this section, we focus on the two-period duopoly price competition model with sym-
metric firms to study how the experience-based quality improvement and its spillover
influence firms’ equilibrium prices and profits, and how the quality learning process
interact with the pricing schemes. It is noteworthy that the two-period setting can
both capture the essential characteristics of the quality improvement in our model

and yield tractable analysis by avoiding the unnecessary technical difficulties.

Our primary goal is to investigate the impacts of the learning process, the quality
improvement spillover, and the pricing schemes on the equilibrium outcomes of the
duopoly game. To that end, we develop our research from three perspectives. First,
we solve the two-period game to examine firms’ prices change in different periods
and their quality improvement across periods. Second, we investigate the role of the
quality improvement process in the duopoly game. In particular, we compare the first-
period price and profit in the two-period model against the benchmark results, which

reveals how much the firms are willing to cut prices and/or sacrifice profit in order
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to improve faster and benefit in the long run. Third, we scrutinize the performances
of different pricing schemes, committed and dynamic, and derive insights into the

interaction between the quality improvement spillover and the pricing flexibility.

To further facilitate the model analysis and the derivation of useful insights, we assume
that both firms are identical in all aspects. Specifically, all the relevant attributes of
the firms are the same; i.e., their initial quality satisfies 0 < qa1 = qg1 = ¢1 < 1, their
learning speed 04 = dp = 9, and their quality spillover coefficients 4 = 05 = 6. Such
a symmetric setting depicts the situation where firms are roughly at the same stage
of their development. All our following discussions are therefore based on this unique
equilibrium of the game. Before proceeding to formal analysis, we first confirm the
existence and uniqueness of pure symmetric Nash equilibrium for the duopoly pricing

game.

Theorem 1.  For any pricing scheme k € {c,d}, when §A < 1, there exists a
unique pure symmetric Nash equilibrium (pk*, p5*), which is an interior point of the

feasible region.

3.4.1 Equilibrium Prices, Quality Improvement, and Profits

In this subsection, we solve the duopoly pricing game and fully characterize the equi-
librium outcomes for both firms, including the prices, the quality levels, and the
profits. Then, for different pricing schemes, we examine the price change over peri-
ods and the quality improvement due to learning. Moreover, we conduct sensitivity
analysis with respect to the competition intensity and the quality spillover strength

to illustrate their impacts.

We start with the comparison between the prices across the two periods, and the

result is summarized by the following proposition.

Proposition 9.  Foranya >0, 6A <1, 0 € [0,1/2] and pricing scheme k € {c, d},
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P < pb* always holds.

This proposition shows that firms would set a low price in the first period and raise it
in the second period. In our particular setting, there are two different reasons for such
a price increase. First, firms want to improve quality faster so that they may collect
higher total profit in the long run, because higher quality improvement means a larger
market in the second period. Consequently, setting a lower first-period price helps the
firms attract more demand as a source of higher quality improvement, which allows
them to charge a higher price in the second period. The second reason why firms
offer lower prices in the first period is purely strategic — to prevent the opponent
from learning too fast. When the competition intensity is strong compared to the
strength of the quality spillover effect, firms choose to set a low price in the beginning
to deter the opponent’s gaining competitive advantage through quality improvement;

this result also echoes with that in |Cabral and Riordan| (1994).

It is noteworthy that pi* < p&* holds largely because of the condition § < %, k€ {c,d}.
If, however, the opponent’s quality affects the firm’s demand more than its own quality
does (i.e., 6 > %), then the firm could find it more beneficial to set a high price in the
first period to help the opponent learn and improve quickly, hoping that this could

booster its second period demand increment

How would the system parameters affect the equilibrium prices of the firms? The
following proposition reports the sensitivity results in this regard. Throughout the

paper, we use “decrease” and “increase” in the weak sense, unless otherwise specified.

Proposition 10. Suppose a« > 0, 6A < 1, and 6 € [0,1/2]. Then, for pricing scheme
k € {c,d}, p}* increases in 0, decreases in &, and decreases in o, whereas p§* decreases

in 0, increases in §, and decreases in «.

This proposition shows that firms tend to raise their price in the first period when 6

increases or when 0 and/or a decreases. When the quality spillover effect is strong
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(i.e., 0 is large), firms will set a higher price in the first period to avoid fierce com-
petition. In this case, the benefit of quality spillover effect outperforms the benefit
of quality improvement. The quality learning speed affects the prices in an intuitive
way in our model. To be specific, when learning can improve quality efficiently (i.e.,
J is large), there is an incentive for firms to lower prices in the first period for higher
quality level in the second period, which allows them to compete with a higher prices.
Lastly, in a more competitive market (i.e., av is large), firms tend to set a lower price
in the first period in order to make themselves more competitive in the second pe-
riod. Indeed, the firm with greater quality improvement can lower the price in the
second period to attract more customers and gain a higher profit. In this case, main-
taining competitive advantage is more important than enjoying the benefit of quality
improvement, and thus the second-period prices would be lower despite the greater

quality improvement.

Next, we turn to analyze the firms’ quality improvement after the first period, and
its dependence on the competition level and the quality spillover effect. Since the
firms are symmetric, the quality improvement for both firms are identical. Therefore,
we focus on the quality improvement defined by QI = §D¥, where D¥ is the demand
in the first period. In the equilibrium of the duopoly game under pricing scheme
k € {c,d}, we have
QI™ = 5%(/\@1 - ).

The equilibrium prices in the two pricing schemes are solved from the first order con-
ditions, as can be seen in the proof of Proposition [0} Consequently, the monotonicity
of the quality improvement can be directly link to that of the first period equilib-
rium price pt*. Specifically, the next proposition provides us a view on how price
competition and quality spillover effect influence the firms’ quality improvement at

equilibrium.

Proposition 11. Suppose a > 0, 6A < 1, and 6 € [0,1/2]. Then, for pricing scheme

k€ {c,d}, QI* decreases in 6 and increases in & and o, respectively.
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We can see from Proposition (11| that the competition intensity («) acts as a positive
driving force on firms’ quality improvement; i.e., more intense price competition be-
tween the firms induces larger quality improvement. On the other hand, however, we
observe a surprising result that the quality spillover effect (6) has a negative impact
on the quality improvement. Indeed, as Proposition [11|shows, when the firm depends
more on the opponent’s quality to induce the demand, the quality improvement ac-
tually diminishes. These results can be explained by the following fact: High quality
spillover effect counteracts the competition intensity and therefore firms do not have
to rely on quality improvement too much for competition reason. Hence, this finding
reveals an important managerial insight that a competitive environment helps the
firms improve quality faster, whereas the quality spillover effect delays the learning

process.

Lastly, we look into the equilibrium profits of the firms and study how they are

affected by the system parameters.

Proposition 12.  For any o > 0, 6A < 1, § € [0,1/2] and pricing scheme k €
{c,d}, the following statements hold:

(i) 7% increases in 0, decreases in & and «;
(ii) w5* decreases in 0, increases in §, and first increases and then decreases in o

(iii) 7 first increases and then decreases in 0, increases in §, and first increases

and then decreases in «.

The above proposition shows that the learning speed always plays a positive role on
firms’ equilibrium profits. However, it is not the case for the competition level and the
quality spillover effect. A small quality spillover effect benefits firms while a strong
quality spillover effect may hurt firms. Note that with quality spillover, firms tend to
avoid fierce competition and enjoy higher profits in the first period; but in the second

period, they have to compete with each other at a lower prices and can only collect
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lower profits. Moreover, when the competition is intense enough, the gain in the first
period is greater than the loss in the second period. In a less competitive market,
however, there exists an intermediate quality spillover level that is optimal for firms.

At that point, the impacts of 6 on the first- and the second-profit are balanced out.

Regardless of the pricing schemes, the main trade-off for the firms is to balance
the first-period profit and the second-period profit. Note that there are two critical
factors that determine the second-period profit, namely, the quality spillover and the
quality learning. We show that they are substitutes in terms of the contribution to

the second-period profit.

3.4.2 The Impact of Quality Improvement on Firms’ First-

Period Decisions and Performances

In this subsection, we compare the static benchmark and the dynamic models, seeking
to investigate the role quality improvement plays in the duopoly game. For example,
in the presence of learning, firms may leverage on pricing to affect the opponent’s
market share, which in turn affects its quality improvement and the second-period
demand. Hence, we will examine the difference between the static price/profit in
the benchmark model and the first-period price/profit in the dynamic model. The
second-period prices, although important to the total profit, do not reflect the role of
learning in the firms’ interaction. Moreover, we will analyze how the price and profit

changes depend on the firms’ learning speed and quality spillover strength.

In our symmetric setting, the two firms are identical, and thus we focus on firm A
and compare its price and profit in the static model and its first-period price in the

two-period dynamic model. Specifically, we examine the percentage price and profit
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Changesﬁ, defined by:

_ k%
P =2 d B =TT

p* ™
where the benchmark equilibrium p* and 7* are given by Equation . The above
function P* and R* represent how the learning and quality improvement across peri-
ods affect the firm’s pricing decision and profit in terms of both the changing direction
(increase or decrease) and the magnitude (by how much compared to the benchmark
case). Then, we have the following proposition, which details the comparison and

characterizes the sensitivity of the price and profit changes with respect to firms’

quality learning and quality spillover.

Proposition 13. For any o > 0, A <1, 0 € [0,1/2] and pricing scheme k € {c,d},

the following statements hold:

(i) P*(6,0) > 0 and R*(5,0) > 0

(i1) % <0 and % > 0; —8R2(96’9) <0 and —BRI;E;S’Q) > 0.

92P*(5,0) 92R* (5,0
(111) 8955 <0 and 898(6)<0

The foremost result shown in Proposition , given by part (i), is that the price and
profit changes are always positive. This means that, compared to the situation where
learning does not exist, the symmetric firms in the two-period model will set a lower
price and receive less profit regardless of the pricing schemes. To understand this
result, note that both firms are still climbing the learning curve. Hence, the benefit
of learning and quality improvement prevails for both firms, and as a result they
both choose to sacrifice some short-term profit in return for the long-run benefit.
Therefore, for any § and 6, we have p* > p§* and 7* > 7¥*. It is worth mentioning

that the presence of quality spillover would refrain the firms from lowering the price

3Note that our results hold true for the case of absolute change as well. We take the percentage

change in this paper because it represents a relative and more objective comparison.
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in the first period too much, but this factor is not strong enough to justify increasing

the first-period price.

Although the percentage change functions are always positive, the learning speed and
spillover strength do have an impact on the magnitude of the price and profit changes,
as given in part (ii). To be specific, with all other parameters fixed, a stronger quality
spillover effect or a lower quality learning speed would yield smaller price and profit
decreases. That is, stronger quality spillover effect helps firms avoid low price and
fierce competition, and therefore gain greater profit. On the other hand, faster quality
learning induces the firms to cut prices deeper in order to enlarge sales, which hurts

their short-run profits.

Finally, part (iii) reveals an interesting result regarding the cross effect of § and @
on the price and profit changes. Specifically, we can see that P*(§,6) and RF(4,0)
are both submodular functions, indicating that the learning and the quality spillover
are strategic substitutes. With a faster quality learning, the effect of quality spillover
in diminishing the strategic price drop and profit loss becomes more manifested.
Similarly, if the quality spillover becomes stronger, then the learning speed would
only lead to a smaller price and profit decrease. Therefore, there is an internal conflict
between the quality learning and the quality spillover in terms of affecting the price

and profit changes between the static and dynamic models.

3.4.3 Comparison Between the Two Pricing Schemes

In our model, two pricing schemes are considered. Both commonly seen in prac-
tice, the committed pricing and the dynamic pricing schemes have their respective
advantages and disadvantages. For example, dynamic pricing allows firms to make
inter-temporal changes to the posted price so that it is contingent to the evolving
environment; committed pricing, on the other hand, could generally relax the compe-

tition and is relatively easy to implement. Depending on the practical situation, one
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strategy may outperform the other, as shown by several prior works in economics and
operation management literature (Liu and Zhang 2013, Wang and Hu| 2014, [Shang
et al.[2021). Here, we compare the duopoly pricing game under these two pricing
schemes in the presence of the learning and quality improvement spillover. When
the firms decide the prices of both periods at the beginning of the game and commit
to them, the game outcome is given by the open-loop equilibrium; however, when
the firms set the prices of each period dynamically, the resulting prices and profits
are called closed-loop equilibrium. In the following, we compare the open-loop and
closed-loop equilibrium prices, quality improvement, and profits, and then conduct
sensitivity analysis with respect to the quality learning and quality spillover param-

eters. We start with the proposition below.

Proposition 14. For any a > 0, A < 1 and 0 € [0,1/2], the following statement
holds,

- a(l+a C* * C* * C* * C*k *
(i) whené)<m,p1 < p¥, ps > pd QI > QIY, and ™ < 7w,

(i) when 6 > %, p¢* > p, pst < pd and QI < QI%. Moreover, ™ >

7 if a > 0.51.

One of the main contributions of this paper is to characterize the conditions under
which the open-loop, and respectively the closed-loop, equilibrium profits of the firms
are higher, which is summarized by Proposition From the proposition, we derive

three interesting insights regarding the pricing schemes comparison.

First, quality improvement spillover plays an important moderating role in the com-
parison. If the strength of the spillover effect is large compared to the competition

intensity level (Le. 6 > 5 ollto)

m), then committed pricing can benefit the firms

more than dynamic pricing does. Indeed, stronger quality spillover effect means that
firms do not have to aggressively set low prices in the first period for quality improve-

ment, and therefore the competition is softened. Conversely, if the quality spillover is
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relatively weak in strength (i.e. 6 < i a(lta) ), then dynamic pricing scheme brings

(2a+1)(a+2)
more profits than committed pricing scheme. In this case, firms can take advantage
of the pricing flexibility and earn a high second-period profit without sacrificing the
first-period profit for quality improvement. Hence, in a sense, the quality spillover

and the pricing flexibility are substitutes when it comes to the firms’ total profits.

Second, the quality improvement is smaller under the pricing scheme that results
in higher profit in each case; moreover, under that strategy, the first-period price is
higher and the second-period price is lower. This means that the quality spillover
and the pricing flexibility can both reduce a firm’s dependence on its own quality im-
provement. However, they function differently. Specifically, when the quality spillover
effect is weak, dynamic pricing can use its pricing flexibility to hedge against the in-
sufficient quality increase (that is, the advantage of contingent pricing overcomes the
lack of quality improvement). On the other hand, stronger quality spillover effect can
alleviate the competition and help both firms expand the market without setting too
low prices in the first period. Thus, the firm’s own quality improvement does not

have to increase a lot.

Third, the firms should be cautioned against overdoing the learning and the quality
improvement. While it is usually tempting to increase its quality and rely on it to
gain more long run benefit, decreasing the first-period prices too much may hurt the
firm under certain pricing scheme. In Proposition (i) and (ii), we observe that,
under the pricing scheme that results in lower profit, firms’ lowering the prices in the
first period is an overdoing of quality improvement by inducing too much demand. In
fact, although doing so could increase their second-period profits, it hurts their first-
period profits even more. Hence, in the presence of quality improvement, firms should
take the pricing scheme into consideration when evaluating the benefit of lowering the

prices to induce large demand for learning.

Finally, we remark that the above results hold under the assumption o > 0.51, i.e.,

the duopoly competition is not too soft. In a market with weak competition intensity
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(i.e., a < 0.51), part (i) still holds, while the profit of dynamic pricing may outperform
the profit of committed pricing even under the condition of part (ii), if the quality
spillover is strong enough. Note that in this case, in contrast to the relationship
of substitution, quality spillover complements quality learning. Hence the dynamic

pricing scheme, which contributes greater quality improvement, yields more profit.

Next, we further investigate how the comparison between the pricing schemes de-
pends on the learning speed and the quality spillover. Under certain conditions on
competition intensity, the following proposition shows the results of the sensitivity

analysis regarding the relevant parameters.

Proposition 15. For any o > 0, A < 1 and 0 € [0,1/2], the following statement
holds.

(i) pt* — p¢* decreases in 0, p&* — pS* increases in 0, and QI — QI increases in

0. Moreover, 7% — 1% decreases in 0 if o > 0.97.

a(l4+a)

BatD(at?)" Then, p¥* — pS* increases in 0, pg* — p§* decreases in

(i1) Suppose 0 <

5, QI¥ — QI decreases in &, and 7% — 7 increases in 0.

(iii) Suppose 6 > ¢ a(lia)

—_— d* C* ; d* cx .
20+1)(a+2) ° Then, p{* —p{* decreases in §, py* — ps* increases in 0,

and QI™ — QI increases in §. Moreover, 7% — 7 decreases in & if a > 1.46.

Recall that Proposition shows that 7% — 7% is positive when 6 is small and
negative when 6 is large. Thus, Proposition (1) further reveals that the profit
difference between the two pricing schemes is in fact decreasing in # when o > 0.97.
Note that the comparison result holds when o > 0.51, whereas the monotonicity
result requires the competition to be even more intense. As previously discussed,
the flexibility endowed by dynamic pricing scheme becomes less beneficial when the
quality spillover effect gets stronger; therefore, with intensified competition (from
a > 0.51 to a > 0.97), the substitutability of pricing flexibility and the quality

spillover is strengthened, as implied by the monotonicity of 7% — 7 in 6.
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Proposition[15{ii) and (iii) indicate that the profit difference between dynamic pricing
and committed pricing could be either increasing or decreasing in . However, the
seemingly opposite impacts actually consistently show the positive influence of the
learning speed on the consequences brought by the pricing schemes. Specifically, the
conditions in part (i) imply 7% > 7°*, and faster learning can further improve the
advantage of dynamic pricing; on the other hand, the conditions in part (iii) ensures
7% < 7 and therefore committed pricing is even more advantageous with faster
learning speed. It is worth noting that the underlying rationale behind the results in
the two cases are different. When the spillover effect is weak, the dynamic pricing
provides flexibility to firms so they can better improve their own quality; thus, faster
learning leads to more advantage. When the spillover effect is strong, committed
pricing along with faster learning let firms spill over more quality improvement to each
other, and the total market size is expanded more, which results in more advantage

of committed pricing.

Similar to Proposition |15, our results continue to hold with a small «, as long as the
quality spillover 6 is not so strong. When competition is weak, 7% — 7°* may increase
in @ if quality spillover and quality learning are complements rather than substitutes,
i.e., 0 is large enough in part (i). The impact of quality learning on the profits gap
may also change under this condition, since the complementary relationship between
quality spillover and quality learning appeals for greater quality improvement; and
the dynamic pricing scheme meets this requirement by overdoing the quality learning

and improvement.

3.5 The Two-Period Model with Asymmetric Firms

Previously, we studied the two-period model in a symmetric duopoly setting. How
would our results alter if the two firms are asymmetric in some key attribute? In this

section, we attempt to answer this question. Particularly, since firms’ learning and the
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quality spillover effect are pivotal factors in our model, we focus on firms’ asymmetry
in these two attributes. It is noteworthy that such asymmetries are common in reality;
for example, the quality improvement of an incumbent firm may induce more demand
to an entrant firm than the other way around (i.e., asymmetric quality spillover
strength), while an entrant firm can typically learn and improve quality faster than

an incumbent (i.e., asymmetric quality learning speed).

To isolate the sole impact of the firms’ asymmetry in each of the above attributes,
we separately study the following two cases: First, we consider asymmetric learning
speed by letting 04 = ¢ and 5 = 0. Second, we consider asymmetric quality spillover
by assuming 04 = 6 and 6z = 0. In each case, with all other parameters being the
same as in the symmetric model, we characterize the equilibrium results, examine
how equilibrium prices and profits depend on 6 and ¢, and determine the impact of

firms’ asymmetry on the differences between the two pricing schemes.

3.5.1 Asymmetric Learning Speed

In this subsection, we study the case where the duopoly is asymmetric in the learning
speed with firm A learning and firm B not. Thatis, 4 = > 0 and g = 0. We repeat
the equilibrium analysis as conducted in Section 4, starting with the characterization
of the equilibrium outcome. Compared to the symmetric case, here firms will set

prices differently in both periods, as shown by the following proposition.

Proposition 16. Under pricing scheme k € {c,d}, when 0A < 1, there exists a
unique pure Nash equilibrium (p%, p%5, p', phy), which is an interior point of the

feasible region. Moreover, the following statements hold.

(i) iy < vy and Pl < Pl

ok k k k
(i) piy <Py and piy > Py
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As shown by Proposition [I6], the existence and uniqueness of the Nash equilibrium
for the asymmetric duopoly game can be guaranteed by the same condition as in the
symmetric case. Note that, while § is the learning speed of both firms in Theorem [1]

firm B does not learn in this case here and ¢ is only firm A’s learning speed.

Since firm B is unable to improve its quality through learning, one may intuit that
it does not have the incentive to cut the first-period price in exchange for quality
improvement. However, Proposition (1) reveals an intriguing finding that both
firms would lower prices in the first period. Firm B’s behavior can be explained
by the quality spillover effect. Indeed, firm A’s asymmetric learning speed can also
benefit firm B by expanding the total market in the long run, allowing firm B to
charge a higher price to a larger market in the second period. Furthermore, part (ii)
of the above proposition demonstrates that firm A sets a lower price in the first period
and a higher price in the second period than firm B does. That is, the initiative in
quality learning drives firm A to sacrifice more short-run profit. Conversely, knowing
that the opponent’s quality improvement may be beneficial, firm B may voluntarily
set a higher price (than firm A) in the first period so that more customers are sent

to firm A to facilitate a even faster quality improvement.

How would the learning speed and the quality improvement spillover influence the
equilibrium prices and profits? The next Proposition demonstrates the impact of

these system parameters in the asymmetric setting.

Proposition 17. Suppose a > 0, 0A < 1 and 6 € [0,1/2]. Under pricing scheme

k € {c,d}, the equilibrium outcomes have the following properties.

(i) Prices: p& increases in 0 and decreases in §, p, decreases in 0 and increases
in 0; pi increases in 0, and decreases in & when 0 is small and increases in §

otherwise, and pk;, increases in 6 and §.

(ii) Quality improvement: QI%* decreases in 6 and increases in §.
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(iii) Profits: w4 first decreases and then increases in 0, and always increases in §;
T increases in 0. As for &, w5 increases in §, while 7% decreases in & when 6

1s small and increases otherwise.

Parts (i) and (ii) of Proposition [17| indicate that the impact of § and 6 remains the
same as in the symmetric case for firm A, i.e., the one with the learning ability. How-
ever, for firm B, we have different results. Specifically, in the first period, stronger
quality spillover incentivizes firm B to raise price, which shows again that firm B
would voluntarily assist the opponent in quality improvement. Moreover, firm A’s
faster learning speed could either positively or negatively influence the price, de-
pending on the strength of the quality spillover: When the quality spillover effect
is not very significant, larger ¢ will result in lower equilibrium prices, implying an
intensified duopoly price competition. In the second period, interestingly, the quality
spillover and the opponent’s asymmetric quality learning positively affect firm B’s

price, because they both increase firm B’s potential market size.

Part (iii) of the above proposition presents a series of interesting results regarding
the effects of quality learning and quality spillover on firms’ profits. First, firm A’s
profit increases in the learning speed 0 and firm B’s profit increases in the quality
spillover strength. Here, faster learning enhances firm A’s advantage in quality im-
provement, whereas a stronger quality spillover effect always benefits firm B, the free
rider. Second, the impact of the quality spillover effect on firm A’s profit is more
complicated. Specifically, when the quality spillover is strong enough, firm A’s profit
is positively influenced; however, firm A can be hurt by the free-rider effect induced
by the quality spillover. Thus, larger 6 could make the learning firm worse off because
the free riding firm may take most of the benefit. Third, the impact of the learning
speed on firm B’s profit depends on the pricing schemes. Under committed pricing,
an increase in firm A’s learning speed always benefits firm B, a consequence of the
free-rider effect. Under dynamic pricing, however, larger § may hurt firm B when 6

is small. This finding indicates that the pricing flexibility could reduce the benefit
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enjoyed by the free rider, especially in the presence of a weak quality spillover.

Lastly, we compare the equilibrium results under different pricing schemes and study
how the setting of the asymmetric learning speed alter our findings from Section 4.3.

The following proposition is presented in contrast with Proposition [14]

Proposition 18. For any o > 0, 6A < 1 and 6§ € [0,1/2], the following statements
hold.

(i) phy — % <0, p% — p%y > 0, phy — p% > 0 and pGy — p5s > 0.
(i) QI% — QIS > 0,

(iii) 74 — 75 >0, and 7% — 7% is first negative and then positive in §.

As shown by parts (i) and (ii) of Proposition L8 when implementing dynamic pricing
scheme, firm A tends to pursue greater quality improvement by lower first-period
price. By contrast, firm B without quality learning chooses higher prices when both
firms adjust prices sequentially, since firm B can only enlarge second-period sales
through quality spillover and thus has an incentive to assist firm A in quality im-

provement.

The most contrasting result here is Proposition (iii). Unlike the symmetric case,
where either of the two pricing schemes may outperform the other depending on the
parameter 6, firm A with the asymmetric learning speed always achieve higher profit
under dynamic pricing. Indeed, being the only firm that is able to improve quality
by learning, firm A could achieve greater quality improvement by setting contingent
prices across periods. As such, the pricing flexibility always facilitates the quality
learning and they two can be seen as complements in increasing firm A’s profit. In
the symmetric setting, by contrast, the pricing flexibility and fast learning speed may

together harm the learning firm.

On the other hand, the comparison between firm B’s profit under the two pricing

schemes depends on firm A’s asymmetric learning speed 6. Based on Proposition [18]
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dynamic pricing can yield a higher profit for firm B when the learning speed of firm
A is large enough. In fact, while using dynamic pricing helps firm B leverage on the
contingent pricing flexibility, firm B also voluntarily gives in some profits in the first
period to facilitate firm A’s quality improvement. As a result, firm B’s loss in the
first period can only be offset if the gain in the second period is substantial, which

can be guaranteed by a strong free-rider effect induced by the fast learning speed.

3.5.2 Asymmetric Quality Spillover Effect

In this subsection, we study the case where the duopoly is asymmetric in the quality
spillover effect with 64 = 8 > 0 = 6. That is, firm A enjoys the quality spillover
whereas firm B is rather independent with respect to the impact of quality on de-
mand. As did in Section 5.1, we investigate this case from three aspects, namely, the
equilibrium structural results, the moderating effect of quality learning and quality
spillover parameters, and the impact on the comparison between pricing schemes,

respectively. We start with the following proposition.

Proposition 19. Under pricing scheme k € {c,d}, when 0A < 1, there exists a
unique pure Nash equilibrium (p%y, p%5, p', phy), which is an interior point of the

feasible region. Moreover, the following statements hold.

(i) P&y < vl and piy < Pl

(ii) Py > Pl and Py < ps.
Similar to the previous case, Proposition [19| first confirms the existence and unique-
ness of equilibrium under the assumption of asymmetric quality spillover. Moreover,
Proposition [L9{i) reveals that both firms cut prices in the first period, which is con-

sistent with the intuition that they have the incentive to sacrifice the short-run profit

in exchange for the benefit of quality improvement in the long run, even though only
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firm A enjoys the quality spillover. Furthermore, part (ii) of the above proposition
shows that firm B, not being affected by the quality spillover, sets the prices more
aggressively. To be specific, compared to firm A, firm B sets a lower price in the
first period and a higher price in the second. This observation can be explained in
the following way. On the one hand, since firm A can take advantage of the quality
spillover effect, it takes firm B’s quality improvement into consideration and thus
does not set too low a first-period price. On the other hand, being independent from
quality spillover, firm B must count on its own quality improvement, and therefore

phy < pk holds.

Next, under the assumption of asymmetric quality spillover, we conduct sensitivity
analysis of equilibrium prices, quality improvement and profits with respect to the
learning speed and quality spillover strength. The main findings are summarized in

the following proposition.

Proposition 20. Suppose o > 0, 0A < 1 and 6 € [0,1/2]. Under pricing scheme

k € {c,d}, the equilibrium outcomes have the following properties.

(i) Prices: p¥, increases in 0 and decreases in &, p%, first decreases and then in-
creases in 0, and increases in §; piy increases in 0 and decreases in 8, and ply

increases in 0 and §.

(ii) Quality improvement: QI%* decreases in 6, and QIS increases in &, while QI4*
increases in & when 6 is small and decreases otherwise; QI increases in 0 and

J.

(iii) Profits: ©5 increases in 0, while 7% first decreases and then increases in 6, and

7k increases in 0; T increases in 0, and increases in §.

Part (i) of Proposition demonstrates that in the presence of asymmetric quality
spillover, firms’ equilibrium prices depend on the system parameters in a different

way than before. Specifically, in the first period, both firms raise prices with a
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larger quality spillover or a lower learning speed. By contrast, depending on the
quality spillover strength, # may play a positive or negative role in firm A’s second
period pricing decision. Part (ii) confirms that the impacts of both quality spillover
and learning speed on firm A’s quality improvement largely remain robust, with an
exception that firm A may be hurt by a faster learning speed under dynamic pricing
when the asymmetric spillover effect is strong. By contrast, firm B always enjoys a
larger quality improvement when firm A counts more on the quality spillover to take

advantage of firm B’s effort.

Furthermore, part (iii) of Proposition 20]elaborates the impact of quality learning and
quality spillover on both firms’ profits. It is noteworthy that stronger quality spillover
always benefit the independent firm, firm B. Hence, when firm A relies more on firm
B’s quality improvement through the spillover effect, firm B has a greater advantage
over firm A. As for firm A, the quality learning speed is always beneficial, whereas
the impact of quality spillover depends on the pricing schemes. Under committed
pricing, firm A earns more profit from stronger quality spillover effect. However,
under dynamic pricing, the impact of quality spillover on firm A’s profit would be
positive only when the spillover is strong enough. Here, the pricing flexibility endowed
by dynamic pricing intensifies the duopoly competition. With weak quality spillover,
firm A would lose much market to firm B, which is not affected by quality spillover
and therefore focuses solely on improving its own quality to become more competitive.
As such, relying too much on the spillover effect may not always be beneficial in a

competitive environment, especially when such spillover is not strong.

Finally, we compare the two pricing schemes in the asymmetric quality spillover
setting. The following proposition provides insights into how the asymmetry in 6
influences the differences of equilibrium outcomes under the two commonly observed

pricing schemes.

Proposition 21. Suppose that a« > 0 and A < 1. As 0 increases in the interval
[0,1/2], the following statements hold:
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(i) p% —p%y is first positive and then negative, p%y — p%y is first negative and then
positive, p&, — p%, is first positive and then negative, and pky, — pS, is first

negative and then positive;

(ii) 7% — 74 can be positive or negative, and ™% — 7% is always positive.

In part (i) of Proposition , both firms exhibit similar patterns when comparing
different pricing schemes. Under dynamic pricing, both firms can set contingent prices
and therefore focus more on the quality improvement; as a result, when the quality
spillover is strong, they would offer lower first-period prices compared to those under
committed pricing. Moreover, in the second period, firms under dynamic pricing are
more capable to harvest the sales by contingently setting higher prices than those

under committed pricing.

Proposition (ii) states that firm B always obtains higher profit under dynamic
pricing. This result is comparable to that in Proposition [I8, where firm A, the only
learning firm, always gets higher profit under dynamic pricing. Like the previous
case, since firm B is independent of the quality spillover, it has to rely on the pricing
flexibility brought by the dynamic pricing as the competitive advantage. On the other
hand, firm A must consider the quality spillover and may even need to help firm B
learn in order to enjoy the benefit of the spillover. Hence, firm B is more competitive
under dynamic pricing and can gain a higher profit compared to that obtained under

committed pricing.

3.6 Summary

Focusing on a dynamic duopoly pricing game with quality considerations, this paper
incorporates two new features into the setting. First, the quality can be improved over
times via a learning process that is based on the previous sales volume (experience-

based learn-by-doing). Second, there exists a quality spillover effect in the sense that
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both firms’ quality levels are positively correlated with the total market size so that
one firm may benefit from the rival’s quality improvement. Indeed, both quality
learning and quality spillover are salient features for situations where, for example,
competing startup firms sell similar innovative products/services to customers who
are not familiar them. Together, the two features considered in our model introduce

new and interesting dynamics to the duopoly pricing game.

We concentrate on a two-period dynamic model and assume a linear learning curve
of both firms; i.e., the firm’s quality increases linearly with its previous sales volume.
Besides, we respectively consider two pricing schemes, namely, committed pricing
and dynamic pricing. Assuming symmetric firms, we first establish the existence
and uniqueness of Nash equilibrium, and then derive useful insights into the effect
of quality learning and quality spillover on the equilibrium outcomes such as prices,
quality improvement, and profits. We find that, for either firm, the first-period price
is always lower than the second-period price. Such a discount price in the first period
is offered because the firm wants to attract more demand to improve its quality level
on the one hand, and to slow down its opponent’s learning on the other. Moreover,
our results indicate that stronger quality spillover relaxes the duopoly competition
and reduces the need for competing for the quality improvement opportunity. In
addition, the existence of the experience-based learning and quality improvement is
shown to be the main driving force for firms to sacrifice some short-term profit in

exchange for the long-run benefit.

Another major finding in our paper concerns the comparison between the pricing
schemes with respect to the firms’ equilibrium outcomes. We find that the comparison
result hinges on the strength of the quality spillover effect. When the spillover effect
is strong relative to the competition intensity, committed pricing can help soften the
price competition, which is more beneficial to firms than dynamic pricing scheme.
On the contrary, if the spillover effect is relatively weak, the the pricing flexibility

endowed by the dynamic pricing scheme can grant higher second-period profit without
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losing too much first-period profit, thereby leading to higher total profit for the firms.

Finally, we relax the assumption regarding firms’ symmetry in every aspect and inves-
tigate two asymmetric cases. First, we assume that one firm has the learning ability
whereas the other does not. We find that the firm with the learning ability would
price lower and gain more market share; but this surprisingly may also benefit the
firm that does not learn, especially when the quality spillover effect is strong. Such
an advantage of learning is amplified under the dynamic pricing scheme compared
to the committed pricing. Second, we assume that one firm can enjoy the quality
spillover from the opponent while the other firm cannot. In this case, the firm with-
out the spillover advantage tends to price lower, because, rather than leveraging on
the spillover from the other firm, it must rely on its own quality improvement. As
such, the lower price is for accumulating more demand as the source of learning.
Finally, the pricing flexibility endowed by the dynamic pricing can further help the
firm disadvantageous in terms of quality spillover gain more second-period, as well as

total, profit.

We conclude by pointing out the caveats of our model and suggesting some direc-
tions for further research. First, the linear functional form of the learning curve
assumed in our paper certainly facilitates producing tractable model and yielding
useful insights. However, a general log-linear function will accommodate more realis-
tic settings, although incorporating it in our model requires much more computational
efforts. Secondly, this paper considers a complete information game. If, however, the
firms cannot observe the opponents’ learning speed (¢), which is possible in reality,
then the analysis and result will be changed. Thirdly, because the quality improve-
ment is based on the generated demand, extending the deterministic demand model
to account for stochastic environment would be interesting and useful. All the afore-

mentioned directions are left for future research.
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Chapter 4

Conclusions

Our research provides comprehensive insights into how firms should strategically man-
age their pricing and quality decisions in competitive markets characterized by imita-
tion threats and quality spillovers. The analysis spans two critical market scenarios:
one where copycat firms pose direct imitation threats, and another where quality

improvements generate spillover effects between competing firms.

In the first study, we provide comprehensive insights into how innovators should
strategically manage their pricing decisions when facing copycat threats. With ex-
ogenous product quality, we find that the optimal choice between committed and
flexible pricing critically depends on the product’s quality level. Committed pric-
ing proves superior for high-quality products by enabling effective entry deterrence
through price commitments, while flexible pricing becomes optimal for moderate-
quality products by providing the necessary adaptability to blockade copycat entry.
When extending to endogenous quality decisions, we discover that the cost of quality
investment significantly influences this choice - firms should adopt committed pricing
under low investment costs but switch to flexible pricing under moderate costs. No-
tably, firms often employ a “limit quality” strategy, deliberately restricting quality

improvements to manage copycat threats.
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These findings remain robust across various extensions, including scenarios with en-
dogenous imitation efficiency, uniform pricing constraints, and strategic consumers.
When copycats can freely determine their imitation efficiency, flexible pricing weakly
dominates committed pricing by inducing less efficient imitation. Under uniform
pricing constraints, the effectiveness of price commitment diminishes, making flexible
pricing optimal for endogenous quality decisions. Even with strategic consumers who
may postpone purchases, our core results hold: committed pricing remains optimal
for high-quality products, while flexible pricing proves optimal for moderate-quality
products. These insights challenge the conventional wisdom that price commitment
always provides stronger deterrence against market entry, highlighting how the inter-
play between quality levels, investment costs, and pricing flexibility shapes competi-

tive outcomes.

In the second study, we reveal how quality spillovers and learning effects shape firms’
pricing strategies in duopolistic competition. In symmetric markets, we establish the
existence and uniqueness of Nash equilibrium where firms consistently adopt a low-
price-then-high strategy across periods, regardless of their pricing scheme. This initial
price reduction serves dual purposes: attracting demand for self-improvement while
limiting competitors’ learning opportunities. Interestingly, stronger quality spillovers
lead firms to raise first-period prices, resulting in reduced individual quality improve-
ments and non-monotonic profit impacts. This occurs because enhanced spillovers
moderate competition intensity and decrease firms’ dependence on self-improvement.
Compared to scenarios without quality learning, firms willingly sacrifice short-term
profits through lower initial prices to accelerate their learning trajectory and secure

long-term benefits.

The effectiveness of pricing strategies varies significantly with market conditions and
firm characteristics. In symmetric markets with strong spillover effects relative to
competition intensity, committed pricing outperforms dynamic pricing by alleviating

price competition. Conversely, weak spillovers favor dynamic pricing, allowing firms to
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Chapter 4. Conclusions

leverage pricing flexibility for higher second-period profits without compromising first-
period gains. In asymmetric markets, the impacts become more nuanced. When firms
differ in learning speeds, dynamic pricing amplifies market asymmetries, particularly
benefiting firms with learning advantages. However, when firms face asymmetric
spillover effects, those at a spillover disadvantage price more aggressively and benefit
more from dynamic pricing’s flexibility, as it enables them to better capitalize on
individual quality improvements. These findings highlight how market asymmetries
and spillover effects critically influence the optimal choice between committed and

dynamic pricing strategies.

Collectively, our research demonstrates that successful competition in modern mar-
kets requires careful coordination of pricing strategies and quality improvements.
The choice between price commitment and flexibility must balance multiple factors:
the threat of imitation or the strength of quality spillovers, and the costs of qual-
ity improvements. These insights contribute to both theoretical understanding and

practical management of competitive strategy in innovation-driven markets.
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Appendix A

Proofs for Chapter

This appendix consists of two parts: Appendix A.1 gives the proofs of the state-
ments in the main paper. In appendix A.2, we provide detailed supporting results for

Appendix A.1.

A.1 Proofs

Proof of Lemma [1] In the second period, both firms choose pk, and p!" simultane-

ously to maximize their profits:

max I = ph(1 — 6,.),

Dig

F
max HCF :pf (91'(: — p_c) ,
pf oq

where 6;. := ff_—}’)’; is the the willingness-to-pay for quality at which consumers are

indifferent between purchasing from the innovator and purchasing from the copycat.
Using first-order conditions, we derive the equilibrium prices

2(1 — 6)

ﬁq and P, = ———4¢q.

Fo_
Pia =
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There exists a threshold ¢ := ((5%;63;]( such that if ¢ < ¢, the copycat cannot

derive a positive profit and does not enter the market. Hence, the copycat enters
the market if ¢ > ¢ and stays out of the market otherwise. The first-period pricing
decision would not affect the later decisions and is thus always p;; = £ on the basis

of first-order conditions.

In equilibrium, the innovator enjoys

-5 .
g JI =0 e, itg>q”;

HlFB:g, if ¢ < ¢F.

Proof of Lemma 2] We solve the game backwards. In the second period, the copy-

cat decides p¢ after observing p$, i.e.,

c
¢ — 0 (g, — P
H;?XHC =D, <9w 5q).

Using first-order conditions, the optimal decision and profit are

J

)
C'* C C'* C'\2
— —_nt nd TII - (nt .
Pc D 2 c 4q(1 5) (sz)

2

Under committed pricing, the innovator can commit a price pSP to deter entry, where

PGP = 2y/(L = 0)qK
22 - \/3 .
Since p§* = 2 and the innovator’s objective is thus
e _ I = ¢ +p5(1 = 0i), i ply > p";

()

< .
P = 44 pG0 - ), i G < 95

ps” (:: g) > pyt <:— ;%gq>

denote two solutions derived by first-order conditions, respectively. We next study

Let

the optimal decision globally.
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Case pGP < p&P:  Since pG? < pSP, we have p5* < p&P too. TI¢ increases in

1% € 10, p5P], decreases in p$ € (p57, pSP] and decreases in p$, € (pS7, ). Thus, the

optimal decision is p%* = p%P and the entry is blockaded.

Case p&5* < p&P < pSP:  1IY increases in p$ € [0,p%P] and decreases in p§, €

(pSP, q]. Thus, the innovator should set p%* = p&P to deter entry.

Case pi? > pGP: TI increases in p$ € [0, pGP], increases in pf; € (PGP, p&? and

decreases in p$ € (p5?, q]. Thus, the optimal decision is p&G* = pGA if IF4* > MIFP*
and p&* = p&P otherwise.

Let

8@—w+42—® 5@—5»

16(1 — 4)
3 3(1—0) K,

q = TK and ¢f =

we can rewrite the equilibrium as follows.

(i) If ¢ < ¢¥, the innovator sets pi* = p&* = 2, and the copycat would not enter

the market.
(i) If ¢¢ < q < ¢f, the innovator sets p§* = 2 and PSS = 2—”(1\;;”](, and the

copycat would not enter the market.

q(1-9)
2-5

q
2

(iii) If ¢ > ¢¥, the innovator sets p§* = 4 and p&* = , and the copycat enters

the market and sets p{* = $pG*.

Proof of Proposition [I] On the basis of Lemma we have following cases.

Case ¢ < ¢¥: The entry is blockaded under both pricing strategies, and thus the

innovator enjoys the same profit.

Case ¢ < ¢ < ¢f:  Under committed pricing, the innovator has to set a lower-
than-first-best price to deter entry. Under flexible pricing, the innovator achieves the

first-best outcome. Obviously, flexible pricing is the dominant one.
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Case ¢ < ¢ < ¢§: Under committed pricing, the innovator sets a lower-than-
first-best price to deter entry. Under flexible pricing, the innovator accommodates

imitation. We have

2 /Kq(1=3) 4K(1—4) 4q(1-9)

NG 5 d—0)"

Note that the gap is concave in ¢q. To show that the gap is non-negative, it is enough

CDx* FAx

to show that the gap is non-negative at ¢ = ¢ and ¢ = ¢5":

CDx FAx

gt = 20 >0,

w514+ 9)

g=a5 (4 — 6)2

[eP= — i > 0.

Case ¢ > ¢5: The innovator accommodates imitation under both pricing strategies.

We have
0%q(1 - 9)
[ICA* _ [[FA* — .
T = e T 7Y

Proof of Proposition We aim to prove:

(i) pL* decreases in d, while is non-monotonic in ¢;
(i) p%* is non-monotonic in §, while increases in g;

(iii) p§, is non-monotonic in ¢ and g.

Using Lemma/A.2.1] we can easily derive the sequences of cases switch. We thus focus

on the sensitivity analysis for each cases.

Case FB and CB:

dg  9q¢ 2 a9
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Case FA:
o F Ax 5(1 =96 FAx

pis”" O )>07 o™ __ 6a

dq 4—9 ol (4—9)2
Moreover,

30 —-4)K
FBx FAx _
DPia — Dio a=q¢F — 2(5 _ 1) > Oa

which explains why pl* is non-monotonic in ¢ even though ph* increases in ¢ € (0, ¢*]

and ¢ € (¢, 0), respectively.

Case CA:

C Ax 5—1 C Ax

L > 0, Opiz -1 <o

dq 0—2 150 (0 —2)

Case CD:
opGP* B qK(1—0) -0 opGP* o Kq <0
dq /b4 C T PR =0)
Moreover,
PR =™, =4<”\/3 +1) K >0, % —p3™| e =0,

C'x

which explains why p;;* is non-monotonic in ¢ and increases in g.

Then we focus on the comparison under different pairs of cases.

Case ¢ < ¢7: In this case, pi;" = pjy*.

Case ¢ < ¢ < ¢f: In this case, p5* = p&P* < pGP* = phP* = phr.

Case ¢ < ¢ < ¢f: In this case,

F'x _ FAx CDx
y2%) _pi2 =Dis — Di2

200 -1)g  2y/qK(1—79)
T o6 —4 V3 '

Note that
9% (phr — p5") (6 —1)2K?
= >0,
dq® 2V0(qK (1 — 6))3/2
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it is enough to show that

Thus, ph* — piCZ* increases in ¢ and

F'x C'* Fx C'*
Dis —DPip 2 (piZ — D2 ) g=qF — 0.
Case ¢ > ¢¥: In this case,
C'x * C Ax Ax (1 — 6)5q
PR — Pt = P = ply = = > 0.

(65— -2)

Proof of Corollary We aim to show:

(i) I$* increases in ¢, while ITF™* and IT? is non-monotonic in g;
(i) TI¢*, TIF* and IT* increases in g;
(iii) TI¢*, TIF™* and II} decreases in d;
(iv) T9* TE* and II* increases in 4.

Similarly, we display the sensitivity analysis for each cases.

Case FB and CB:

)N 1 (S WYV C )0

g 9¢ 20 95 a5
Case FA:
ONFA* 52 — 246 + 32 O FA 4(6 + 2)q
= > 0, =1 <0,
dq 4(5 — 4)2 96 (4—6)
Fx . Fx _
O™ (1-06)5 -0, ONf™ _ (4—Td)g o
g (6 —4)2 D6 (4 —6)3
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Table A.1: Sensitivity Analysis Results of C'S

Derivative CS¥B* (CS9B) C gt C §o4 CSeP+
_ K(1-9)
q B U = CUNE R =CH
(56+28)q (36—10)q K( qf\?(gf—é)ﬁ) 2K
0 0 2(4—6)3 (> O> 8(6—2)3 (> O) e (> 5_2)
Table A.2: Sensitivity Analysis Results of SW
Derivative SWB* (SWCB) SWEAx SW A SWEbs
D SEEENGo) ShEco)
6 0 S (>0 Gap(>0) 3
Case CA:
OIe4* 4 —36 OTIe A= q
= > 0, = — < 0,
dq 8 — 46 ) 2(6 — 2)?
oe™ 1—6)8 e~ §—2
A Gl ) AN AL A G ) Y
dq 4(6 —2)? 06 4(6 —2)3
Case CD:
8H§7D* B (5—1)(—K)q+1 0 8HiCD* B 2K <5+ \/(2—5)5> 0
oqg NET 4= o5 62(1 —0) ‘

Moreover, II; is continuous, this completes the proof.

Proof of Lemma [3] We aim to show that:

e CS™ increases in ¢ and &, while C'S“* and C'S* are non-monotonic in ¢ and d;

o SWT* increases in ¢ and §, while SW* and SW* are non-monotonic in ¢ and
0.

The sensitivity analysis results are summarized in Table and Table [A.2]
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Proof of Proposition We focus on the comparison under different pairs of cases.

Case ¢ < ¢%: In this case, CS“* = C'S* and SW* = SWH*,

Case ¢¢ < ¢ < ¢f: In this case,

CSC* — CSF* = 0§OP* — C57Br = <2 - 2> - 2VakU=0) | 3q

) Vo ]’
0? (CS%* — CSF~ —1)2K? 0 (CSe* — oSt 1
( 3 ) = (0 ) >0 and ( ) =_->0.

9 2V/0(qK (1 — 6))3/2 dq 8

Therefore,
CSe* —Cst™ > (C’SC* — C’SF*) - =0.
a=q
And
SWc* _SWF* _ SWCD*_SWFB* _ M+g > 2(6 B l)K g - 0.
) 8 ) 8 4=a€

Case ¢/ < ¢ < ¢f: In this case,

2 2,/(0—1)(=K)q (6> +126+32)q 5q
Cx Fx — CDx* FAx —(Z _ - . 1
CcSs CS CS CS (5 Z)K 75 8(0 — 472 +8,

which is convex in ¢. And

o (CSCD* o CSFA*)
dq

B —62—36+4>0
2(6 —4)2 ’

q=q%

which means that C.S¢P* — CSFA* increases in ¢ € (¢7, ¢¥). Moreover,

(CSc’D* - OSFA*)

s < 07 (CSc’D* - OSFA*)

_o>0.

a=q

Let
qC’F — (CSCD* . CSFA*)

=0
q:qCF )

CSCP* <« CSFA iff ¢ < q < ¢“F. Moreover,

206 — 1)K (5624286 —96)q Tq

Cx Fx _ CDx FAx _ _z
SWE* — S = WP — §i Tt st
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increases in ¢ and

SWCD* . SWFA* > (SWCD* . SWFA*)’ — 5 > 0.

q=q¥ 9

Case ¢ > ¢¥: In this case,

§ (6% + 1102 — 446 + 32) ¢
8(0 —4)2(5 — 2)?

§ (=983 + 450% — 685 + 32) ¢
8(6 — 4)2(6 — 2)2

OSF*—CSC*:CSFA*—CSCA*: >0’

SW* — SW&* = WA _ gy = > 0.

Proof of Lemma 4 When the quality is endogenized, the innovator chooses ¢ to

maximize

-5 .
I MPA = 44 8050 — 4ye?, if g > ¢

7
FB

]S

- 374, if ¢ < ¢
It is easy to see that both 174 and I1F'Z are concave in ¢. Using first-order conditions,

we derive
FA:32—245+52 and qFB:_'
4y(4 —0)? 2

Let ¢fP := ¢¥, we need to discuss the global optimum. Specifically, there are three

cases.

o If ¢ < ¢FP | then ¢4 < ¢F'P too. TIF increases in ¢ € [0, ¢"P] and decreases

FB ¢¥P] and decreases in ¢ € (g . Thus, the optimal decision is

ingqe(q

q P 2]

o If ¢4 < ¢fP < ¢FP ie., , IIF increases in ¢ € [0,¢"P] and decreases in

q € (¢"P, %] Thus, the optimal decision is ¢* = ¢

o If ¢"P < ¢FP and ¢ > ¢fP, TIF increases in ¢ € [0,¢"P], increases in ¢ €

FD _FA

(¢"", ¢" 4] and decreases in ¢ € (qFA 1

7
¥
if [IFA* <TIFP* and ¢* = ¢ otherwise.

]. Thus, the optimal decision is ¢* = ¢''P
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We next rewrite these conditions for different equilibrium cases.

FB < ¢FP:  The conditions can be rewritten as

Case ¢

Case ¢4 < ¢'P < ¢"B: The conditions can be rewritten as

6(1— 6)(9° — 246 +32) _ 5(1 — )
AK (4 — 5) =TS oK@ -0

Case ¢'P < ¢fP and ¢ > ¢P and IIF4* < TIFB*: Note that ¢fP < ¢fP is

5(1—-6)(6%2—245+32)

FA FD
> q 1K(4-38)3

redundant, and ¢ implies > 7. For the third condition, we

can see that

1
i Al B = 16K%(4 — 6)%y* — 16K 5(1 — 6)(4 — 0)%y + 62(6° — 256% + 565 — 32)2
and the molecular is exactly a quadratic function of v. Let 71 < 5 denote two roots to the
quadratic equation, and it is easy to see that only v; satisfy the condition of ¢©'4 > ¢'P.

Thus, the conditions can be rewritten as

6(1-9) §(1 —8)/6(8 + 6)(362 — 406 + 64)
a ('_ 2K (4—0)2 AK(4—0) > <Y<

Case ¢'? < ¢'B and ¢4 > ¢'P and HfA* > HZFB*: The conditions can be rewritten

as v < ¥ U

Proof of Lemma [5] When the quality is endogenized, the innovator chooses ¢ to

maximize
.
1-§ ]
04— 4+ 48— o, 4>
c_ AK(1-0) | 2/aK(1-9) .
0= TP = 4 — gyq® = 2G-S0, il f < g < gf}
T8 = ¢ — Lyg?, if ¢ < ¢f.
\

Note that II¢ is continuous on ¢. It is easy to see that all objective functions are

concave in ¢q. Using first-order conditions, we derive
1

4 — 36
CA __ 3 and qC’B ——

E T 2y
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For ease of discussion, let F; denotes

1 qK(1—9)

_ — _|_ _—,

and ¢°P is defined as the zero to F}.

Now we need to discuss the global optimum, we have following cases.

o If ¢“B < ¢¥, then ¢“4 < ¢¥ too. Moreover, based on Lemma (ii), we have

q“P < ¢¥. Hence, II{ increases in q € [0,q“?] and decreases in q € (¢“Z, ¢%],
and decreases in ¢ € (¢f,¢5] and ¢ € (¢, %] Thus, the optimal decision is

q* = q“P. Moreover, the condition can be rewritten as v > 7, where

c ._ 0
72T K1 6)

o If ¢“B > ¢V (ie., v <1Y), then ¢“P > ¢¢ via Lemma (ii). And we have

following cases.

— If ¢°* < ¢Y, then ¢“P < ¢§ via Lemma (iii). TIY increases in

q € [0,¢%P], and decreases in ¢ € (¢°P,¢¥], and decreases in ¢ € (¢S, %]

Thus, the optimal decision is ¢* = ¢“P.

— If ¢°4 > ¢¥, we have following cases.

x If ¢“P < ¢§, TIY increases in ¢ € [0,¢°P], and decreases in ¢ €
(¢“”, ¢5'], and increases in ¢ € (g5, ¢, and decreases in ¢ € (¢4, 7.

Thus, the optimal decision is either ¢* = ¢“” or ¢* = ¢“4. Lemma

=Y
_ - Therefore, if v > /¢, the optimal decision is ¢* = ¢“7;

-1

A.2.2|(iv) shows that there exists a threshold ¢ such that TT¢4*

CDx
HZ'

otherwise, the optimal decision is ¢* = ¢““.

x If ¢°P > ¢f, TI increases in ¢ € [0, ¢%], and decreases in ¢ € (¢“4, %]

Thus, the optimal decision is ¢* = ¢““.

Rewrite all conditions, we completes the proof. 0
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Table A.3: Sensitivity Analysis Results of ¢*

Derivative  ¢% P qF4 ¢“P ¢4
_1 0 0432 20°\/(6-1)3(-K)q  35-4
7 272 4y (0—-4) —5K+2vq1/(6-1)5(~K)q+ K 4y2(5-2)
5 0 _=n@-nK 4(5+2) Kq o
(6—1)%52 v(6—-4) 6((6—1)K—2’yq\/(5—1)6(—K)q) 2v(9-2)*

Proof of Proposition [4 On the basis of Lemma we have following cases.

Case 7 > 7¢: The quality cost coefficient is so high that the innovator chooses a

low quality under both pricing strategies, and the entry is blockaded.

Case 74 <y <~¢: Under committed pricing, the innovator sets a lower quality to
deter entry. Under flexible pricing, the innovator monopolizes the market. Obviously,

flexible pricing dominates committed pricing.

Case mar(7¢,vf) < v < ~4f: Lemma (iv) shows that there exists a unique

threshold v¢F above which T1FP* > TI¢P*,

Case v < max(7Y,7f): Lemma (v) shows that TTI™* < I1¢*. O

Proof of Proposition We aim to show that ¢/ (¢“*) decreases in v, while is

non-monotonic in §. On the basis of Lemma we can derive the equilibrium se-
quences: (1) Under both pricing strategies, the equilibrium follows a Accommodation
— Deterrence — Blockade sequence as 7 increases; (2) Under both pricing strategies,
the equilibrium follows a Blockade — Deterrence, Blockade — Deterrence — Accom-
modation — Deterrence or Blockade — Deterrence — Accommodation sequence as

0 increases. The sensitivity analysis results for each cases are summarized in Table

A3l

When 7 increases, the equilibrium switches from Accommodation — Deterrence —

Blockade sequence, note that ¢* is continuous under the second switch. We only need
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to check the first switch, the proof of Lemma has shown that ¢4 > ¢f'? at v = vF.
Under committed pricing, ¢¢4 > ¢§ > q“P at v = 4. Therefore, under both pricing

strategies, ¢* decreases in 7.

When ¢ increases, the equilibrium may switch from Deterrence — Accommodation.
And we have shown that the optimal quality would be higher when the equilibria

switches to the duopoly case, i.e., a upward jump.

Lemma (iii) shows that there exists a unique threshold 6 such that v¢ < 4f
if 6 < 69 and 7Y > ~f otherwise. Therefore, there are two possible equilibrium

sequences when comparing limit quality strategy under different pricing strategies:

(a) Tt 6 < 6O, CA(FA) 25 oD(FA) 25 ¢D(FD) 2 ¢D(FB) 25 CB(FB) as
7 increases.

C

(b) Tt 5 > 6°F, CA(FA) 2 CA(FD) X ¢D(FD) 25 CD(FB) 2% CB(FB) as

v increases.

We next study each subcases:

CA (FA)
J—1)8?
qCA* . qFA* — ( ) > 0.
70— AP0 —2)
CD (FA) It is not so obvious when comparing ¢“P* and ¢"4*, since ¢“P* is implicitly

decided by F; = 0. However, since F} decreases in ¢, it is enough to study

F1| FA* And

F1| qF A < F1| qF A% y=nF <0

F Ax > CD'

since F| g—qFA+ INCTEASES 1N 7. Since ¢“P* is the zero to F}, we have ¢ q

CA (FD) Since ¢“4* — ¢¥"P* decreases in vy, we have

qCA* _ FDx C Ax FDx ‘

q > g —q CAx FD*‘

> q —q > 0.

y=7f =72
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Table A.4: Sensitivity Analysis Results of Profits

2
1 (e-aesr) N __(a-30p? Py
v 82 3272(5_4) 2(6_1)252 3272(6-2)2 2
5 O 53*2252*165+64 . ((5—4)(7(5—4)[(((5—1)(5+2’y((5—4)2K> 4-36 8K(2’}/qCD71)
y(6—4)® 2(6—1)393 8v(6—2)3 62(4vq“P-1)

CD (FD) Similarly, it is enough to study Fi|,_,rp.. Since Fi| _ rp. decreases in v, and

F1| FD* 'Y:'YQF == 4(4 5) <0
_ 36%44/6(36%-1652—2565+512)—128
Fl’q=qFD*,v=vf A(6—4)2 >0 )
2
F . > F o = (30=4)(0—4) =+tlso
| Hamgrpe g=ng Ha=grp+ 1=o 32(6-2)? (v/=((6-2)0)+1) Tt
there exists a unique threshold WQCF = % such that ¢fP* > ¢“P* ie.,

F1| o <0, 1f’y <y <~f, and ¢F'P* < ¢“P* otherwise.
CD (FB) qCD* < qFB*_

CB (FB) qCB* — qFB

Combining the above results, we can see that ¢ > ¢©* if and only if 7¢ < v < AF

(when ¢ is not large) or 7§ < v < 4¢. O

Proof of Corollary Our goal is to show that:

(i) O¢*, IF* and II? increases in q.
33 Cx Fx d 1I* i ;
(i) IS, TI2* and IIY increases in gq.
(iii) TI¢*, TIF* and II} decreases in 6.

(iv) TI¢*, I1IZ* and IT* is non-monotonic in §.
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Table A.5: Sensitivity Analysis Results of C'S*

OSB* CSFA* CSFD* OSCA*

1 (62—245+32) (52+126+32) 0 (35—8)(35—4)
TOTEE T 3292 (5-4)* 329%(6-2)%
5 0 5314852 7365+640 _(p-n(m-aK  3(352-126+8)

8v(0—4)> 1(0-1)202 327(0—2)7

We first derive the derivatives of the innovator’s profit to quality cost coefficient v and
imitation efficiency d and display them in Table[A.4] We remark that the innovator’s
profit is continuous and monotonic in v and ¢ due to its first-mover advantage. Sup-
pose II} is non-monotonic in either 7 or 9, that is, II¥ jumps upward when equilibrium
cases switch. However, since the innovator can choose the optimal one freely, the in-
novator would adjust quality and pricing strategies to avoid this situation. Therefore,

IT¥ must be continuous and monotonic in v and 4.

The analysis of I} would be similar, thus we omit its calculation here. It can be
easily verified from the equilibrium sequence that II* is non-monotonic in §. When 9
is large enough, the innovator may limit quality to a very low extent to deter entry.

Under this situation, II} may decrease in 4. O

Proof of Lemma [6] We first presents derivatives of consumer surplus in Table[A5]

Moreover, we have

dCSCD* B acscD* anD
dy 9P Oy

_ 9q“P 6-1K N 5
0 \VOO—-1DI(K)P 8

cD
A ()4 2) o

7 1,0¢°P op ., 1 1
<(g=3) 75 <0 W e(g3)
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Table A.6: Sensitivity Analysis Results of SW*

SWB* SWFA* SWFD* SWc’A*
y 3 (62—245+32) (552428596 ) 0 _(35—4)(452—215+24)
82 3292(6—4)* 3292(6—2)3
5 0 —363—-58082+11845+128 _ 3(6—4)(T6—4)K 7862445—24
8v(6—4)® 4(6-1)252 327(5—2)%
and
dCSCD* B 8CSCD* 8qCD
s 0¢¢P 9

K (5 (169 /T = DK — 54/ = D(=K)q) +16(6 — DK (/= D(=K)q + 235> — V5q) )

862,/(6 — 1)(—K)q (-51{ +2v¢y/(6 — 1)o(—K)q + K)

1152(6—1)2 K2 5
K (‘57q> ~512(6 — DK + %)

862,/(6 — 1)(—K)q <—5K +2vg/(6 — 1)o(—K)q + K)

> >0 (quadratic function regarding )

The derivatives of social welfare under different cases is listed in Table Moreover, we

have
dSWc’D* - aSWc’D* 8qCD
dy  0¢°P 0Oy
70 CD
L%y
8 Oy
and

dSWc’D* B aSWc‘D* anD
s 9q°P 96
K (16(6 — 1)K + 6q (—32v%¢* + 8vg + 7))
46% (2(0 — 1)K +70¢*(1 — 4vq))

where the denominator is negative and

16(5 — 1)K + 6q (—327%¢* + 8yq + 7) = 26q (—247*¢* + 8vq + 3) (FL =0)

CcD 1 1 ))

0 -

Proof of Proposition [6] We study each cases separately.

Case CB(FB): It is easy to see that CSTB* = CSOB* and SWHB* = SWEB*,
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Case CA(FA):

5(56—965—32064+228053—553652+56325—2048)
32v(6—4)%(6—2)3
§(1765—-39355+257654— 7544634109762 —76806+2048
SWFA* . SWc’A* —_ _ ( ) >0

327(0_1)3(6-2)°

CsFA - 5 = >0

Case CA(FD):

§ (—96 + 4552 — 680 + 32) + 8(5 — 4)%(5 — 2)°K

CAx FDx _
€SO 3246 — 2)°(d — 1)

where

6 (—96° + 450 — 680 + 32) + 8(6 — 4)*(0 — 2)°K
5

> (0 (—90° 4 456% — 685 + 32) + 8y(6 — 4)*(6 — 2)°K) Molecular decreases in 7y

}7:710
> (0 (—90° 4 456% — 685 + 32) + 8y(6 — 4)*(6 — 2)°K) }7:72 Molecular decreases in 7y
(6 —4)%(0 —2) (362 — 76 + 4)

4/—((6 — 2)0) + 4

§ (126 — 9183 + 23562 — 2528 + 96) + 24~(6 — 4)2(86 — 2)°K
32v(6 — 2)3(6 — 1)5

=4 <—953 + 456% + — 686 + 32> >0

SWcA* . SWFD* —

where

6 (126" — 916% + 23567 — 2520 + 96) + 24~(5 — 4)*(6 — 2)°K

> (6 (120" — 916° + 2350" — 2520 + 96) + 249(6 — 4)*(0 — 2°K)| __ o

(6
> (6 (126" — 916° + 23567 — 2526 + 96) + 24~(6 — 4)*(0 — 2)°K) |

=72
J— 2 — - 2
_3(0-2)0@F-T5+4) (-4 o (120* — 918% + 23502 — 2526 + 96) > 0

1(V-G-2m+1)

Case CD(FB):

CSCD* . OSFB — CSCD* . CScB*
> (OSCD* . CSoB*)

c (Lemma [6])

=72

— (OSCB* . CSc’B*)

=5 =
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SWFB* o SWCD* — SWCB* . SWCD*
> (SWc'B* o SWCD*)
y

e (Lemma [6)

— (SWc'B* o SWC’B*) -0

=7

Case CD(FD):

CSCD* . CSFD* > (CSCD* o CSFD*)

- (Lemma [6])

Y=72

— (CSCD* . CSFB*)

_c>0
12

We aim to show that there exists a unique threshold 4§ such that SWP* > SW D+
if v <$F and SWEP* < SWEDP* otherwise. We first notice that SWP* — WD+

decreases in vy via Lemma [6] Moreover, we have

p
(SWCD* _ SWFD*) . — (SWc'D* _ SWFB*> _F = (SWCD* - SWCB*) y=~F <0
(SWEPr = SWEPT)| e = (UFP = TP o + (CSOPr = CS™P)| o >0

\ (SWCD* . SWFD*) |7:7{‘“ — (HlCD* _ HZFD*) ‘7:7{‘“ + (CSCD* _ CSFD*) "y:’yf >0

and the unique existence of v§'F" can be ensured via Intermediate value theorem, where

op  T(1—0)8 (1162 — 2v/14(6 — 1)v/116% — 406 + 56 — 400 + 56)
i 8 (1162 — 406 + 56)* K '

Case CD(FA): After tedious algebraic manipulation, we find that SWP* —
SWEA* < () always holds. In addition, define K; be the threshold where I1¢'P*

K=K
HZ-CA*|K:K1, and K5 be the threshold where C’SCD*‘K:K2 = C’SFA*|K:K2, and
(106 (252 — /5 (30% — 1662 — 2566 + 512) — 160 + 32)
K p—
’ dy(6 —4)* ’
CSCPx — CSFA > 0 iff Ky < K < Ky, and CSCP* — CSFA* < 0 otherwise.
O

Proof of Lemma [7] and Proposition [7] The analysis of the subgame regarding

the copycat remains the same. Using first-order condition, we have 6* = 2 and

NI
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§¢ = % The lemma and proposition can be easily verified if we substitute ¢* into

our previous results. 0

Proof of Lemma [§ Lemma presents the optimal uniform pricing under ex-

ogenous quality. Note that ¢V = ¢ < ¢¥, and

K (553/2 48436 — 664 =30 — 12%5)
@5 —q" = > 0.

V(1 —6)

Therefore, we have following cases.

Case ¢ < ¢V: The entry is blockaded under both pricing strategies, and thus the

innovator enjoys the same profit.

Case ¢/ < ¢ < ¢': Under uniform pricing, the innovator has to set a lower-
than-first-best price to deter entry. Under flexible pricing, the innovator achieves the

first-best outcome. Obviously, flexible pricing is the dominant one.

Case ¢ < ¢ < ¢J: Under uniform pricing, the innovator sets a lower-than-first-best

price to deter entry. Under flexible pricing, the innovator accommodates imitation.

We have

8(6—1)K+4 (6—1)(=K)qg (6> —240 +32)q

4] Vo 4(6 —4)?
Note that the gap is concave in ¢q. Let

L REQ -840 (VEE T8 Vi + 4\/5)2

¢ = 5(5% — 246 + 32)? ’

UDx FAx __

the gap is is positive if ¢ < ¢ < ¢V and negative otherwise.

Case ¢ > ¢J: The innovator accommodates imitation under both pricing strategies.

We have
i i T 354 —0)

2>0.
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Proof of Proposition Based on Lemma , we have following cases.

Case v > 7Y: The entry is blockaded under both pricing strategies, and thus the

innovator enjoys the same profit.

Case 7! < v < 7¥:  Under uniform pricing, the innovator has to set a lower-
than-first-best price to deter entry. Under flexible pricing, the innovator achieves the

first-best outcome. Obviously, flexible pricing is the dominant one.
Case maz(VV,7f) < v <~f: Lemma (iii) shows that IT/™* > TIV*.

Case v < max(7Y,~F): Lemma (iv) shows that I1£* > TIV*. O

A.2 Supporting Results

Lemma A.2.1. (Exogenous Quality Thresholds) The following statements hold when

quality is exogenously given:
(i) af <q"" and ¢"P < qf’;

(ii) P and ¢ decreases in 6, and ¢§ is convex in 0.

Proof of Lemma [A.2.1]
Part (i) We have

3(8 — 56

. FD:16\/2—5—85\/2—5—5\/5K 8\/2—6—5\/5[( 8v2 =06

" (1= 0)V5 TTuove T aewe

Part (ii) We have

o¢"P (0 —4) (T —4)K o¢f 16K
5 = o 0 ad By =—m <0
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Table A.7: Derivatives of ¢“P

Derivative 1) 5y K
¢°P aK (< 0) 2v5q%4/(6—1)(=K)q (< 0) (6-1)q (> 0)

T K2 Aok ) T oK a6 DKt K G DK 2oay/G D 1a "

qS 8 ((52 — 45 +2)1/(2—=08)0 + (6 — 2)6(26 — 1)) K

o) (0 —1)202\/(2 =)0
It can be verified that (62 — 40 +2) /(2 — )6 + (6 — 2)5(25 — 1) is concave in J§, and

thus positive (negative) when 0 is small (large). O

Lemma A.2.2. (Endogenous Quality Thresholds) The following statements hold un-

der committed pricing:

(i) q°P decreases in § and vy, while increases in K.
(it) ¢°% < qf iff ¢°P < qf .
(iii) If ¢°F > qf, ¢“* > ¢“P.

(iv) If ¢°B > ¢ and ¢¢ < ¢°P < ¢S and ¢°* > ¢S, there exists a threshold v¢ such

that T1¢4* = [I¢D* .
t ‘7:“/10 v |7:vlc

Proof of Lemma [A.2.2]

Part (i). See Table

Part (ii). Firstly, we aim to show that

¢ =qf ¢ =qf.
The left part holds iff v = m, which we denote as 7¢. And

1 qK(1—9)
il g gmge = <4_L —7q+ Y

=95 ,q=qf
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which shows that ¢“P = ¢¢. Moreover,

1 qK(1—0)
F1‘q:qlc = (Z_l — g+ \/_—5(]

is positive (i.e., ¢°P > ¢¥) if v < 7¢ and negative (i.e., ¢°P < ¢¥) if v > /<.

L 16(1 —0)vK
. 2 6
q4=q7

Part (iii). To prove ¢4 > ¢“P if ¢“2 > ¢¥. Notice that

oF, VaK (1 =)

S W ‘& ik S Ay )
dq 2V/0¢?

it is equivalent to show

1 gK(1—9¢
F1|q=qCA = (Z_l _7(1"‘#))

for any v < 7¢. Notice that

<0

q=q¢4

OF|gea  [1-0)(2-0)K .
oy dv(4 — 39) ’

it is equivalent to show

1 qK(1-19)
F1|q=qCA,v:7§ - (Z — g+ Tq

This completes the proof. Moreover, this also means that if ¢“Z > ¢¢ and ¢“P > ¢¢,

1 f21-9)  [22-0)
T Z( 25 "Va—3 )=
q9=q Y="72

then ¢4 > ¢§; and if ¢°P > ¢¢ and ¢“4 < ¢f, then ¢“P < ¢S

Part (iv). The conditions can be rewritten as

(6= 1)3 (62 +3v2 =36 — 4V2 =0 - 23 ( 5(1— 6)(4 — 36) )
3 = 3 << 7| = .
! 16 <m+ \/$> (6 — 22K e 32K (2—0)2(1+ /(2 —-19))
Define
_nep_poas _ L [160 - DK 8/(0 —1)(=K)q 2 (4 —30)*
F2-—Hz'0 _Hzc —Z< S + NG —27q +Q)—m,
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and thus [I{P* — 164 = R g=qcp- We first show that F2|q:qCD increases in vy €

[v3,72], and then show that Fyf,_ co < 0 and Fyf,_.cp > (0. By envelope

yY="73 Y Y=72

theorem, we have
0 Fy|yyon _ (¢“")? (4 —36)°

Dy T2 T

Notice that ¢“P increases in K, we have

82 F2|q:qcp _ —qCD 8qCD 0
OVOK oK '
If we rewrite the condition 73 < v < v, as
(6—1)8 (53/2+3\/2 —55—4\/2—5—2\/3) 5 (362 — 76+ 4)
K; < K < Ky

16 (M+ \/5)3(5_2)2 32v(5 — 2)2 (\/—((5— 2)6) + 1)

O F:
it is equivalent to show that %’K X > 0. When K = Ko, ¢“P | K=Ky is the zero
=2
to
(0 —1)(=K)q 1
Pilg_ g, = ( o +V(—Q)+Z
q K=K>

1 W-WVI3
S\ (vV2=3+v6) (6 -2)yAa

4-30_ is the unique zero to %—I;? = 0 since %}:/2 = (0 decreases in

It is easy to see that ¢ = 7(2-3)

q € (0,00). Notice that

OFlk_k, WA= 35(5 — 1)

94 ' (V2=3+V3) (5 - 2)(va)"

<0

and

_ 6-0Vs

Fl‘ _ —_4-358 _
K=K2,9=1,5=% 9 <\/27 -0+ \/5) (5 2)
4—34

which means that for any ¢ such that Fi|p_p, =0 (ie., ¢= q“P), we have ¢“P < 0

O F:
Therefore, % > 0 for all possible ¢¢P. This shows that | g—qCD increases in

v € [v3,72)-

We next show that Fb| g=qCD =y > 0. Since ¢ = ¢“P is the maximizer, we have

F2"y=72,q=qc’3 > FQ"y:w,q:ng =0.
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Finally, we show that F2|q:qcp77:% < 0. Note that ¢¢P = q2c at v = ~3, we have

2(VZ=3+3) (1-0)K

F2|'y:’y3,q:qCD - F2|’Y:’Y3aq:q2€ - 83/2 + 32 =66 — 42— 5 — 25 <0

O

Lemma A.2.3. (Quality Cost Thresholds under Flexible and Committed Pricing)

The following statements hold:

(i) 75 > and y3 > 7.
(ii) 7§ and vL increases in 8, and vF and A% is concave in 5.

(iii) There exists a unique threshold 6 such that v¢ < ~f if § < 6F and v¢ > +F

otherwise.

(iv) If max(vC,vF) < v < AF, there exists a unique threshold vCF such that

_ CDx
CF — 3

FDx
Hi — 7
Y=71

y=y{E"

(v) If v < maz(v{,~{), TIF* < TIE*.

Proof of Lemma [A.2.3

Part (i).
223200 —-4)2(6 - 1)K

The proof of 72" > ~¢ is not so obvious. Based on 7’s definition, this is equivalent

>0

to show that

» > 0.

Ax
e — ¢
(2 1 Y="5

From Lemma (iv), we know that II¢P* — I1¢4* increases in v € [y3,72] and is
positive at v = v,. Thus, it is enough to show that v > ~v,. And

F ey = o1 -9) 5 (36% — 126 V—=((0—2)8)(6 — 2)? :
R 32(5—4)2(5—2)2(\/—((5—2)6)K+K><(3 129416) + 16/~ =20 ~2)%) >0
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Part (ii). Our goal is to show that 7{ is concave in §. Solving F; = 0 and F» = 0, we

have
qP :=1024(5 — 1)2(6 — 2)* K3 +272(6 — 1)6(6 — 2)*K2qP+

862 (462 — 135 + 11) (8 — 2)2K (¢PP)* + (6 — 1)03(3 — 26)% (¢°P)° .

1
o JGYK 1
71 - (qCD)3/2 4¢CD

V5P V(;‘;/Q are both concave. Solving the
q

implicit function of ¢¢P, we find that ¢¢” can be rewritten as the product of K and a

Therefore, it is enough to show that qo% and

function of § while independent on K, i.e., ¢¢P }’Y_’Yc = KQ(6). Thus the concavity of qc%
-1

V1—0

and 7\/3((10]3)3/2

can be easily proven.

Part (iii). Note that from the proof of part (ii), we know that

o VG-DE g 1( 1 +\/1/57—1>'

= (qcD>3/2 +4qu K 4Q(9) Q(5)3/2

Therefore, 7f" —~¢ is exactly the product of 1/K and a function of § while independent on

K. The lemma thus can be easily proven.

Part (iv). Define

By o G P (0= 10 4900~ 4°K) % (16(5 “OE  8VO-DER o q) |

2(6 — 1)262 ) NZ
and thus II¢P* —TIFP* = Fy| _ -, We first show that F3| _ cp decreases in 7, and then
i i a=q a=q

show that Fglq:qcpﬁz,yg < 0 and F3‘q:qcp7,y:max(,ylc’,yf) > (0. By envelope theorem, we

have

0 F3,_,cp 1 ((6-4)'K? _(4OPy?
a2\ (@-1n22 M '

Notice that ¢¢P decreases in v, we have

0% Ful CcD
O Bolgger —q“P 9"
0?2 oy

CD

OF:
Thus, it is enough to show that 3'577’ is non-negative at v = max(y¥, ).

When v = ~{, we have

0 F3|q:qCD > 0 F3|q:qCD
oy - oy

y=¢ =73
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52 . .
It is easy to see that ¢ = Ig%_g; is the unique zero to 8—};3 = 0 since %};3 decreases in

€ (0,00). Notice that

oR|_, 4(6vG-1D(-K)a+aq)
s = <0
dq 16¢2V/6

and

F1| o K(4-0)2 >0,
T=73,4="5(1=s)

c K(4-4)*
P> 5(1=3)

which means that for any ¢ such that Fllﬂ/:ﬂY3 =0 (i.e., ¢ = ¢“P), we have ¢
O F:
Therefore, % < 0 for all possible ¢¢P when ~ > 710 .

When v =~{, ¢ = Ig%:g; is the unique zero to %FS = 0 too. Notice that

0Fil_yr 46 /G-D(-K)q+2y/0 - Do(—K)q +q
2

0
dq 40q <

and

F1| _ K(4-3)2 > 0
= 71 4= S(1=9)

2
which means that for any ¢ such that F1‘7=7f =0 (i.e., ¢ = ¢°P), we have ¢“P > ﬁ

(1-9)
OF:
Therefore, % < 0 for all possible ¢“P when v > .

Taking together, this shows that F3| q,op decreases in . We next show that Fg\ g0 <0
at v = 74", Notice that

1 [ (1762 =406 +32) K 3(5 — 1)d¢?
F3"}’ o - Z ( —

5—1)0 (6 — 42K

and

(6 — 4) (\/20552 4836 1 400 — 6 + 4) K
6(6 — 1)0

q:

(6—4)(v/20552—4886+400—5+4) K

is the unique zero to F3|7:7§. Moreover, F3|,y:,y§ <0if g <

6(6—1)8
and positive otherwise. Notice that
F1| r (674)(\/2056274886+40076+4)K <0
=729 6(6—1)5
and
0 Fi| (6 — 1) ((5 42K2 + 6%/% /—)
= — O7
9q 206 — 4)2V5((0 — 1)(—K)q)*/2
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which means that for any ¢ such that F1|v:7§ =0 (ie, ¢ = ¢°P) eb <
(6—4)(v/20552—4885+400—5+4) K

6(6—1)0

, we have ¢

. Therefore, Fj| cp < 0 for all possible ¢ = ¢“P. Simi-

=% q=q

larly, we can prove that Fj| cp > 0 and F3| cp > 0.

=Y ,q=q v=f,4=q

Part (v). We aim to show that
o If v < min(y{',~1"), then IIf4* < IIFA%;
. If’yfj < <~f, then HZFA* < HZ.CD*;
o If v <~y <Af, then TIF'B* < TIFA*,

If v < min(v{, ), then

0% (20" — 290° + 10762 — 1445 + 64) _
8y(6 —4)*(0 - 2)? -

HiCA* . HlFA* —

If7?<7<7f,wehave

CDx FAx CDx* F Ax CAx FAx\ _ 17CDx C Ax CDx C Ax _

by Lemma (iv).
If vf" < v <A, then

[qCA* _ [FB+ _ (4 — 36)? (6 —4)%K ((6 — 1)6 + v(6 — 4)°K)
’ 3290 —2)2 2(6 — 1)262

is convex in v. And o . o .
* * * *
oIy — 11 < oIy — 11

Iy B 9y y=f
) OIICA* _ 1F B+
- 0y =72
< 0,

therefore HZ-CA* — II'B* decreases in v. And

y=v¢ y=7¢ =

by (iv).
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Lemma A.2.4. (Optimal Uniform Pricing under Exogenous Quality) Let

¢ = M K and o = 24 36)(25?15:5;/@) K

the following statements hold.

(i) If ¢ < ¢V, the innovator sets pv* = 1, and the copycat would not enter the

market.
(ii) If ¢V < q < ¥, the innovator sets p!* = 2—”?%175), and the copycat would not

enter the market.

2q(1-9)
4-35 7

(iii) If ¢ > ¢¥, the innovator sets py* = and the copycat enters the market

and sets pU* = LpV*.

Proof of Lemma [A.2.4
We solve the game backwards. Consider the case of imitation, after observing p¥, the
copycat decides pU to maximize its profit, i.e.,

U
uflg. _ P
max p, <9w 5(]) .

Pt
Using the first-order conditions, the optimal decision and profit are

J

)
Us — ZpU d ¥ = — —
pc p an C 4q(1_5)

U\2

Under uniform pricing, the innovator can commit a price pY? to deter entry, where

D = 2/ Kq(1 —5).
Z V6

The innovator’s objective function is thus

g J=p (1—’%> +pf (1= i), if pf > pl'”;

U
H?B=2p§](1—’%), if i < pf'".
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Let

2q(1 —6) q
va (. v (._4
bi (‘_ 41— 35 ) < b < 2)

denote two solutions derived by first-order conditions, respectively. We next study

the optimal decision globally.

Case pVP < pP: Since p?4 < pYB. we have p/4 < plP too. IV increases in
pY € [0,pYP], decreases in pY € (p”Z, pl'P], and decreases in p! € (p{?, 1]. Thus,

the optimal decision is p?* = pVB.

Case pi/4 < p/P < pVP: TIY increases in p{’ € [0,pYP] and decreases in p! € (VP £].
Thus, the optimal decision is p/* = pV?.

Case p/P < pVP < pVB: 1Y increases in pY € [0, p{P], increases in p! € (pZUD,szA]a

and decreases in p! € (pY4, 7]. Thus, the optimal decision is p{* = pl/P if ITV5* >

Y4 and pV* = pV4 otherwise.
Let
16(1 -6 2(4 —30)(2—6++/0(4— 36
qf = MK and q2U = ( ) + ( >)K,
0 5(1—9)
we can derive the lemma. O

Lemma A.2.5. (Endogenous Quality Thresholds under Uniform Pricing) The fol-

lowing statements hold under committed pricing:

(i) ¢VP decreases in § and v, while increases in K.
(i) ¢"F < qf iff ¢"P < qf.
(iii) If ¢"P > ¢, ¢V > ¢f .

U
1

(iv) If ¢"P < ¢¥ and ¢4 > ¥, there exists a threshold YV such that T1V4*

U Dx
7

Y=y

y=AY"

Proof of Lemma [A.2.5]
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Table A.8: Derivatives of ¢V”

Derivative 0 ~ K
UD 22/3K 2 22/3 YK—5K 22/3(1-4)
q _372/354/3(K7§K)2/3(< O) - 3,‘/5/3\3/3 (< O) 342/3 %(K_(;K)z/s (> 0)

Part (i): See Table

Part(ii): Firstly, we aim to show that

P =qf ¢ =4qf.

Note that ¢VZ = ¢“Z and ¢V = ¢V, thus the left part holds iff v = via Lemma

A.2.2) which we denote as v¥. And ¢VP = ¢V iff v =¥ too.

0
32K (1-0)

Part(iii): Note that ¢/ > ¢¥ iff
5(1—5)2
32
V2 ((5— VA= 355 — 2) (36 — 4)) K

v <

And ¢U4 > ¥ iff
(6 —1)%

(4 — 36)2 (—5+ \/Sm—l—2> K
Therefore, it is equivalent to show that

(6 —1)% B 5(1 —6)?
(4 — 36)2 (—5+\/SM+2> K \/§<<5_ m\/g_2> (35_4)>3/2K

v <

> 0.

Part(iv): The condition can be rewritten as

5(1 — 6)? o (5 —1)2 |
va((s-vi—mve—2)@—4)" K (=302 (-0 +VEVI-35+2) K

Consider

HZUA*_HZUD* .

20% — 462 + 26 — 3v/2(4 — 36)2V/0(7(6 — 1)(=K))*? — 8y(0 — 1)(4 — 36)°K

B (4 —38)25
define

Fy = 26% — 462 + 26 — 3v/2(4 — 38)*V/6(y(6 — 1)(—K))*? — 8v(6 — 1)(4 — 36)%K.
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We first show that Fj decreases in «y. Since
PFy  2v/2(4—30)%(0 — 1)2V/5K?
0? 3(y(6—)(=KN+ 7
Fy is convex in . Moreover,
OF, _ OF,
oy — Oy y

<0.
— (6-1)2s
T (4-38)2(—6+V6vVA—35+2) K

Therefore, Fy decreases in . Moreover,

5(1—6)2 Z O,
V2((6—vaA=35v5-2)(30-4))3 2 K

F4| _ (5—1)2¢ S 0.
= 430)2 (o 4v/ovAB042) K

Fil

The unique existence of /¥ can be ensured via Intermediate value theorem. 0

Lemma A.2.6. (Optimal Uniform Pricing under Endogenous Quality) Let 4V be the

threshold where T1YP* = U
-1

U and
)
U._
72T K1 6)
the following statements hold.

(i) If v < Y, the innovator sets ¢V* = f(g__;g) and p{* = %31)5_5), and the copycat
Ux _ §,Ux
enters the market and sets p.* = Sp; ™.
/ Ux(1_—
(ii) If vV < v < ~Y, the innovator sets ¢V* = % and pV* = L\/S(I(S),

and the copycat would not enter the market.

and pY* = %, and the copycat would

1

(iii) If v > ~Y, the innovator sets qV* = 5

not enter the market.

Proof of Lemma [A.2.6

When the quality is endogenized, the innovator chooses ¢ to maximize
(

2q(1-§ 1
O o> df
- _ 4/(6—1)(-K .
v = HZUDZS((S;)K—F ( ()s( )q_%Q7 if ¢V <q<q¥;
MYV5 — ¢ — Lyg?, if ¢ <qf.

\
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Note that IIY is continuous on ¢. It is easy to see that all objective functions are

concave in ¢q. Using the first-order conditions, we derive

o 2/3 3 oK
UA _ 2(1 —9) and ¢UP = i and P = 2PV K ‘
(4 - 30) 2y V30

Now we need to discuss the global optimum, we have following cases.

o If ¢VB < ¢V, then ¢U4 < ¢V too. Moreover, based on Lemma (i), we have
q"P < ¢V. Hence, I1Y increases in q € [0,qY5] and decreases in q € (¢VZ, ¢V],

and decreases in ¢ € (¢¥,¢Y] and ¢ € (¢Y, %] Thus, the optimal decision is

q* = qUB. Moreover, the condition can be rewritten as v > 7Y, where
U )

2T K1 -0)

o If V5 > ¢V (ie., v <AY), then ¢VP > ¢V via Lemma (ii). And we have

following cases.

— If ¢Y4 < ¢¥, then ¢VP < ¢¥ via Lemma (iii). TIY increases in

q € [0,¢YP], and decreases in ¢ € (¢VP, ¢¥], and decreases in ¢ € (¢Y, %]

Thus, the optimal decision is ¢* = ¢V”.
— If ¢V4 > ¢¥, we have following cases.

x If VP < ¥, TV increases in ¢ € [0,qY?], and decreases in q €

ubD U

(qVPq¥], and increases in q € (¢¥, ¢V

UA 1].

, and decreases in ¢ € (¢¥4, S

Thus, the optimal decision is either ¢* = ¢V? or ¢* = ¢V4. Lemma

A.2.5((iv) shows that there exists a threshold /¥ such that T1Y4*

-

U Dx
Hi

.- Therefore, if v > 7, U, the optimal decision is ¢* = qvP:
-1
otherwise, the optimal decision is ¢* = ¢V*.

x If ¢VP > ¢¥, TIV increases in ¢ € [0, ¢V4], and decreases in q € (¢V4, }/]

Thus, the optimal decision is ¢* = ¢V4.
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Lemma A.2.7. (Quality Cost Thresholds under Flexible and Uniform Pricing) The

following statements hold:

(i) ¥5 >~ and 5 > f.

(ii) There exists a unique threshold §Y4 such that vV < +F if § < §Y4 and 4V > +F

otherwise.
(i) If maz(vy,77) <y <n3, I7* > T

(iv) If v < maz(yy,47), TF* > 117,

Proof of Lemma

Part (i): 1Y > ~¢ holds since 7Y = ~§. Note that

e 4>
10— DK

OF, ,
o =24 =30PE - K ( 3

and

L 7 (N
AG-DEK) A= DEER)

— (6-1)25
Y= a=38)2 (—8+V5v/A=35+2)K

w\s/<4 ~30)2 (~6+ VoVT =30 4 2)

1-9 -

which means Fj decreases in v € (0,00). Since 4V is the unique zero to Fy, it is

equivalent to show that

5-1)25\ 23 4
F| 26% — 46 314 - 307 <(<5—4)>2 ) Vo 45— 1)%(4 - 30)%
4 P = - -

20 < 0.
e 7 + Gy +25 <0

Part (ii): Since Fy| __r is a function of § while independent on K, we can easily

="
verify that there exists a 64 € (0,1) such that F4|w:vf is negative, i.e., 7 < ~F if

§ < 6Y4 ) and positive, i.e., 7 >~ otherwise.
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Part (iii): Note that I[1/'P* — TIVP* =

VK? (—123/554/3 4 6/207/3 1 69/25/6 — 1762 8/4(1 — 0)K + 405 /71 — 0K — 32¢/~(1 — 5)K)

20(7(0 = 1)(=K))*/? ’

and thus TIF'P* — TIVP* > 0 iff v > —%. Therefore, it is enough to show

that
432(5 — 1)36

— < min(~F, vy,
75 405 1320 K = o)

We first show that the inequality holds for vf' i.e.,

1728(6—1)% \/0(383—1652—2565+512) 9
(6 —1) ((1752—405+32)3 + G—a) - (54)2>
>0

4K

432(5 — 1)%5
(1762 — 406 + 32)° K

"—(— ) =

Next, since Fy decreases in v and 4V is the unique zero to Fy, it is equivalent to show

that

F4| _ 432(5-1)5% Z 0.

T (1762-405+32)3 K

Therefore, I1I* > TIV* if max(yY, vf) <y < A&
Part (iv): We consider three cases.

Case W < v < 4f: Since v < ~4F, we have I1F'4* > TIFP*. Based on (iii), we have

[EP* > TIVP* if 4 > AV, Therefore, [IFA* > TIFP* > 11V,

Case vI' < v <1V Note that

46(5 — 1)3 +~ (362 — 165 + 16)° K
2v(4 —30)2(5 — 1)5 !

FDx UAx __

ie., IIFP* — TIVA* > 0 iff v > —%. It is equivalent to show that

((5 — 1)5 (_ 16(6-1)2 /(3631662 —2565-+512) 5 )
(

4(6 —1)%0 302—160+16)° (L EEE

G160+ 167K 1K

7 —(— <0.

Case v < min(yV,+f): We have

—2305 + 1200° + 28006 — 151040° + 286720% — 245768 + 8192 >0

HFA* o HUA* —
i i 167(4 — 30)2(6 — 41 =
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Lemma A.2.8. (Quality Thresholds with Delay Consumers) The following state-

ments hold:

(i) p5° > £, p5P < %, and pG* < £.

(it) pi” > ", pi* > py* and pi” > piGt.

i) There exists a unique threshold ¢S such that TI¢4* > TI¢P* if ¢ > ¢§ and
q as ) ) 2

[E4* < TIEP* otherwise.

Proof of Lemma [A.2.8
Part (i): We have

cg 4 3q(1—0p)

DPi1 2_m_7

g_pcBZQ(l_P)
2 TP Tagan =
¢  ca_ q(*(p+1)—3d(p+1)+2(p—1))
5 P2 = > 0.
2 2(2-6)(0(p+3)—p—T7)
Part (ii): We have
2q(1 — p)
B _ 0B _ 2V S
pzl sz p+7 _07
CA _ . CA (0> =55 +8)q(p— 1)
Pin — P = > 0,
PR 22-0)(6(p+3) —p—T)
0q(0(3p+5)—Tp—17
pr_pgA_ q(0(3p ) P ) >0

C@2=0)(p+T)0(p+3)—p=T) T

Part (iii): Since

5 NG G —2@(p+3)—p—1)

is convex in ¢, and II{4* — TI9P* < 0 when p5* = p&P. There exists a unique

or_qgeve __6=DE(p+T) (p+3)yB-DKq_ (6= Dalb(p+2) —2Ap+3))

threshold ¢¢ such that TI¢4* > TI¢P* if ¢ > ¢f and TIF4* < TIEP* otherwise. O
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Appendix B

Proofs for Chapter

B.1 Model Notations

B.2 Proofs of Results in Section 3.4 and Section 3.5

For simplicity of notation, we denote § = dA. All the subsequent proofs are conducted
based on the general regulation conditions: o > 0, f = 0A <1 and § € [0,1/2]. In
the symmetric case, since both firms are identical, we omit the subscripts “A” and

(LB??

In addition, we further remark that the analysis involves some straightforward yet
cumbersome algebraic manipulations. For expositional brevity, we may omit some
intermediate calculation steps and some lengthy equations. The complete proof with
all the involving equations and formulas will be available from the authors upon

request.

Proof of Theorem [1] Given 8 < 1, it can be verified the existence and uniqueness

of the equilibrium by showing that 7 is concave in p; (Rosen/|1965a). In the case of
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Table B.1: Summary of Model Notations

Parameters

A Total market size

0; Measures the effect of firm j’s quality on firm ¢’'s demand, 0 < 6, < % 1,] €
{A, B} i#j

0; Firm i’s learning speed, i € {A, B}

qk Firm i’s quality level in ¢ period under k pricing model, g% 41 = ¢t + 0D i€
{A, B}, k € {c,d}, where ¢ means committed price, d means dynamic price

« Substitution parameter, a > 0, indicates the intensity of price competition

Dk Firm 4’s demand in t period under k pricing model, Dk =

where ¢ means committed price, d means dynamic price

T Firm ¢’s total profit under k pricing model, i € {A, B}, k € {¢,d}, where ¢ means

~

committed price, d means dynamic price

Decisions

pk Firm #’s pricing decision in ¢ period under k pricing model, i € {A, B}, k € {c,d}

committed pricing, we have

= =—(1+a)<0.

Solving the system of best response functions, we find the unique symmetric equilib-

rium prices as follow:

2Aq(a(f+2)+ 5+ 4)

P = R (20— 46— 1)+ 16a+16 "
o N (Ba(20 — 1)+ 0 — 1) +28(c(20 — 1) + 0 — 1) + 4da + 8)
L 4a? + 2(a(20 — 1) +6 — 1) + 16a + 16

600 +a+ 30+ 5

>
2 1 Pla@I—1) 1 6—1)+16a+16 "
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In the case of dynamic pricing, we have

2, _d
0§

2nd —(a+1)52(aQ—(a+2)(2a+1)9+4a+2)2+36a5+228a4+544a3+608a2+320a+64
apH? 4(a+2)%(3a+2)?

< _ 35a°4219a%+516a%+572a2+300a-+60 <0.

= A(a+2)2(3a+2)2

Solving the system of best response functions, we find the unique symmetric equilib-

rium prices as follow:

(302 +8a+4)Aq(a(B+2)+8+4)

pd* — >0
2 (a+1)B2(a2(20—1)+a(50—4)+2(0—1))+6a*+40a3+96a2+96a+32
dx AgqNo
Pr = DA (0220-1)+o(50—4)+2(0—1))+ 602+ 400519602+ 960+ 32 ’
> a3(604-3)4+a?(2160+13)+a(210422)4+-60410 >0

(a+1)B2(a?(20—1)+a(50—4)+2(0—1))+6a*+40a3+96a2+96a+32

where

No = 2(a+1)(a?(20 — 1)+ (50 —4) +2(0 — 1)) + 60> + 28 4+ 40a + 16+
(4 1)B% (a2(20 — 1) + (50 — 4) + 2(0 — 1)) '

Proof of Proposition [9] Following the proof of Proposition , we have

ck _ ck BAq(a(—2B80+B—40+44)+-B(—0)+5—-20+4)
by =P = 102+ 3% (a(20—1)+0—1)+160+16
2(4a2 482 (a(20—1)+0—1)+16a+16)
dx _ dx (a+1)BAq(a?B+5a2 —(a+2)(2a+1) (B+2)0+4af+160+2348)
P2 =P1 T GrD)B2(a2(20-1)ta(50—4)+2(0—1))+ 60t + 4005+ 9602 + 96+ 32
(a+1)BAq(3a+2) (2a+5+6)
2((a+1)B2(a2(20—1)+a(50—4)+2(0—1))+6a*+40a3 +96a2 +96a+32

A%

v

)>()
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Proof of Proposition Following the proof of Proposition , we have

ops 4(202+50+2)5A2q(a(5A+2)+5A+4) 0
90 T (4a2+a(82(20—1)A2+16)+62(6—1)A2+16)> >
opst _ 2(2a+1)52A3q(a(5A+2)+6A+4) <0
o6 (402 +a(52(20—1)A2+16)+62(9—1)A2+16)*
apsr 4Ag(2A%(a(—2(a+1)0+a+2)+0+1)—2(a+2)A (2(a—1)0—a)—4(a+2)?)
da (62A2(0(20—1)4+6—1)+4(a+2)2)2

< 4Aq(@?(60+1)+2a(30+5)—90+15) 0

= (402+B2(a(20—1)+0—1)+16a+16)> <
opsT 2Aq(402(5A+2)+8a(5A+4)+530A3+26%(30—1)A2+32) 0
b T (402 +(62(20—1)A2416)+62(0—1)A2+16)? <
apss 2A2q(a(20-1)+0—1)(4(a?+3a+2) B+402+8%(—200+a—0+1)+16a+16) 0
as (402482 ((20—1)+0—1)+16a+16)> <
opss _ 2A%q(40°4+200%—(a+1)B2(a(20—1)+0—1)—4(a+2) B(e(20—1)+0—1)+32a+16 )
o5 (402482 ((20—1)+0—1)+16a+16)*

8A2q(a+1)(a+2)?
= (42 +82(a(20—1)+0—1)+16a+16)> >0
and

opdr 2(a+2)3(60°+1302+9a+2) BAg(a(B+2)+B+4) 0
00 T ((a+1)B2(a2(20—1)+a(50—4)+2(0—1))+60a4+4003+9602+960+32)> >
opdr (a+2)2(60°+1302+9a+2) B2 Aq(a(B+2)+B+4) 0
00 T ((a+1)B2(a2(20—1)+a(50—4)+2(6—1))+6a*+40a3 +9602+96a+32)° <
ap_‘f* _ 2(a+2)AgNy <0
da T ((a+1)B2(—a24+(a+2)(2a+1)0—4a—2)+604 +40a3+96a2 +960+32)>
8p_g* - AgN> <0 ’
dox ((a41)82(a2(20—1)+a(50—4)+2(0—1))+604 +400a3+9602+960+32) 2
opr 2(a+1)gA?(2(1—0)+a2(1—-20)+a(4—50)) N3 <0
as ((a+1)B2(a2(20—1)+a(50—4)+2(6—1))+604+40a3 4962 +96+32)>
opl (3a3+11a2+12a+4)qA2N4 =0
06 T ((a+1)B2(a2(20—1)+a(50—4)+2(0—1))+604+4003+9602+960+32)
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where
N1 = 18a° + 132a* + 368> 4 48002 + (o + 1)2B2(6a(a + 1)(ar + 2)0—
3a(a(a + 6) + 6) — 4) + 288a + 64+
2(a+2)B((a+ 2)(a(b6a(a+1) — 1) — 2)0 — a(a(3a(a + 6) + 22) +8))
> 9a°(20 4+ 1) + 30a*(30 + 2) + a3(1480 + 195) + 6a%(130 + 53) + (230 — 120) — 166 + 60
> 60 —160 >0
Ny = (a+1)283 (a?(0+4) + 4a(0 4+ 1) + 46) + 3605 + 336a°+
1264a* + 243202 + 249602 + 1280ar + 256+
2(a+2)8% (3(70 + 1) + 6a%(40 — 1) + 2a(120 — 5) + 80 — 4) +
2(a +2)3(3a + 2)%a
> 2(2(a+1)3aB? 4+ (o +2)*(3a + 2)%af + 640a + 128) +
2 (1805 4 16805 + 632a* + 121602 + 1248a2) +
2((a+2) (a® — 6% — 10a — 4) 5?)
> 16(16 — 3%) >0

N3 = 32496+ 9602 + 40a® + 6a* + 2(a + 2)? (3a? 4 b + 2) S—

(a+1)82% (a®(20 — 1) + (50 — 4) + 2(6 — 1))

2(a +2)3(3a+2) >0

Ny = 32496+ 960 + 400 + 60t — 4(a + 2)B (a?(20 — 1) + (50 — 4) +2(6 — 1)) —
(a+1)B2 (a?(20 — 1) + (50 — 4) + 2(6 — 1))

v

> 2(a+2)3Ba+2)>0
O
Proof of Proposition Following the proof of Proposition , recall that QI** =
61(Ag — pf*), we have
QI 5 Opk
o = 2 <0
aQrk= 5 opk
9 = “20a >V
k* % Opk*
5 = s(ha —pf" = 05) >0
O
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Proof of Proposition Following the proof of Proposition , we have

= H(a =)
= (A + QIM) - i)
o = i ok
and
= (e -p) >0
G = R - <0
ol = (A ke <0
T = B - ph) + 2(OQIF + 2
= (g k501 — G ’;*apl <0
PE = ZE(An )+ S(ZEQIM 4 ph 29 ,
= BEP - pb + 5Q17) - ok
_ _ 2A§q2(a(6+2)+ﬂ+24)N5 s (k=o¢)
(4a2+a(B2(20—1)+16)+B2(0—1)+16)
_ (3a2+8a+4)q2/\2(a(5+2)+,3+4)JYG - (k=d)
2((a+1)B%(a2(20—1)+a (50— 4)+2(9 1))+6a44+40a3+9602 +960+32)
B = B -+ SR+ ph )
= 8 =k 5 — ok (Aa — o~ 0%5) > 0
where
N = -32a—3202-8a% —4(a®+a? —da—4) B 262 (—2020 + a® + ab + a + 40) +
(a+1)3 (20 —1) -0 —1)
g <
Nsl(amoy = B(16—5%(0+1)—880) >0
QEIEOO Ny — —0
N = 2(a+2)3Ba+2)?(a? —a—2)8—36a"—
33608 — 126405 — 2432a* — 24960 — 128002 — 2560+
2 (a? 4 3+ 2) 5% (a*(66 — 3) + a®(170 — 22) + 6a*(6 — 5) — 12c(6 + 1) — 86) +
(a+1)28% (a(66 — 3) + a3(290 — 28) + a*(446 — 58) + 20a(6 — 2) — 8)
Gk <0
Nol(amoy = 8B (16 —5%—4860) >0
QEIEOO Ng — —o0
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In addition, following the similar way, we can show that 8g—g* decreases in 6 € [0, 1/2]

. . . . kx* kx kx* .
and there exists an interior solution for age = 0; % > 0; ‘5‘6”—& decreases in a and

there exists an interior solution for % = 0. The details are omitted for brevity. [J

Proof of Proposition Following the proof of Proposition , we have

B(a(B+2)+B+4)(a(1-20)+1-6)

Pe(6,0) 4a2+52(a(29—1)+9—1)+16a—(}—16 >0 )
d (a+1)B(a(B+2)+5+4) (a2 (1—20)+a(4—50)+2(1—0)
P (57 9) (a+1)B2(a2(20—1)+a(50—4)+2(0—1))+6a2+40a3 + 9602 +96a+32 >0
c _ Bla(B+2)+S+4) ((1-20)+1-0) N7 ’
R(0,0) = (a+1)(4a2+82(a(20—1)+0—1)+16a+16)? >0
(5.0 2(a+2)2(a?(—-280+5+14)+303+a(B(4—50)+20)+8(2—20)+8) Ny 0
( ’ ) o T ((a+1)B2(a2(20—1)+a(50—4)+2(6—1)) +6at +40a3 +9602+96a+32)> >
where

Ny = 403 +16a% + p2(—2a0 +a—0+1) — 2(a+2)B(a(20 — 1) + 6 — 1) + 16a > 0
16 + 40a + 2802 + 60 + 2(a + 1)B (a?(20 — 1) + a(50 — 4) +2(0 — 1)) +
(a+1)8% (?(260 — 1) + (50 — 4) + 2(6 — 1))

=
I

In addition, conducting sensitivity analysis with respect to # and d, we can prove

other parts of this proposition. The details are omitted for brevity. O

Proof of Proposition Following the proof of Proposition , we have

P —pf*
20/(a+2) BgA (e(B+2)+B+4) (a(a+1) —(a+2)(20-+1)0)
(402462 (a(20—1)+0—1)+16a+16)((a+1)B2 (a2 (20—1)+a(50—4)+2(6—1))+6a*+40a3 +96a2+96a+32)
aB2qA(a(B42)+B+4) ((a+2) (2a+1)§—a(a+1))
(402 +B2(a(20—1)+0—1)+16a+16) ((a+1) 82 (? (20—1)+ (50 —4)+2(60—1))+6a*+40a3+96? +96+32) '

QI — QI = S(p§* — p¥")

71'd* _ 7TC*

adq?(a(B+2)+B8+4)A% (a(a+1)—(a+2)(2a+1)0) Ng
2(402482(a(20—1)+0—1)+16a+16)2 ((a+1) 82 (a2 (20— 1)+ (50—4)+2(6—1)) + 602 +40a3 +96 02 +960+32)

where Ny decreases in 6, is positive at § = 0, and may be negative at § = 1/2. Given
£ < 1, all above denominators can be proved to be positive, and it is clear that the
sign of p&* —p¢*, pd* —ps* and QI —QI°* depend only on (a(a+1)—(a+2)(2a+1)8),
while the sign of 7%* — 7¢* depends on both (a(a+1) — (a +2)(2ac + 1)8) and Ny. [J
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Proof of Proposition Based on the proof of Proposition , this proposition

can be proved directly by checking the sign of the first derivative. We omit the details

for brevity. O

Proof of Proposition Similar to the proof of Proposition , given f < 1, it

can be verified the existence and uniqueness of the equilibrium by showing that 7; is

concave in p; 1965a)), which can be done by checking the second derivative.

Solving the system of best responses, the equilibrium prices and profits are given

respectively:
(o _ qA Ny >0
Par = 4(a+1)2 32 (a2 4 (a+1) (a+2)02 — (a(a+7)+4)0+4a+2)—8(a+2)? (3a+2)?
o Ag(a?(a41)B20(20—1)+2(a+1)(3a+2)dA((a+2)0—2(a+1)) —4(a+2) (3a+2)?)
Paz = 2(a+1)282 (a2 4 (a+1)(a+2)02 — (a(a+7)+4)0+4a+2)—4(a+2)2 (3a+2)? >0
cx qAN1o >0
Pp1 4(a+1)232 (a2 4 (a+1) (a+2)02 — (a(a+7)+4)0+4a+2) —8(a+2)2 (3a+2)?2
Cx _ qAN11 >0
Pp2 = 2(a+1)282(a?+(a+1)(a+2)02—(a(a+7)+4)0+4a+2)—4(a+2)2 (3a+2)2
and
d* AN
Par = (3a2—?-8a-i1-?ZL)N12 0
Py = q/z\\/]I;M >0
dx AN ’
pBl - (3&2180441»54)]\[12 > 0
* A
pEy = qN]ES >0
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where

Nyg = o(a+1)8%0 (20 —30+1) +2(3a® +5a +2) 82(0 — 1)(a(f — 2) +2(0 — 1))—
8(ar+2)(Bar+2)? — 43+ 2) B ((a(Bar + 4) + 2)0 — 2(a + 1)?)

Nio = —8(a+2)(Ba+2)*+ala+1)?8%0 (26 —30 + 1) — 4a(a + 1)(3a +2)8(30 — 1)+
2(a+1)262 (a((0 — 7)0 4+ 4) + 2(0 — 1)?)

N = (a+1)(a(a+4)+2)3%(0 —1)(20 — 1)
—2(a+1)Ba+2)B((a+2)0 + a) — 4(a + 2)(3a + 2)?

Niz = —(a+1)282 (2(a+ 1)*(a+ 2)%60% — 20 + 4) (o + 8) + 28)0)
—(a+1)282 (a(a + 2) (a(5a + 14) + 16) — 166 + 8) +
5405 + 432a° + 1368a* + 21760> + 182402 + 768a + 128

Nz = 2Ba+2)%(a? +3a+2)B(3a3(0 — 1) 4+ 2a%(50 — 6) + 2a(50 — 6) + 4(6 — 1))
+9264at 4 162a” + 140405 + 496805
—a?(a+1)36%(20 — 1) (a? (0% — 0 — 2) + o (467 — 40 — 2) + 4(6 — 1)0)
—(+2) (302 + 5a +2)% B2(a(B — 2) + 2(0 — 1))? + 982403 + 595207 + 1920a + 256

Ny = —(a+1)%a26%(20 — 1)((a + 2)0 + @) + 5da® + 324a’ + 72003 + 73602 + 3520 + 64—
(a+1)(a+2)(3a+2)28((a+2)0 — 2(a+ 1))

Nis = —(a+ 1)} a+2)(3a+2)8% (7Tad +20a% + (o + 1) (a + 2)262) + 256
—(a+ 1)} (a+2)(3a+2)8% (—2(a + 2)(a(5a + 6) + 2)0 + 16 + 4) + 595202
+2a(a + 1)2(a + 2)(3a + 2)28(3(a + 2)0 — 2) + 4968a° + 9264 + 98240> 4 1920
—ala+1)*83(20 — D) ((a+2)0 + a)((a + 2)0 — 2(a + 1)) + 16227 + 140405

Nig = (a+1)(a+2)(3a+2)28((a+2)0 + ) + 54a’ + 324 + 72003

—(a+ 1)} (a(a+4)+2)8%20 — 1)((a +2)0 — 2(a + 1)) + 73602 + 352 + 64

Furthermore, for part (ii) and part (iii), we have

gBAN17

Piz =Pa1 = PPt D@ P —(aa+ N0+t —serD?Gar2? =
e (a+1)gBA(4+B(1-0)) (a(a+1)B0(20—1)+2(30+2) (a(§—1)—0)) >0
P2 =PBL = Iat1)2B2(a+(at 1) (a+2)0%—(a(a+T)+4)0+4at2)—8(at2)?(3at2)?
dx d«  __(a+1)gBAN |
Pazg —Pa1 = W]T)Zl\%s >0
dx dx I (O‘+1) BAN
Ppay —Pp1 = WIT)JQV% >0
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and
- o (a+1)B(1-20)Aq( @2 (B+6)+4a(B(—0)+B+4)+5(2—20)+8)
Pi2 = PB2 = iR 0P a3 =0 ) Ta(0—1)7) T 3603 £ 19207 3537 13560761 = U
ck ook gBAN2; >0
Pp1 = Pa (a1 1)22 (a2 (02 —0+ 1)+ a(302—70+4)12(6—1)%) F 18a1 9603 17602+ 1281 32)
b de (a+1)BA(1-20)q((a+1)B(@2(10-40)+30° —20(50—6)—40+4) +9a! +480>+8802+64a+16 ) 0 ’
Pas —Pp2 = N2 =
% % 14+« AN
PE — i = —(gc(yﬂsiiz;)ﬁg >0
where
Niz = 4(3a+2) ((a(4a+7) +4)0 — 4(a + 1)?) — (o + 1)5%0 (20> — 30 + 1) —
2(a+1)B (®((6 — 8)8 + 6) + 2a (6 — 1)(46 — 5) + 4(6 — 1)?)
Nis = (a+1)28% (2(a+ 1)%(a + 2)%6? — 2a(ov(or + 4) (o + 8) + 28)6)
(a+1)28? (e + 2)(a(bar + 14) + 16) — 166 + 8) — 2(a + 2)3(3ax + 2)3
N19 =

—(a+1)(a+2)(3a+2)3 (a®((§ — 13)0 + 13) + 2a2(6 — 1)(50 — 16) + 4a( — 1)(50 — 7))
+(a+2)Ba + 2)%((a + 2)(a(9a + 16) + 8)8 — 2(a (v (6 + 23) + 24) + 8))
—(a+1)(a+2)Ba+2)88(0 — 1)? — a?(a+ 1)28%(20 — 1)((a + 2)0 + a)((a + 2)0 — 2(a +
Nyg = (a+1)(a+2)(Ba+2)8 ((a+2)(a(a+5)+2)6? + (a(a(5a + 6) — 6) — 4)6)

o+ 2)(Ba+2)2((or + 2)((3a — 2) — 4)0 — a(3a(a + 4) + 8))

+(a+1)(a+2)(Ba+2)3 (—abal(a +2) +4))

—ala+1)382(20 — D) ((a+2)0 + a)((a + 2)0 — 2(a + 1))

Nyi = 16 +48a + 4402 + 1203 — 160 — 3200 — 12020 — a(a + 1)5%(0 — 1)0(20 — 1)+
2+ 1)8(2a%((0 —1)0 + 1) + a(6(50 — 7) + 4) + 2( — 1)?)
Noy = (a+1)(a+2)(Ba+2)8 (5a® + 1202 + (a + 2)?(2a + 1)6% — 2(a + 2) (e + 4) + 2)0 + 12ax

—18a°0 — 132010 — (a + 1)%aB2(20 — 1) ((a +2)0 + a)((a + 2)0 — 2(a + 1))
—368030 — 480026 + 5408 + 3600° + 948a* + 128002 + 96002 — 28808 + 384a — 646 + 64

U
Proof of Proposition Note that we have
QI = S(Aq — iy + ol — pi)
QI = 0
e = P(Ag —pi +a(ply — Pi)) + %( (q + QIE) — Py + (v — Piy))
= PE(Ag - pl o+ a(p — )+ B (A — py + a(pl — D)
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and this proposition can be proved directly based on the proof of Proposition [16| via
some straightforward yet cumbersome calculations. We omit the details for brevity.

O

Proof of Proposition Based on the proofs of Proposition [16| and Proposition

, this proposition can be proved directly by checking the sign of p%; —p5,, p%s — %5,
PE = P51 PEy — D5, QIY — QIS 74 — 74 and 74 — 7%, We omit the details for

brevity. 0

Proof of Proposition Similar to the proof of Proposition , given f < 1, it

can be verified the existence and uniqueness of the equilibrium by showing that 7; is
concave in p; (Rosen|[1965a)), which can be done by checking the second derivative.

Solving the system of best responses, the equilibrium prices and profits are given

respectively:
x  __ qANag
i T a0
ox 20q(a(B+2)+8+4) ( (202 +3a+1) 82 (0—1)+3602+480+16)
pA2 = Nog >0
ck . gANas
PB1 T N 0
ex  _ 2qA(a(B+2)+B+4) (3602 —(2a+1)B%(6—1)(a(20—1)+6—1)+48a+16) 0
pBQ - Nos >
and
AN
pflcl*l = qN2§7 >0
d« _ aA(302+8a+4)(a(B+2)+S+4) Nag
pA*Q - ( Nag > 0
ds qA(N27—2(3a+2)* (205 +7024+7a+2) 80(a(B+2)+5+4)) )
Pp1 — Nag >0
ax_ aA(3a248a+4)(a(B+2)+B+4) (Nag— (202 +3a+1) (602 +7a+2)5%(6—1)6)
Ppo = Nag >0
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where

Noy

Nos

Nog

Nog

(202 +3a+1) 40 — 1)(a(20 — 1) + 6 — 1) + 16(a + 2)* (3 + 2)?—

8(a+1)8% (a3 + 902 + (o + 2) (200 + 0)? — (2a + 1) (a(r + 6) + 4)0 + 12a + 4)

16(c + 2)(3a + 2)? — 4(a + 1) 8% (2(2a0 + 0)* — 4a(da + 5)0 + a(1la + 17) — 66 + 6) +
2(a+1)(2a+1)82(0 — 1)(a(20 — 1) + 0 — 1) + 8(a + 1)(3a + 2) B(4af) — 3 + 20 — 2)+
(a+1)(2a+1)p*0 — 1)(a(20 — 1) +6 — 1)

16(a + 2)(3a +2)? — 4(a + 1)8% (1102 + 2(206 + 0)* — (200 + 1)(5a + 4)0 + 17 + 6) +
(a+1)(2a+1)p*0 — 1)(a(20 — 1)+ 6 — 1)

+2(a+1)2a+1)B3(0 — 1) (a(20 — 1) + 60 — 1)+

8(3c + 2)B(a((20 — 3) + 6 — 5) — 2)

(a+1)22a+1)840 — 1)(a(2080 + a + 0 + 4) + 2)(a((40 — 1) + 60 — 4) +2(0 — 1))+
32408 4 345607 + 1555200 + 38400a° + 56704 4 5120003 + 2764802 + 8192 + 1024
—2(a+1)(a+2)(Ba+2)8%*((a + 2)(a(5a + 8) + 4)(2a + 0)?

—(a+2)2a+ 1) (a(a+2)2a+11)+8)0+2(a+ 1)(a(a+4) + 2)(a(a + 8) + 4))
(a+1)22a+ 1)B40 — 1) (a(2a8 + o + 0 + 4) + 2)(a((40 — 1) + 60 — 4) +2(0 — 1))+
2+ 1)2(2a+1)B3(0 — 1)(a(2a8 + o + 0 + 4) + 2) (aw((40 — 1) + 660 — 4) +2(0 — 1))+
4+ 1) (a+2)(Ba+2)38(a(a(20 — 1) +50 — 4) +2(0 — 1)) — 2(a + 1) (o + 2)(3a + 2) 52
+18528a* + 1964803 + 1190402 4 3840a + 512(11a* + 61a2)+

512(9602 + (a(bar + 8) + 4)(2a0 + 0)% — (2a + 1)(a(a (11 + 36) + 38) + 12)6 + 58a + 12)
432407 4 280808 + 99360°

(20?2 4+ 3a+1) 2(0 — 1) (a?(20 + 1) + a(0 + 4) + 2) + 5da’ + 2160 + 28802 + 160a + 32

Furthermore, for part (ii) and part (iii), we have

_ (a+1)BA(B+4)gN29
Pio —Pa = Nos >0
_ gBAN:
PE2 —Pp = N2330 >0
d dx __  (at+1)BAgN3 )
Py — P4y = S

(a+1)BAq(N31+(30+2)? (202+50-+2)6(a(8+2)+B+4)(2(B(6—1)—3)+B(9—1)—4))

dx d _
Py —Pp1 = Nog >0
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and
Py — P = 2(1—0)9Aq(2a,8-‘:]-v,6232(@(ﬁ+2)+ﬂ+4) -0
P —ps = 4(6a2+7a+2)/3i]/2\3q(a(5+22)+,3+4) =0
Pl ol — (0?+3a+2) <6a2+7a+2>Nf:(179)0Aq(a(ﬁ+2)+ﬁ+4) -0 ;
p% _ p‘?l _ 2(3a+2)3(2a3+7a2+7;;2)BGAq(a(ﬂ+2)+ﬁ+4) -0
where
Nyg = —24a20+ 3602 — (2a+1)B%(0 — 1)(a(20 — 1) + 6 — 1) + 2(2a + 1)23(6 — 1)6
—28af + 48a — 80 + 16
Nso = (20+1)8 (a2(B(3B(5 +4) — 8) — 24) + a(B +4) (567 — 4) +26%(8 +4)) + 16(5 + 4)—
B+4) ((a+1)*2a+1)8* — 4a(Ba(3a + 7) + 16)) — B(a(B(B +4) — 4)
+6(8 +4)) (200 + 6)°
N3 = 5328a* 4 71360° 4 502402 + 1792a + 256 + 2(r + 2)(3a + 2)25 (30 + 14a?)

—216a50 — 140406 — 3528046 — 4384030 — 288026 — 960 — 1286 + 27005 + 19440°
+2(a + 2)(3a +2)2B (2(a + 1) (208 + 0)? — (2a + 1) (a(da + 9) + 4)8 + 14a + 4)
—(a+1)(2a+1)2(0 — 1) (—5a? + 4(a + 1)(2a + 1)8 — 16 — 8) (a (200 + o + 6 + 4) + 2)
—(+1)(20+ 1)B3(0 — 1) (a(200 + a + 0 + 4) + 2)(a((46 — 1) + 66 — 4) +2(6 — 1))

O
Proof of Proposition Note that we have
QI,’Z* = g(AQI - pﬁl*l + a(p%*l - P]Xi))
QI = S(Aq —ply + (P — phn))
k* kx 9
77,]31* = %(A(h - pl;ﬁ + a(p%*l - pﬁx*l)) + %(A((h + Q[fx*) - p% + a(p]fB*Q - pﬁx*z))
kx _ IﬁA k= kx o kx %A Q[k*_k* kx o kx
5 = SHAq —pE +api —pE) 52 (Ma + QIF) — piy + (Pl — PEo))

and this proposition can be proved directly based on the proof of Proposition [19| via
some straightforward yet cumbersome calculations. We omit the details for brevity.

0

Proof of Proposition Based on the proofs of Proposition 19| and Proposition

, this proposition can be proved directly by checking the sign of p%; —p<5,, p%s — %5,
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PE = D51 PEy — D, QIY — QIS 74 — 74 and 74 — 7%, We omit the details for

brevity. 0

B.3 The General T-Period Model

In this section, we study the dynamic price competition over a T-period model, where
firms take learning process into account. We use similar expositions as in the static
model, and let the firms’ prices (x and y) and quality (a and b) to be a T-dimension
column vectors. Note that all vectors in this paper are assumed to be column vectors.
Subscripts are added to the above notations as time indexes. Parameters for different
firms are distinguished by either subscripts or superscripts “a” and “b”. We focus
on the open-loop equilibrium, where both firms decide their prices over all periods at
the beginning of the game. This represents the situations where adjusting the price
after the horizon begins is costly for the firms. In the most general setting, we try to

establish the existence and uniqueness of a Nash equilibrium point.

We start the analysis by formulating the problems for both firms. Firm A seeks to

maximize its own revenue, i.e.

T
max 7, = ;xtff, (B.1)
subject to the non-negative demand constraint
. 1
It = 5 (A((L = Oa)ar + 0uby) — v+ alyy —a0)) 20, t=1,2,--- T
similarly, firm B solves
T
_ b
max = ;ytft, (B.2)

subject to

1
fr= 5(/\((1 — 0)b + Ohay) —yp +a(zy —y,)) >0, t=1,2,--- ,T.
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For both firms, their maximization problems are also subject to their learning process
ap = ag1+0af;1; b =0bi1+ 5bftb—17t =2,3,---,T. (B-S)

Note that, although the firms’ learning speeds ¢, and 9, may be different, they are

assumed to satisfy the basic assumption in this equation.

To facilitate our analysis and presentation, we try to write the firms’ objectives in
matrix form. To that end, let us first define the following items based on the first
order derivatives of firms’ demands and quality levels in different periods. For any

t=1,2,---,Tand k=0,1,--- ,T — 1, let

8fta+k i Oagyr,

aff—i—k —r __ abt+k_
Gmt ’ ko al’t ’ ¢

ux —_= —=
k a.ft ’ k 3:8,5 ’

and

af&k _ aat-i—k
oY = ¥ = u
k 8 ) k — a ) k
Yt Yt

aftb+k —y abt-‘rk

, U .
Oy, b Oy,

In addition, we write the above partial derivatives in form of column vectors; let

/

I, zt = [vf,u}], 2 = [v],u}]] and z! = [v],u}]. The following lemma

reveals the iteration and solves for the above derivatives.

Lemma 9. Let

TA(1—6,)
176,

AG, Oa
and B :=

1
A= 2
A(l — Qb) 5b

1
2

Foranyt=1,2,--- . T—1and k=1,2,---,T — 1,

¢ = D(I+ D)k1zg, z! = D+ D))",

zr = B(I+ D)1z z/ = B(I+ D)*1z}

where D = AB and I is the 2x 2 identity matriz. Moreover, the initial condition is

gien by

2 =-(14a)/2,a/2]' 28 = [a/2,—(1+ @) /2] and Z5 = z§ = 0. (B.4)
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Based on Lemma 9] we can further define

0 0 0 ug 0 0
T T Y Y
o Ch U 0 i, — uy Up 0
a — . X ’ b — . )
p T T Y Y Y
|71 Y72 --- U] | Ur—1 U9 U |

Ha:I:Ia—I—]:I; ande:]:Ib—k]:Ié;

vy 0o ... 0 ug 0o ... 0
Y Y T T
I vy vg ... O I uy uy ... 0
a — I b —
Y Y ) T T T
(V71 Vpp - Vg (UT 1 Up oy .. UG

Moreover, let () be a 2 x T matrix and its column vectors be

Q.= Ac ||,
b

where A is defined as in Lemma [9] and
1+mgy(1—-26, mal, 1 1
C = ( ) , My = —Aéa,mb = —Adb.
mys 1+ mb(l — Qb) 2 2

Then let S, and S, be two column vectors whose transpose are the two row vectors

of Q; i.e.

Sa
Q pum—
Sb

Now, we are ready to write the firms’ demand and revenue functions in term of the

vectors x and y.
Lemma 10. Given the price vectors x andy,

i fi) = Hox + Loy + Sa,
and

2, f2) = Hyy + Lyx + Sp.
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With the help of Lemma [10, we can rewrite both firms’ problems based on the ob-
jective functions (B.1) and (B.2]). Specifically, given firm B’s price vector y, firm A

solves

(A) maxyso 7a(x;y) = x(H,x 4 Loy + S,),

s.t. H,x + L,y+S,>0,
and given firm A’s price vector x, firm B solves

(B) maxyso m(y;x) = y(Hy + Lyx + Sp),

s.t. I:[by + Lyx+ S, >0,

Moreover, we are interested in the first and second order derivatives of the revenue
functions. Let Vxm, be the gradient vector with respect to x and Vym, be similarly
defined. The following lemma, which can be proved directly based on Lemma [10]
characterizes the gradient vectors as well as the Hessian matrices of the firms’ revenue

functions.
Lemma 11. (i) Given 0 <y <A,
ViTq = HoX + Loy + Sa;
moreover, the matriz H, is the Hessian of m,(x).

(i) Given 0 < x <A,

Vymy, = Lyx + Hyy + Sp;

moreover, the matriz Hy is the Hessian of m(y).

Now, we proceed to show the existence and uniqueness of pure Nash equilibrium for
the duopoly game. Based on Theorem 1 in Rosen! (1965b)), we can prove existence by
showing that the firms are engaged in a concave game. From the formulation of the

problems (A) and (B), we can see that the set of feasible strategies is

.F:{XEO,yEO;F[ax+Lay+SaZO,ﬁby+be+Sb20},
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which is convex, closed and bounded. In addition, based on LemmalIT] we can directly
apply the result in |[Rosen| (1965b) by checking whether the Hessian matrices H, and
H,, are negative-definite. Although we conjecture that this is true for the general
T-period model, proving this result is computationally complicated. Nevertheless,
reformulating each firm’s revenue maximization problem in matrix form as given by
equations (A) and (B) can greatly simplify the analysis, because we only need to
check the property of Hessian matrices H, and H, for any exogenously given problem
instances. In addition, we further identify two sufficient conditions where there exists

a Nash equilibrium for the T-period game.

Proposition 22. The feasible strategy space F is convez, closed and bounded. There-
fore, there exists a Nash equilibrium for the duopoly game if matrices H, and Hy are
negative definite. Particularly, a Nash equilibrium ezists if one of the following con-

ditions holds.

(i) A firm’s quality does not affect the other firm’s demand; i.e. 8, = 6, = 0.

(ii) One of the firms does not learn; i.e. either 6, =0 or d, = 0.
To discuss the uniqueness of the equilibrium, we will focus on equilibrium point
(x*,y*) that is an interior point of the feasible region F. Boundary equilibrium,
if exists, involves zero prices which are trivial and uninteresting cases. Hence, the

equilibrium we are interested in is solved from the first order conditions (FOC).

Based on Lemma [I1] we write FOC as

Hx+Ly+S, = 0
Lix+Hy+S = 0

Moreover, define the following matrix:
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Since the first order conditions (B.5)) form a system of linear equations, we can estab-
lish the uniqueness of the equilibrium by the following theorem, in which condition
(i) guarantees the uniqueness of the solution to (B.5|), whereas condition (ii) makes

sure that the solution is a feasible pair of pricing schemes.

Theorem 2. Suppose that H, and H, are negative definite. In addition, let (x*,y*) >
0 satisfy the system of Equations (B.5). Then (x*,y*) is the unique Nash equilibrium

that is an interior point of F if the following conditions hold:

(i) G has full rank; i.e. det(G) # 0;

(ii) H'x* <0 and Hjy* < 0.

Now that we have partially established the existence and uniqueness of Nash equilib-
rium for the general T-period duopoly game, we turn to focus on the main research
question: How do competition and cooperation between the two firms affect the game
in the presence of experience-based quality improvement? Due to the learning curve,
firms’ quality levels are, although indirectly, related to the firms’ pricing decisions.

The next section will study their relationship in a two-period setting.

For example, to facilitate quality improvement, the firms may intentionally set low
prices for the early periods; and they may be lower than the prices that firms would
set if there were no learning. Moreover, setting low prices also contributes to the
demand increase. Hence, it is the potential market expansion along with the quality

improvement that drives firms’ strategies.

134



References

Agrawal, A., Y. Kim, D. Kwon, S. Muthulingam. 2016. Investment in shared suppliers:
Effect of learning, spillover, and competition. Production and Operations Management

25(4) 736-750.

Anand, K., R. Anupindi, Y. Bassok. 2008. Strategic inventories in vertical contracts. Man-

agement Science 54(10) 1792-1804.

Arifoglu, K., S. Deo, S. M. Iravani. 2020. Markdowns in seasonal conspicuous goods. Mar-

keting Science 39(5) 1016-1029.

Arya, A., B. Mittendorf, D. E. Sappington. 2007. The bright side of supplier encroachment.
Marketing Science 26(5) 651-659.

Aviv, Y., A. Pazgal. 2008. Optimal pricing of seasonal products in the presence of forward-

looking consumers. Manufacturing €& Service Operations Management 10(3) 339-359.

Aviv, Y., M. M. Wei, F. Zhang. 2019. Responsive pricing of fashion products: The effects of
demand learning and strategic consumer behavior. Management Science 65(7) 2982—

3000.

Banker, R. D., I. Khosla, K. K. Sinha. 1998. Quality and competition. Management science
44(9) 1179-1192.

Basu, K., N. Singh. 1985. Commitment and entry-deterrence in a model of duopoly. Eco-
nomics Letters 18(2-3) 265-269.

Bonanno, G. 1987. Location choice, product proliferation and entry deterrence. The Review

of Economic Studies 54(1) 37-45.

Brandenburger, A. M., B. J. Nalebuff. 1996. Co-opetition. Currency Doubleday: New York.

135



References

Cabral, L., M. H. Riordan. 1994. The learning curve, market dominance, and predatory
pricing. Econometrica 62(5) 1115-1140.

Chambers, C., P. Kouvelis, J. Semple. 2006. Quality-based competition, profitability, and
variable costs. Management Science 52(12) 1884-1895.

Chen, Y. H., B. Jiang. 2021. Dynamic pricing and price commitment of new experience

goods. Production and Operations Management 30(8) 2752-2764.

Chen, Z., X. Guo, G. Xiao, F. Xu. 2023. Innovation against imitation: How to compete
with crowdfunding copycats? Awailable at SSRN 4365788 .

Chiang, S. 2024. Apple’s no longer among top 5 smartphone vendors in China as domestic
brands dominate market. https://www.cnbc.com/2024/07/26/apple-loses-top-5-

spot-in-china-smartphone-market-as-domestic-brands-dominate-.html.

Cho, S. H., X. Fang, S. Tayur. 2015. Combating strategic counterfeiters in licit and illicit
supply chains. Manufacturing & Service Operations Management 17(3) 273-289.

Dasgupta, P., J. Stiglitz. 1988. Learning-by-doing, market structure and industrial and
trade policies. Ozford Economic Papers 40(2) 246-268.

Dong, L., G. Xiao, N. Yang. 2023. Supply diversification under random yield: The impact
of price postponement. Production and Operations Management 32(4) 1112-1132.

Farrell, S. 2024. Why did Thatchers’ Aldi copycat claim fail in High Court?
https://www.thegrocer.co.uk/analysis-and-features/why-did-thatchers-

aldi-copycat-claim-fail-in-high-court/687576.article.

Fine, C. H. 1986. Quality improvement and learning in productive systems. Management

Science 32(10) 1301-1315.

Gallego, G., M. Hu. 2014. Dynamic pricing of perishable assets under competition. Man-
agement Science 60(5) 1241-1259.

Gao, S. Y., W. S. Lim, C. S. Tang. 2017. Entry of copycats of luxury brands. Marketing
Science 36(2) 272-289.

Geng, X., Z. Chen, X. Guo, G. Xiao. 2022. Duopoly price competition with quality im-
provement spillover. Naval Research Logistics (NRL) 69(7) 958-973.

136


https://www.cnbc.com/2024/07/26/apple-loses-top-5-spot-in-china-smartphone-market-as-domestic-brands-dominate-.html
https://www.cnbc.com/2024/07/26/apple-loses-top-5-spot-in-china-smartphone-market-as-domestic-brands-dominate-.html
https://www.thegrocer.co.uk/analysis-and-features/why-did-thatchers-aldi-copycat-claim-fail-in-high-court/687576.article
https://www.thegrocer.co.uk/analysis-and-features/why-did-thatchers-aldi-copycat-claim-fail-in-high-court/687576.article

References

Geng, X., X. Guo, G. Xiao. 2021. Impact of social interactions on duopoly competition
with quality considerations. Forthcoming in Management Science .

Godes, D. 2017. Product policy in markets with word-of-mouth communication. Manage-
ment Science 63(1) 267-278.

Guzman, Z. 2017. This 24-year-old made $345,000 in 2 months by beating Kickstarters
to market. https://www.cnbc.com/2017/01/30/a-24-year-old-made-345000-by-
beating-kickstarters-to-market.html.

Haviv, A., Y. Huang, N. Li. 2020. Intertemporal demand spillover effects on video game
platforms. Management Science 66(10) 4788-4807.

He, L. 2024. Tesla cuts prices in US, China and Germany as competition heats
up. https://www.cnn.com/2024/04/22/cars/tesla-price-war-china-germany-
us-intl-hnk/index.html.

Hu, B., M. Hu, Y. Yang. 2017. Open or closed? technology sharing, supplier investment,
and competition. Manufacturing & Service Operations Management 19(1) 132-149.

Hu, B., Y. Mai, S. Peke¢. 2020. Managing innovation spillover in outsourcing. Production
and Operations Management 29(10) 2252-2267.

Jin, C., C. Wu, Y. Chen. 2023. Managing competition from within and outside: Using
strategic inventory and network externality to combat copycats. Manufacturing &
Service Operations Management 25(5) 1814-1834.

Jin, J. Y., J. Perote-Pena, M. Troege. 2004. Learning by doing, spillovers and shakeouts.
Journal of Evolutionary Economics 14(1) 85-98.

Jost, P. J. 2023. Price commitment and the strategic launch of a fighter brand. Quantitative
Marketing and Economics 21(3) 381-435.

Kabul, M. O., A. K. Parlaktiirk. 2019. The value of commitments when selling to strategic
consumers: A supply chain perspective. Management Science 65(10) 4754-4770.
Key, S. 2017. In Today’s Market, Do Patents Even Matter? https:

//www.forbes.com/sites/stephenkey/2017/11/13/in-todays-market-do-

patents-even-matter/7sh=12a7e05e56f3.

Lee, J. 2017. Real vs. Fake: The Infamous Case of the Quickly Copied Fidget

137


https://www.cnbc.com/2017/01/30/a-24-year-old-made-345000-by-beating-kickstarters-to-market.html
https://www.cnbc.com/2017/01/30/a-24-year-old-made-345000-by-beating-kickstarters-to-market.html
https://www.cnn.com/2024/04/22/cars/tesla-price-war-china-germany-us-intl-hnk/index.html
https://www.cnn.com/2024/04/22/cars/tesla-price-war-china-germany-us-intl-hnk/index.html
https://www.forbes.com/sites/stephenkey/2017/11/13/in-todays-market-do-patents-even-matter/?sh=12a7e05e56f3
https://www.forbes.com/sites/stephenkey/2017/11/13/in-todays-market-do-patents-even-matter/?sh=12a7e05e56f3
https://www.forbes.com/sites/stephenkey/2017/11/13/in-todays-market-do-patents-even-matter/?sh=12a7e05e56f3

References

Cube. https://medium.com/@jobosapien/real-vs-fake-the-infamous-case-of-

the-quickly-copied-fidget-cube-9b26a6161b36.

Li, K. J. 2019. Status goods and vertical line extensions. Production and Operations
Management 28(1) 103-120.

Libai, B., E. Muller, R. Peres. 2009. The role of within-brand and cross-brand communica-
tions in competitive growth. Journal of Marketing 73(3) 19-34.

Lindeman, C. 2024. Are lululemon Dupes Any Good? https://mygolfspy.com/we-tried-
it/are-lululemon-dupes-any-good/.

Liu, Q., D. Zhang. 2013. Dynamic pricing competition with strategic customers under

vertical product differentiation. Management Science 59(1) 84-101.

Liu, Y., S. Gupta, Z. J. Zhang. 2006. Note on self-restraint as an online entry-deterrence
strategy. Management Science 52(11) 1799-18009.

Maruf, R. 2024. Lululemon dominated the pricey athleisure market for years. Now it
faces big competition. https://www.cnn.com/2024/06/05/business/lululemon-is-
at-a-crossroads/index.html.

Milgrom, P.; J. Roberts. 1982. Limit pricing and entry under incomplete information: An
equilibrium analysis. Econometrica: Journal of the Econometric Society 443-459.
Misra, S., E. J. Pinker, R. A. Shumsky. 2004. Salesforce design with experience-based

learning. IIE Transactions 36(10) 941-952.

Muthulingam, S., A. Agrawal. 2016. Does quality knowledge spillover at shared suppliers?

an empirical investigation. Manufacturing € Service Operations Management 18(4)

925-544.

Niu, B., K. Chen, X. Fang, X. Yue, X. Wang. 2019. Technology specifications and production
timing in a co-opetitive supply chain. Production and Operations Management 28(8)

1990-2007.

Ofek, E., O. Turut. 2008. To innovate or imitate? entry strategy and the role of market
research. Journal of Marketing Research 45(5) 575-592.

Osborne, C. 2024. The best Raspberry Pi alternatives: Expert tested. https://

www.zdnet.com/article/best-raspberry-pi-alternative/.

138


https://medium.com/@jobosapien/real-vs-fake-the-infamous-case-of-the-quickly-copied-fidget-cube-9b26a6161b36
https://medium.com/@jobosapien/real-vs-fake-the-infamous-case-of-the-quickly-copied-fidget-cube-9b26a6161b36
https://mygolfspy.com/we-tried-it/are-lululemon-dupes-any-good/
https://mygolfspy.com/we-tried-it/are-lululemon-dupes-any-good/
https://www.cnn.com/2024/06/05/business/lululemon-is-at-a-crossroads/index.html
https://www.cnn.com/2024/06/05/business/lululemon-is-at-a-crossroads/index.html
https://www.zdnet.com/article/best-raspberry-pi-alternative/
https://www.zdnet.com/article/best-raspberry-pi-alternative/

References

Ozer, O., Y. Zheng. 2016. Markdown or everyday low price? the role of behavioral motives.
Management Science 62(2) 326-346.

Pinker, E. J., R. A. Shumsky. 2000. The efficiency-quality trade-off of cross-trained workers.

Manufacturing & Service Operations Management 2(1) 32—-48.

Pun, H., G. D. DeYong. 2017. Competing with copycats when customers are strategic.
Manufacturing & Service Operations Management 19(3) 403-418.

Purohit, D. 1994. What should you do when your competitors send in the clones? Marketing
Science 13(4) 392-411.

Qian, Y. 2014. Counterfeiters: Foes or friends? how counterfeits affect sales by product

quality tier. Management Science 60(10) 2381-2400.

Qian, Y., Q. Gong, Y. Chen. 2015. Untangling searchable and experiential quality responses
to counterfeits. Marketing Science 34(4) 522-538.

Rosen, J. B. 1965a. Existence and uniqueness of equilibrium points for concave n-person

games. Fconometrica: Journal of the Econometric Society 520-534.

Rosen, J. B. 1965b. Existence and uniqueness of equilibrium points for concave n-person

games. Fconometrica: Journal of the Econometric Society 520-534.

Russell, J. 2018. Xiaomi’s Mi 8 may be its most brazen iPhone copy-
cat yet. https://techcrunch.com/2018/05/31/xiaomis-mi-8-may-be-its-most-

brazen-iphone-copycat-yet/?guccounter=1.

Ryder, G. S., K. G. Ross, J. T. Musacchio. 2008. Optimal service policies under learning

effects. International Journal of Services and Operations Management 4(6) 631-651.

Salop, S. C. 1979. Strategic entry deterrence. The American Economic Review 69(2)
335-338.

Selcuk, C., B. Gokpinar. 2018. Fixed vs. flexible pricing in a competitive market. Manage-
ment Science 64(12) 5584-5598.

Shang, W., S. Tong, Y. Wang. 2021. Duopolistic positioning and pricing competition with

variety-seeking and strategic consumers. Naval Research Logistics (NRL) .

Shubik, M., R. Levitan. 1980. Market structure and behavior. JSTOR.

139


https://techcrunch.com/2018/05/31/xiaomis-mi-8-may-be-its-most-brazen-iphone-copycat-yet/?guccounter=1
https://techcrunch.com/2018/05/31/xiaomis-mi-8-may-be-its-most-brazen-iphone-copycat-yet/?guccounter=1

References

Sorensen, A. T. 2007. Bestseller lists and product variety. The journal of industrial eco-
nomics 55(4) 715-738.

Spence, M. A. 1981. The learning curve and competition. The Bell Journal of Economics
12(1) 49-70.

Sun, J., L. G. Debo, S. Kekre, J. Xie. 2010. Component-based technology transfer in the

presence of potential imitators. Management science 56(3) 536-552.

Thomas, L. A. 1999. Incumbent firms’ response to entry: Price, advertising, and new
product introduction. International Journal of Industrial Organization 17(4) 527—

559.

Wang, H., H. Gurnani, M. Erkoc. 2016. Entry deterrence of capacitated competition using

price and non-price strategies. Production and Operations Management 25(4) 719-735.

Wang, Z., M. Hu. 2014. Committed versus contingent pricing under competition. Production

and Operations Management 23(11) 1919-1936.

Wu, L., X. Wu, Y. Zhou. 2023. Commitment strategies and inventory decisions under

supply disruption risk. Production and Operations Management 32(8) 2619-2637.

Yao, Y., Y. Dong, M. Dresner. 2012. Supply chain learning and spillovers in vendor managed
inventory. Decision Sciences 43(6) 979-1001.

Yelle, L. E. 1979. The learning curve: Historical review and comprehensive survey. Decision

Sciences 10(2) 302-328.

Yi, Z., M. Yu, K. Cheung. 2022. Impacts of counterfeiting on a global supply chain. Man-
ufacturing € Service Operations Management 24(1) 159-178.

140



	Abstract
	Publications Arising from the Thesis
	Acknowledgments
	List of Figures
	List of Tables
	Introduction
	Pricing Strategies Against Quality Imitation
	Introduction
	Literature Review
	Model Setup
	Players
	Pricing Strategies

	Exogenous Quality
	Equilibrium Outcomes
	Impact of Pricing Strategy
	Social Welfare Implication

	Endogenous Quality
	Equilibrium Outcomes
	Impact of Pricing Strategy
	Social Welfare Implication

	Extensions
	Strategic Copycat
	Uniform Pricing

	Summary

	Duopoly Price Competition with Quality Improvement Spillover
	Introduction
	Related Literature
	Model Setup and Preliminary Analysis
	Model Setup
	Benchmark: Static Duopoly Game

	The Two-Period Model with Symmetric Firms
	Equilibrium Prices, Quality Improvement, and Profits
	The Impact of Quality Improvement on Firms' First-Period Decisions and Performances
	Comparison Between the Two Pricing Schemes

	The Two-Period Model with Asymmetric Firms
	Asymmetric Learning Speed
	Asymmetric Quality Spillover Effect

	Summary

	Conclusions
	Appendix Proofs for Chapter 2
	Proofs
	Supporting Results

	Appendix Proofs for Chapter 3
	Model Notations
	Proofs of Results in Section 3.4 and Section 3.5
	The General T-Period Model




