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Abstract
Permissioned Blockchain Adoption in Supply Chains

Wenjun Wang

We aim to identify factors that are critical in determining whether or not blockchain adoption
arises in various market structures, and give guidance for addressing the challenges of blockchain
implementation.

In Chapter 2, we construct an economic framework for understanding the incentives of the firms
in a supply chain to form a blockchain consortium. We find that blockchain reduces information
asymmetry for consumers, thereby enhancing consumer welfare. Consumer welfare gains can be
sufficiently large that blockchain adoption is socially beneficial; nonetheless, we find that blockchain
adoption does not arise in equilibrium. This situation arises because blockchain adoption costs
are borne by manufacturers, and manufacturers cannot extract consumer gains through prices due
to the competitive nature of the manufacturing sector. We offer a system of transfers to generate
blockchain adoption in equilibrium when it is socially beneficial.

In Chapter 3, we investigate a variation of the model described in Chapter 2. Our analysis incor-
porates the blockchain’s ability to trace shipments and generate cost savings for the manufacturers
who join the blockchain. Although the blockchain enables early recalls of defective goods with
higher probability, and thus, reduces expected unit costs for all the manufacturers on the blockchain,
such gains are still competed away and blockchain adoption does not arise in equilibrium. This
result strengthens our earlier findings on the incentive misalignment in a perfectly competitive

setting. The associated welfare implications of this model are similar to those in Chapter 2.



In Chapter 4, we study a setting in which the consumer prices are determined exogenously.
With this setting of sticky price, there exists a certain level of competition but it is not perfect. As a
result, the manufacturer gains from blockchain adoption may be strictly positive, in contrast to two
results in Chapters 2 and 3 where the gains are always competed away. We find that blockchain
unequivocally benefits consumers but has an ambiguous effect upon the welfare of manufacturers.
There exist conditions under which, although the blockchain improves global welfare, blockchain
adoption does not arise in equilibrium. We refer to such a scenario as an adoption failure, and again
a system of transfers is proposed to resolve that failure.

In Chapter 5, we examine whether blockchain adoption arises in equilibrium for a supply chain in
which a single risk-averse manufacturer sells directly to consumers; thus, the manufacturer possesses
market power. In this setting, we find that blockchain adoption always enhances manufacturer
welfare when the adoption cost is zero. While two results in Chapters 2 and 3 demonstrate that
blockchain adoption does not arise when the manufacturing sector is perfectly competitive, our
findings clarify that the failure of blockchain adoption is not generic across all market structures.
Rather, blockchain adoption arises in equilibrium for supply chains when the manufacturer possesses

market power and when the adoption cost is sufficiently small.
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Chapter 1: Introduction

Blockchains have emerged as an effective mechanism for information sharing that can ensure
both data privacy and immutability. Furthermore, efficient implementations of multiparty secure
computation and zero-knowledge proofs make it possible to compute provably verified aggregate
measures of the immutable raw data, enabling the participants in a blockchain to make more
informed decisions. For these reasons, blockchains can improve the efficiency of any industry with
many players, with some of them holding private information. And yet, in practice, blockchains
have not been widely adopted. Our goal is to identify factors that are critical in determining whether
or not blockchain adoption arises in various market structures, and provide insight into the welfare

implications of blockchain adoption.

1.1 Permissionless and Permissioned Blockchains

A blockchain is a decentralized shared trusted ledger. Cryptography and distributed consensus
mechanisms ensure the integrity of this ledger, enabling all participants to agree on an immutable,
unique version of the ground truth. Blockchains come in two varieties: permissionless and
permissioned. Permissionless blockchains achieve consensus based on decentralized protocols, and,
in theory, can have an unlimited number of participants or nodes. These protocols typically make
only modest assumptions regarding the trustworthiness of nodes and do not require nodes to reveal
identities beyond a pseudonymous identifier. Consequently, permissionless networks presume no
level of trust in its participants as the identities are unknown, and these participants may manage
multiple identities and freely acquire new ones and discard old ones. In contrast, permissioned
blockchains restrict the set of nodes that can update the blockchain, restrict participation of nodes

even as users, and, in some cases, provide full transparency regarding node identities.



A permissionless blockchain is one in which no special permission is required to add information
to the blockchain. This does not imply that a participant may add information without satisfying
some additional conditions, but rather that the additional conditions cannot depend on a participant’s
identity. For example, some permissionless blockchains, such as Bitcoin, specify a computational
puzzle and allow any node that solves the puzzle to add information to the blockchain. Such
a specification generates some security guarantees even when nodes are not trustworthy (see
Nakamoto 2008), but also generates inefficiencies such as the possibility of prolonged disagreement
regarding the content of the information stored on the blockchain (see Biais et al. 2019 and Hinzen
et al. 2021). Since the information on the blockchain is ambiguous as long as this disagreement
continues, permissionless blockchains are especially problematic in business settings because an
extended ambiguity regarding the state of the system can be costly. Moreover, since business
settings typically involve repeated interactions among a set of economically-motivated entities,
some level of trust is an appropriate assumption.

The literature examining economic analysis of blockchains focuses largely on permissionless
blockchains, and especially on Bitcoin. Some prominent papers that study Bitcoin include Yermack
(2015), Biais et al. (2019), Easley et al. (2019), Foley et al. (2019), Griffin and Shams (2020),
Capponi et al. (2021), Hinzen et al. (2021), Huberman et al. (2021), and Lehar and Parlour
(2021). Beyond Bitcoin, some important research topics in permissionless blockchains include the
design and analysis of consensus protocols, and smart contracts. As an example of the former,
Proof-of-Stake (PoS) is a consensus protocol that is employed by a plurality of recently launched
permissionless blockchains (see Irresberger et al. 2021) and is examined in many recent papers
including Fanti et al. (2019), John et al. (2021), Rosu and Saleh (2021), and Saleh (2021). A smart
contract refers to code that is uploaded to a blockchain. The code generally includes methods
that can then be executed by users of the associated blockchain. Prominent papers examining the
economic implications of smart contracts in permissionless blockchains include Tinn (2018), Cong
and He (2019) and Cong et al. (2021). One particularly important application of smart contracts

is an asset offering known as Initial Coin Offerings (ICOs). A typical ICO is conducted via a firm



uploading code to a blockchain that issues a class of coins in exchange for capital. The terms of
the issuance are generally specified directly in the smart contract code, which also guarantees the
recipients particular rights. These mechanisms are further studied in Malinova and Park (2018),
Catalini and Gans (2019), Lyandres et al. (2019), Howell et al. (2020), Li and Mann (2020), Chod
and Lyandres (2021), Gan et al. (2021a), and Gan et al. (2021b).

Relative to permissionless blockchains, permissioned blockchains enjoy several key advantages,
which make them better suited for managing supply chains. Permissioned blockchains tend to be
more scalable and efficient. Moreover, for entities with shared interests (such as a consortium of
companies in a particular industry), permissioned blockchains can be customized, and the gover-
nance structure can be designed by the participants. Most importantly, supply chains need known

identities of participants in order to provide transparency and traceability. As a result, rather

than permitting unrestricted entry and exit, supply chain blockchain solutions should be permis-
sioned and confined to known entities. For these reasons, we focus on permissioned blockchains.
We assume that only manufacturers can add information to the blockchain, and moreover all
manufacturing-related transactions are stored on the blockchain, which makes the manufacturing
process fully transparent to all participants on the blockchain. We emphasize though that restricting
the set of nodes that can add information to the blockchain does not imply restricting the set of
nodes that have access to information on the blockchain. Accordingly, we allow all consumers to
read from the blockchain.

There is a growing body of research analyzing the economic implications of permissioned
blockchains. Cao et al. (2019) and Cao et al. (2020) study permissioned blockchains in the context
of auditing. Narang et al. (2019) demonstrate that permissioned blockchains facilitate online
business-to-business collaboration under certain conditions. Pun et al. (2018) find that blockchains
can be used to combat counterfeiting. Similar to this thesis, several other papers study blockchains
within the specific context of supply chain management, which will be introduced in more detail in

Section 1.2.3.



1.2 Blockchain Technology in Supply Chain Management

As we discuss in Section 1.1, permissioned blockchains are better suited for managing supply
chains. The promising characteristics of blockchain technology have drew industry practitioners to
use it for supply chain management (see Carson et al. 2018). Around the globe, a rising number
of blockchain-based solutions are being created to optimize supply chain operations (see, e.g.,
IBM Food Trust, Provenance, SkuChain, BlockVerify, Vechain, Factom, Ripe.io, and OwlTing).
The emerging technology has the potential to significantly enhance the traceability, speed, and
coordination of supply chains. Among the many benefits of utilizing blockchain technology in

supply chains, two of the most recognized are transparency and traceability.

1.2.1 Transparency

One of the key reasons for using blockchain into supply chain management is to increase
information transparency. In comparison to established technologies for information sharing, such
as enterprise resource planning (ERP) and electronic data interchange (EDI), blockchain offers
novel benefits. For example, older technologies often restrict information sharing to one-on-one
interactions with immediate suppliers and customers. This is because legacy concerns make
integrating conventional information sharing systems (e.g., ERP) across numerous enterprises very
costly and time-consuming, and the cost of integration might climb significantly as the number of
firms increases (see Gaur and Gaiha 2020). However, blockchain has the potential to drastically
reduce the expenses associated with adding new participants and merging multiple enterprises.
This means that blockchain may facilitate information sharing inside a multi-firm supply chain
network. Firms may learn how many other firms operate in the same tier of the supply chain, their
identities, and their interactions with the supply chain’s upstream and downstream layers, by joining
the blockchain.

The new age of information sharing caused by blockchain has the potential to fundamentally

alter how firms compete and collaborate within a particular industry (see Provenance 2015). Due to



the fact that a supply chain network may comprise multiple tiers, each of which may contain multiple
firms, when a supply chain network becomes visible, firms may unavoidably know the identities
of their prospective rivals within the same tier. In reality, it is not uncommon for a supplier to sell
via a number of manufacturers who compete in the end market. Additionally, when the supplier’s
capacity is depleted, the manufacturers must compete for the provider’s limited capacity, resulting
in a rationing game in which competing firms purchase more than their actual needs in order to be
assigned additional capacity by the supplier (see Cachon and Lariviere 1999, Hall and Liu 2010,
Cho and Tang 2014, and Cui and Zhang 2018). As a consequence, manufacturers face competition
on both the demand and supply sides. How will making the supply chain network transparent
impact competing firms in this scenario? On the one hand, insight into the supply chain network
provides each manufacturer with more information, which may help them make better operational
choices and generate advantages. On the other hand, knowledge about competing manufacturers
might exacerbate competitiveness, which would be detrimental to firms. To summarize, blockchain
poses a dilemma for firms. On the one side, it has the potential to dramatically increase supply
chain information sharing, which has been extensively studied in the literature. On the other side,
blockchain delivers this benefit by establishing a shared platform that enables rivals to have network
visibility. Thus, it is critical to determine whether and under what circumstances each firm in a
supply chain network would have the incentive to join a blockchain consortium, which is also one
of the biggest challenges in implementing blockchain (see Gaur and Gaiha 2020).

Both vertical and horizontal information sharing have been investigated in many types of supply
chains without blockchain in the information sharing literature. In vertical information sharing,
previous research has examined firms’ incentives to share private demand information (see, e.g.,
Lee et al. 2000, Raghunathan 2001, Simchi-Levi and Zhao 2003, Gaur et al. 2005, Li et al. 2014,
and Chen et al. 2016), inventory information (see, e.g., Roy et al. 2019), and new product reliability
information (see, e.g., Bakshi et al. 2015). Apart from vertical information sharing, a number of
publications, mainly in the economics literature, examine whether firms in oligopoly marketplaces

have an incentive to communicate their private information horizontally (see, e.g., Novshek and



Sonnenschein 1982, Clarke 1983, Vives 1984, Gal-Or 1985, Li 1985, Shapiro 1986, Kirby 1988,
and Raith 1996). The context for this stream of work involves multiple firms competing in a market
under a variety of conditions, including the competition mode (Cournot or Bertrand), the kind of
goods (substitutes or complements), and the content of information to disclose (demand signal or
production cost). They argue that firms have an (resp., no) incentive to communicate their private
demand signals in a Cournot competition with complementary (resp., substitutable) goods or in
a Bertrand competition with substitutable (resp., complimentary) goods (see Clarke 1983, Vives
1984, and Gal-Or 1985). This conclusion does not hold true, however, when firms share information
about their private production costs (see Li 1985, Shapiro 1986, and Raith 1996). Additionally,
Natarajan et al. (2012) analyze ex-ante and ex-post information sharing in a Cournot game and
demonstrate that not all agreements to share private demand signals before observation can sustain
ex-post. Our work is distinct from this stream of work because in a blockchain network, firms
risk losing control over private information, which may be shared both vertically and horizontally

simultaneously.

1.2.2 Traceability

Due to the fact that suppliers’ efforts to enhance quality are often unobservable and non-
contractable, moral hazard concerns and quality-related issues may occur. Recalls of products
owing to quality issues are common in a variety of industries, including agri-food, pharmaceuticals,
and consumer electronics. The inability to track the supply chain is frequent in industries such
as agri-food and pharmaceuticals, posing difficulties in supply chain quality control. However,
blockchain offers great potential to assist firms in overcoming the issues associated with a lack of
traceability in supply chains (see Nikolakis et al. 2018 and Chen et al. 2020). Along with smart
sensors, blockchain can enable traceability of the whole supply chain, including who, when, where,
and how a given product was handled throughout the production and distribution processes. So
far, a number of leading firms have used blockchain platforms. For instance, after IBM’s unveiling

of the world’s first fully integrated, enterprise-grade production blockchain platform in late 2016,



Walmart piloted the use of blockchain to trace pork supply chains in China (see Nash 2016).
Walmart subsequently stated that some of its direct suppliers would be required to join its food-
tracking blockchain (see Nash 2018). Alibaba and JD.com, two of China’s largest e-commerce
companies, have also embraced blockchain to combat counterfeit products (see Xiao 2017). In the
United States, a Food Trust group was established in 2017 by 10 prominent retailers (e.g., Walmart)
and food companies (e.g., Nestlé), with the goal of improving global food safety via the use of
blockchain to track food and ingredients globally (see Aitken 2017).

Blockchain-enabled traceability can enhance supply chain operations in a variety of ways. To
begin, the manufacturing process may include a large number of entities sequentially throughout a
supply chain, and it may be impossible to determine which step of production resulted in the failure
of the end product. In this situation, blockchain may be utilized to identify which tier(s) of the chain
were responsible for the end product’s failure. This sort of traceability is referred to as process
traceability. Second, a firm may acquire the same goods from multiple sources without being able
to pinpoint its origin. Once a defect occurs, the firm would be required to recall all products from
the market, even if certain suppliers are non-defective. In this circumstance, blockchain can assist
the firm in figuring out the supplier(s) responsible for the failure and distinguish between defective
and non-defective products, allowing for an accurate recall of defective products. This sort of
traceability is referred to as product traceability.

The quality management literature has explored supply chains without blockchain and studied
ways to effectively increase suppliers’ quality from a number of angles. Baiman et al. (2004) explore
an assembly supply chain in which the buyer assembles an end product using components received
from a variety of symmetric suppliers. They contrast the two contracts that demand individual
testing with the group warranty contract, where all suppliers will be penalized without individual
testing if the end product fails. Li (2012) conducts research on the optimal group warranty contract
in various contexts including and without information asymmetry. Both articles emphasize the
value of a group warranty contract in an assembly supply chain. Mu et al. (2016) investigate two

quality-testing strategies for preventing purposeful adulteration by milk farmers. They examine



how to strike a compromise between the high expenses of individual testing and the free-riding issue
among farmers in mixed testing. While Dong et al. (2016) concentrate on quality management in a
dyadic supply chain, they also evaluate the option of outsourcing part of the work to an independent
contract manufacturer, which may be considered a special case of a serial supply chain. They
investigate the buyer’s choice for an inspection-based approach versus an external failure-based
approach while taking the limited liability into account.

There is also a small body of work studying supply chain traceability without blockchain
(mostly, enabled by RFID). Piramuthu et al. (2013) investigate the allocation of liability among the
various players in the perishable supply chain based on traceability accuracy. Saak (2016) asserts
that perfect traceability may not be optimal in a supply chain comprised of a single buyer and
several suppliers. Yao and Zhu (2020) construct a game theoretical model to study the importance
of traceability in combatting product label misconduct. Our work is different from this stream of
work in that we focus on a new technology: blockchain, whose privacy-preserving transparency
fosters confidence and trust in transaction data, which are critical for contamination containment

and rapid recovery.

1.2.3  Operational Impacts

Apart from the literature mentioned in Sections 1.2.1 and 1.2.2, our work that studies information
sharing (transparency) and quality management (traceability) in supply chains with blockchain and
the associated economic implications is more closely related to the growing body of literature that
investigates the operational impacts of blockchain in supply chain management. Babich and Hilary
(2020) discuss key strengths and weaknesses of blockchain in a supply chain context, and identify a
number of promising directions for further research. Blaettchen et al. (2020) conduct a simulation
analysis to quantify the costs and benefits of blockchain being applied to food supply chains. Chod
et al. (2019) demonstrate that signaling a firm’s quality to lenders through inventory transactions
is more efficient than signaling through loan requests and that blockchain technology enables

verification of inventory transactions. Their results establish an important benefit of blockchain



adoption, which enables a firm to secure favorable financing terms at lower signaling costs. Cui
etal. (2020a) examine how blockchain impacts competing manufacturers purchasing from a supplier
with limited capacity. In their analysis, blockchain enables manufacturers to observe each other’s
presence, thereby mitigating a manufacturer’s over-order (under-order) incentive when supplier
capacity is small (large). Moreover, they find that blockchain improves the total supply chain profit
if, and only if, supplier capacity is sufficiently large. Cui et al. (2020b) study the implications
of using blockchains to enable traceability in serial and parallel supply chains. They find that
blockchain enhances profits for buyers and suppliers in a serial supply chain but that supplier profits
may decline in a parallel supply chain. Dong et al. (2021) investigate a three-tier food supply chain
with a combination of serial and parallel components, in which multiple parallel suppliers in the
upstream make all-or-nothing efforts to reduce contamination risks, and a single supplier in the
downstream makes purchase pricing decisions. They demonstrate that blockchain adoption does

not necessarily benefit retailers.

1.3 A Three-Layer Supply Chain Setting

Throughout the thesis, we focus on a three-layer supply chain setting that consists of three types
of agents: vendor(s), manufacturer(s) and consumers. Each chapter considers different variants
and those specific details are introduced in each chapter. In the setting, vendor refers strictly to the
initial supplier, and consumer refers strictly to the final user. In contrast, our usage of manufacturer
simplifies all intermediate participants in the supply chain into one layer. This modeling choice
allows us to parsimoniously examine how the intermediate layer of the manufacturer(s) interacts
with layers above (i.e., the vendor(s)) and below (i.e., the consumers).

The vendor(s) supply the manufacturer(s) with goods, which are then used to fill consumer
orders. Each manufacturer possesses a type that corresponds to the manufacturing process of her
finished goods, and that type is unknown to consumers. Consumers are heterogeneous in their
preferences for manufacturing processes (except for Chapter 4) and each has a unit demand. Each

consumer seeks to fill her unit demand by selecting the manufacturer that maximizes her utility.



A consumer’s utility increases in the value she ascribes to a manufacturer’s good and decreases
in the price of that good. The value that a consumer ascribes to a manufacturer’s good depends
on whether the given manufacturer employs a process that the consumer values. As in practice,
these manufacturing processes are only imperfectly known by consumers, so the consumers act on
incomplete information. We assume that consumers make a purchase decision that maximizes their
utility. A consumer may select a good from a manufacturer or an outside option, which reflects the
opportunity cost.

Heterogeneity in consumer preference of manufacturing processes is empirically well-established
(see, e.g., Yiridoe et al. 2005 and Moser et al. 2011). For example, some consumers prioritize
an environmentally-friendly manufacturing process whereas other consumers prioritize one that
limits the usage of inorganic chemicals. Importantly, these characteristics of the manufacturing
process are not easily observed; consequently, the consumer decisions will be sub-optimal relative
to the case when consumers possess additional information. This phenomenon—consumers being
poorly informed about attributes not easily observable (see, e.g., Poole and Baron 1996), yet valu-
ing such attributes (see, e.g., Burton et al. 2001)—has been documented extensively in practice.
Furthermore, it is common practice for manufacturers to specialize and cater to these heterogeneous
consumer preferences. We capture these features in our models by assuming multiple manufacturer
types over which consumers have preferences.

We assume that blockchain adoption improves the information environment for all agents. The
improved information environment enables consumers to make more informed decisions because
the blockchain tracks all important aspects of the manufacturing process, revealing these aspects
not only to other manufacturers but also to consumers. In the absence of blockchain, each consumer
has imperfect information regarding manufacturing processes and the manufacturer’s quality so that
she does not necessarily purchase from the manufacturer that provides her the highest utility ex post.
In contrast, if a manufacturer joins the blockchain, then each consumer learns that manufacturer’s

type exactly from the information stored on the blockchain.
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Developments in the blockchain industry support our assumption that blockchain improves the
consumer information environment. For example, the IBM Food Trust blockchain initiative allows
“essential... information that benefits consumers [to] be shared” with them. The information shared
includes “product origin and quality” and “information about the nutritional properties of products
and the potential presence of any allergens or questionable substances.” ! Consumers receive
access to information by “scan[ning] a QR barcode on [the relevant item] with their phone.”?

In Chapters 3, 4 and 5, we model the traceability of blockchain as enabling early and selective
recalls of defective products. To clarify the roles of the vendor(s) and manufacturer(s) within those
analyses, we briefly discuss here the example of a supply chain for fruit distribution.®> Fruit is
sourced at a farm and transported through various intermediaries to food stores where it finally
reaches consumers. Within our framework, the farm corresponds to the vendor, and all supply
chain participants other than the farm and consumers are simplified to the one manufacturer
layer. A consumer values the fruit according to qualities that depend largely on the manufacturing
process. We capture this using the notion of a type for the manufacturer(s) (distinguishing different
sequences of steps before the fruit reaches the consumer) as well as for consumers (capturing
preferences for different types of manufacturers). Nonetheless, there exists a concern relevant to
both manufacturers and consumers that is not in the control of the manufacturer. In particular,
fruits can become contaminated by dangerous microbes, which can cause illness in consumers, thus
requiring a recall. This case corresponds to a (tail) scenario in which the fruit poses immediate
health risks due to contamination rather than aspects of the subsequent processing affecting the
perceived quality. We refer to fruit that poses such an immediate health risk as defective. Defects
of this nature typically depend on farm practices which can lead to systematic contamination of

entire batches of fruit.# Accordingly, we envision a vendor’s type as governing the likelihood of the

1ISource: https://www.carrefour.com/sites/default/files/2019-12/carrefour_press_release_
81018_eng.pdf

2Source: https://www.reuters.com/article/us-carrefour-blockchain-idUSKCN1T42A5

3IBM Blockchain has partnered with various participants to develop blockchain-based food supply chains more
generally. See https://www.ibm.com/blockchain/solutions/food-trust for further details.

4See https://tinyurl.com/y8ouwvap for context regarding microbial contamination of fruit due to farm
practices.
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goods being defective. In our models, the goods supplied by a vendor are assumed to be defective
with an exogenous probability that is publicly known (Chapters 3 and 4) or with a probability that
is determined by her effort choice (Chapter 5). Defective goods should be recalled and the cost of
this is borne by the vendor.

From the perspective of the consumer, manufacturer type is conceptually unrelated to goods
being defective. In the fruit distribution example, the goods are defective if consumption would
lead to immediate illness. In contrast, a consumer ascribes a low value to a manufacturer if its
manufacturing process does not prioritize the concerns of the consumer. For example, if the
manufacturer does not prioritize environmental standards in processing whereas the consumer is
of the type that highly values such standards, then the consumer ascribes a low value to that

manufacturer’s goods.

1.4 Main Contributions of This Thesis

This thesis contributes to the literature examining the economic implications of permissioned
blockchains in a business setting. The thesis aims to identify factors that are critical in determining
whether or not blockchain adoption arises in various market structures, and give guidance for
addressing the challenges of blockchain implementation.

In Chapter 2, we construct an economic framework for understanding the incentives of the firms
in a supply chain to form a blockchain consortium. We find that, in a perfectly competitive setting,
blockchain adoption does not arise in equilibrium even when that outcome enhances the total
welfare of all the participants. This is because the participants who stand to gain from blockchain
adoption are distinct from those who control whether or not the blockchain is adopted. We resolve
this misalignment of incentives by proposing a system of transfers so that adoption arises as an
equilibrium outcome whenever it is sufficiently welfare enhancing. One distinguishing feature of
our work is that it incorporates consumers into the analysis, allowing information stored on the
blockchain to be shared with consumers and examining the associated welfare implications. This

work is detailed in Iyengar et al. (2021b).
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In Chapter 3, we investigate a variation of the model described in Chapter 2, in which we
slightly simplify the vendor layer by removing the vertical differentiation and introduce an early
recall mechanism. Our analysis incorporates the blockchain’s ability to trace shipments and
generate cost savings for the manufacturers who join the blockchain: if a manufacturer on the
blockchain detects a defect, this is quickly shared with all the other manufacturers who are part
of the blockchain, enabling an early recall of the defective product. This model addresses both
the transparency and traceability of blockchain, whereas the model in Chapter 2 focuses on the
transparency of blockchain. Although the blockchain enables early recalls of defective goods
with higher probability, and thus, reduces expected unit costs for all the manufacturers on the
blockchain, such gains are still competed away and transferred to consumers in the form of lower
prices. Consequently, blockchain adoption does not arise in equilibrium. This result strengthens
our earlier findings on the incentive misalignment in a perfectly competitive setting. The associated
welfare implications and conclusions of this model are similar to those explored in Chapter 2.

Compared with the models in Chapters 2 and 3, our model in Chapter 4 further simplifies
the vendor layer, assumes vertically differentiated manufacturers, allows more possibilities for the
realization of manufacturers’ types, and has a finer characterization of the early recall mechanism.
In addition, one major difference is that the consumer prices are determined exogenously in this
model. We study this price stickiness because in some circumstances, firms downstream need time
to react to a change in price upstream, and hence, the manufacturers do not modify their consumer
prices in a period of time. With the setting of sticky price, there exists a certain level of competition
but it is not perfect. As a consequence, the manufacturer gains from blockchain adoption may be
strictly positive, in contrast to two results in Chapters 2 and 3 where the gains are always competed
away. We find that blockchain unequivocally benefits consumers but has an ambiguous effect upon
the welfare of manufacturers. We demonstrate that there exist conditions under which, although the
blockchain improves global welfare, blockchain adoption does not arise in equilibrium. We refer
to such a scenario as an adoption failure, and again a system of transfers is proposed to resolve that

failure.
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In Chapter 5, we examine whether blockchain adoption arises in equilibrium for a supply chain
in which a single risk-averse manufacturer sells directly to consumers; thus, the manufacturer
possesses market power. Similar to Chapters 3 and 4, we model both the transparency and
traceability of blockchain. In this setting, we demonstrate that blockchain adoption always strictly
improves manufacturer welfare if blockchain adoption involves no fixed cost of implementation.
When the manufacturer bears the cost of blockchain adoption for the supply chain as a whole, we
find that blockchain adoption arises in equilibrium if the adoption cost is sufficiently small. Our
work highlights the importance of manufacturer market power in generating blockchain adoption.
In particular, while two results in Chapters 2 and 3 demonstrate that blockchain adoption does not
arise when the manufacturing sector is perfectly competitive, our findings clarify that the failure
of blockchain adoption is not generic across all market structures. Rather, blockchain adoption
arises in equilibrium for supply chains when the manufacturer possesses market power and when

the adoption cost is sufficiently small. This work is detailed in Iyengar et al. (2021a).
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Chapter 2: Blockchain Adoption in a Supply Chain with Perfect Competition

2.1 Introduction

This chapter examines the three-layer supply chain setting described in Section 1.3 in the
context of perfect competition among manufacturers and focuses on the transparency of blockchain.
Our study aims to determine whether blockchain adoption is socially beneficial and whether
such adoption arises in equilibrium in this setting. Within our analysis, there are two vertically
differentiated vendors who supply manufacturers with goods, which are then used to fill consumer
orders. The manufacturers are vertically differentiated into high and low quality manufacturers.
In addition, the manufacturers are horizontally differentiated according to a type that corresponds
to the manufacturing process of their finished goods. This two dimensional manufacturer type is
unknown to consumers. Consumers have unit demand and are heterogeneous in their preferences
over the manufacturing processes but strictly prefer the higher quality manufacturers.

We model each manufacturer as making two decisions. Manufacturers first simultaneously
decide whether or not to join the blockchain; and then they simultaneously set prices for their
goods.! A key finding in our analysis is that manufacturers do not gain from blockchain adoption
due to perfect competition. To understand this point, it is important to recognize that blockchain
adoption costs are one-time fixed costs that subsequently become sunk costs. Moreover, blockchain
implementation differs from other capital expenditures in that blockchain adoption needs to be
coordinated across competitors for any cost savings to materialize. This coordination, however,
ensures competition in subsequent pricing decisions, and a standard Bertrand price competition

ensues, with manufacturers competing away the gains.

We model the pricing decision as subsequent to the blockchain adoption without loss of generality because, in
practice, prices can be set at any point in time, but any pricing decision prior to the blockchain adoption decision is not
relevant to our analysis regarding the economic implications of blockchain adoption.
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Our first result, Proposition 2.3.1, establishes that consumers unambiguously benefit from
blockchain adoption. This result arises both because blockchain adoption leads to an increase in
utility for any consumer who purchases from a manufacturer and because blockchain adoption leads
to an increase in the number of consumers purchasing from manufacturers. Blockchain adoption
increases the utility for any consumer who purchases from a manufacturer because blockchain
improves consumer information regarding manufacturer types and thereby enables consumers to
make more informed decisions. Additionally, blockchain enables consumers to distinguish between
high and low quality manufacturers, leading each low quality manufacturer to reduce her price to
remain competitive. That price reduction, in turn, adds to the increase in utility for consumers
purchasing from a manufacturer. Moreover, the increase in utility for each consumer purchasing
from a manufacturer leads some consumers who would have otherwise selected the outside option
to purchase from a manufacturer instead. Note that this increase in consumer demand represents
an increase in consumer welfare because a consumer switches to purchasing from a manufacturer
over the outside option only if doing so improves her utility, which implies that such switches must
be welfare enhancing.

Although consumers benefit from blockchain adoption, manufacturers do not. In particular,
Proposition 2.3.3 establishes that manufacturer welfare decreases with blockchain adoption. Cru-
cially, blockchain adoption has implementation costs, and those costs are borne by manufacturers.
Manufacturers cannot offset these adoption costs by increasing their profit margins because they
are engaged in price competition with each other. Thus, manufacturer welfare necessarily declines
when blockchain is adopted.

Our main result, Proposition 2.3.8, establishes that blockchain adoption can enhance total
welfare, even by an arbitrarily large amount, and yet fail to arise in equilibrium. This possibility,

termed an adoption failure, occurs because of a misalignment between those who gain from

blockchain adoption and those who decide whether or not to adopt the blockchain. As discussed,
each consumer unambiguously benefits from the blockchain, but the adoption costs fall fully on

the manufacturers, and competition among manufacturers precludes manufacturers from extracting
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consumer gains. Accordingly, while adoption may be globally beneficial, such adoption does not
arise in equilibrium because those required to implement the adoption (i.e., manufacturers) prefer
not to adopt.

We construct a system of transfers, formalized within Proposition 2.3.9, to resolve adoption
failures. This system charges consumers for access to the blockchain’s information and then
transfers the proceeds to manufacturers. The transfers must be large enough so that manufacturers
are incentivized to adopt the blockchain, and yet small enough so that some consumers are willing
to incur this additional fee. In practice, this system of transfers can be implemented easily, for
example, by charging consumers for access to a web application that stores blockchain information
relevant for consumer decision-making.

The remainder of Chapter 2 is organized as follows. Section 2.2 formally states our economic
model of supply chains, with and without blockchain. Section 2.3 explores the welfare implications
of blockchains, demonstrates the existence of adoption failures and puts forth a system of transfers

to resolve those adoption failures.

2.2 Model

We begin in Section 2.2.1 with a description of the basic model without a blockchain, explaining
how manufacturers set prices, how vendors determine whether to accept manufacturer orders and
how consumers make purchase decisions. In Section 2.2.2 we describe the model in the presence
of a blockchain, where manufacturers, in addition to setting prices, decide whether or not to join
the blockchain, and consumers make their purchase decisions after observing the decisions of the

manufacturers.

2.2.1 The Basic Model

We consider a supply chain consisting of two vendors, finitely many manufacturers, and a
unit measure of consumers. Vendors are vertically differentiated, whereas manufacturers are both

vertically and horizontally differentiated. Consumers are heterogeneous in their preferences across
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the horizontal differentiation among manufacturers. Consumers order products from manufacturers
who supply them from vendors.

LetV := {h,l}, h > [ > 0, denote the set of vendors. The type i (resp. [) vendor is the high
(resp. low) type vendor. As we discuss later, the type & vendor has a higher cost of production as
compared to the type / vendor, and each consumer values a good coming from the type 4 vendor
more than the good coming from the type [ vendor. Moreover, the manufacturers are vertically
differentiated along {h, [}, in that manufacturers of the vertically differentiated type h (resp. [)
procure from the type & (resp. type /) vendor.

Let M := {1,2,...,4m} be the set of manufacturers with m > 2.2 Each manufacturer i has a
two-dimensional type (g;, &), where g; € {A, B} is related to horizontal differentiation, whereas
& € {h,l} corresponds to vertical differentiation. To that end, A and B are categorical variables,
whereas, as discussed previously, 0 < / < & so that manufacturers with & = h (resp. € = [) are of
the high (resp. low) type. Letting M; denote the set of type i € {A, B} x {h, [}, we assume that
|M;| = m for all i, and that all of this is common knowledge. We assume that the type of a specific
manufacturer is unknown to consumers, reflecting situations in which consumers are relatively
poorly informed (see, e.g., Poole and Baron 1996). However, all our results apply equally, whether
or not manufacturers know each others’ types.

Each consumer k& € [0, 1] also has type t; € {A, B} with equal probability, and she prefers
goods from a manufacturer of her own horizontally differentiated type (i.e, she prefers g; = #x
to g; # tr). Moreover, all consumers prefer manufacturers of the high type (i.e., & = h) to
manufacturers of the low type (i.e., & = [). More formally, we assume that the random utility of

consumer k from consuming a good by manufacturer i is given as follows:

Vik = Nik + &i , (2.1)
S~ S~
Horizontal Differentiation  Vertical Differentiation

where 7;; denotes the utility accrued due to horizontal differentiation across manufacturers and

2Supply chains generally involve many participants, including several manufacturers of the same type, which is
reflected in our requiring m > 2.
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& € {h, 1} corresponds to the manufacturer’s vertically differentiated type. n;; is given explicitly
as

nk=H-I(qi=t)+L-1(q;# tr), (2.2)

where 0 < L < H.

We assume that consumers have access to signals that reflect the type of the manufacturers.
Specifically, consumer k € [0, 1] receives a set of random signals {(Gix, &ix) Yienr With §ix € {A, B}
and & € {h,1}. We assume P(Gix = i | q;) = @ = P(§x = & | &) where @ € [3,1) so that
a consumer’s signal does not fully reveal a particular manufacturer’s type. Since all the main
economic insights are present in the model with @ = % and the exposition is significantly simpler,
we restrict ourselves to @ = % within the main text and Appendix A. Our main results are generalized
in Appendix B. We discuss how blockchain affects consumer signals in Section 2.2.2.

We also assume that each consumer may forgo purchasing from a manufacturer and instead
avail herself of an outside option. For consumer k € [0, 1], the utility from the outside option is
@1, which is a random draw from a continuous distribution G that is supported on [0, c0). This
outside option captures the opportunity cost of purchasing from a manufacturer, and could reflect,
for example, the utility from an alternative good.

We model a finite horizon economy. At the outset, consumers learn their own types f#,
their utility from the outside option ¢, and receive signals from each manufacturer. Then, all
manufacturers act simultaneously, setting a consumer price P;, i € M, placing an order with
the vendor of the manufacturer’s vertically differentiated type &;, and offering the vendor a price
W¥;, i € M. The manufacturer’s order to the vendor is based upon anticipated demand, which is
perfectly anticipated in equilibrium since our model involves no aggregate risk. Subsequent to the
manufacturer’s actions, consumers decide from which manufacturer, if any, to order the product,
or take outside option instead. Finally, each vendor decides whether to accept, reject or partially
fulfill each received order. The vendor then produces all goods that she agreed to produce and

sends them to manufacturers who pass them along to consumers.
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More formally, vendor 4 selects a fulfillment level, o; > 0, for each order from a manufacturer

i with & = h by solving the following optimization problem:

(ax, Z (P - 0v) - Ch( Z m')

i:fl’:/’l [Ifizh

Revenue Cost (2.3)

st. 0<o;<s;foralli:&=h

where ¥; > 0 denotes the price offered by manufacturer i, s; > 0 denotes the anticipated demand
of manufacturer i and ¢, (x) denotes the cost of vendor 4 producing x units. The constraint reflects
that the fulfillment level o5 is at most the consumer demand s;.

Similarly, vendor [ faces the following decision problem:

 max, D (o) - Cl( > m)

i:f,'=l i:fi=l

Revenue Cost 2 4)

st. O0<o;<s;foralli:é& =1

where ¢;(x) denotes the cost of vendor [/ producing x units.

We assume that ¢, is linear, whereas c; is strictly increasing and convex. This assumption
enables us to study strategic price adjustments due to blockchain adoption while also maintaining
tractability. In particular, our assumption implies that pricing adjustments come from only the low
types, thereby simplifying our analysis. We impose further regularity to enable both high and low
type manufacturers to co-exist in equilibrium.3

Manufacturer i € M anticipates both vendor and consumer behavior and sets her consumer

3We assume ¢;(0) < c¢},(0) so that the cost of the low type manufacturer is sufficiently low to enable competition

with high type manufacturers in equilibrium. We also require that c; (G ( %”’” -cp, (0))) > ¢},(0) to ensure that the

cost of the low type manufacturer increase sufficiently fast so that high type manufacturers can compete with low type
manufacturers in equilibrium. Finally, we assume ¢;(0) = ¢, (0) = 0 so that not fulfilling an order involves no cost.
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price P; and vendor price ¥; by solving the following problem which maximizes her net profit:

max Pi'Si—\Pi'S,'
P;)W; >0 —_——  ——
Revenue Cost

(2.5
S.t. g =S8

We assume that each manufacturer faces an arbitrarily large cost for not fulfilling any consumer
order and therefore needs to ensure that all the anticipated demand s; is fulfilled, i.e. o; = s;. Note
that both o; and s; are endogenously determined, and both are affected by the prices selected by
manufacturers. In particular, (2.3) and (2.4) show that o; depends upon ¥;, whereas s; is a function
of P; as we discuss subsequently.

Consumers make purchase decisions after observing manufacturer prices and signals. Con-

sumer k’s utility, u;x, for purchasing from manufacturer i is given by:

wig = B[V | F] - Pi (2.6)
— ~——
Expected Good Value Cost

where 7 denotes the information set of consumer k € [0, 1] that includes her own type, the value of
her outside option, a type signal from each manufacturer, and the price posted by each manufacturer.
Furthermore, as discussed, while consumer k& does not know the type of any given manufacturer,
it is public knowledge that there are exactly m manufacturers of each type, and consumers assume
each manufacturer is equally likely to be of each type ex ante.

Consumer k € [0, 1] will purchase the good from one of the manufacturers if her utility from
doing so (weakly) exceeds her outside option, i.e., if maX;cps u;x > ¢y. Leti(k) be a manufacturer
that offers her maximum utility, i.e., i(k) € arg rﬁax uir. Then, consumer k purchases the good

ic
from manufacturer i (k) if her utility from doing so (weakly) exceeds ¢y ; otherwise she chooses the

outside option. Denoting this choice by m (k) we see that m (k) is either i(k) or (). In this notation,
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the endogenous consumer demand for manufactureri € M, s;, is:

si = pu({k : m(k) =i}) 2.7)

with ¢ (S) denoting the measure of a set S C [0, 1] of consumers. Note that s; depends on P;

because m (k) depends on u;; which depends on P;.

2.2.2 Model with Blockchain

We enhance the basic model with a single blockchain. Any manufacturer i can join the
blockchain by paying a cost y; > 0. We let a; be a binary decision variable that is set to 1 if
manufacturer i joins the blockchain, and zero otherwise. We further assume that these decisions
are publicly observable.

The presence of the blockchain changes the information environment of the consumer: for
each manufacturer i on the blockchain, the signal observed by any consumer k € [0, 1] reveals the
manufacturer’s type exactly. In other words, P(Gix = ¢; | gi,a; = 1) = 1 = P(€y = & | &,a; = 1).
This modeling choice, which is the major difference from the basic model, reflects the fact that the
blockchain stores all relevant aspects of the manufacturing process and provides such information
not only to manufacturers but also to consumers. Consistent with our basic model, we also assume
that P(Gix = qi | gi»ai = 0) = a = P(&x = & | &, a; = 0).

We continue to model the economy with a finite horizon. As in the basic model, consumers learn
their types and their utilities for the outside option at the outset. Then, before signals are generated,
manufacturers simultaneously make blockchain adoption decisions. We specify the blockchain
adoption decisions as before the signals are generated because, as discussed, the blockchain affects
the distribution of signals. Subsequent to blockchain adoption decisions, each consumer observes
signals from each manufacturer. Then, as in the basic model, manufacturers simultaneously set
consumer prices and place vendor orders. Thereafter, consumers decide from which manufacturer,

if any, to order the product; not choosing any manufacturer is thought of as choosing the outside
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option instead. Finally, each vendor decides whether to accept, reject or partially fulfill each
received manufacturer order. Finally, each vendor produces all goods that she agreed to produce
and sends them to manufacturers who pass them along to consumers.

As in the basic model, the high type vendor solves (2.3) and the low type vendor solves (2.4).
In contrast, the manufacturer problem varies between the model with blockchain and the model
without blockchain. In particular, when deciding whether to adopt blockchain, manufactureri € M

solves the following problem to maximize profit:

(a;,a_;) — via; .
a,-em{%ﬁ} (ai,a-;) — xia;, (2.8)

where, similar to (2.5), the expected profit, [1(a;, a—;), is given by:

(a;,a—;) = Jnax Pi-si—Y; s (2.9)

S.t. g, =5

where s; > 0 denotes the endogenously determined consumer demand for manufacturer i. Note
that s; depends upon (a;,a—;) because consumer demand depends on the signals about each
manufacturer, and, as previously discussed, the signal accuracy depends on the adoption decisions
of manufacturers.

As in the basic model, consumers observe manufacturer prices and signals and then make
purchase decisions on that basis. In the presence of the blockchain, consumers observe whether
or not a manufacturer joins the blockchain so that #; also includes all adoption decisions; that
observation, by itself, refines the consumer’s information environment. Separately, consumers
have accurate information about the types of the manufacturers who join the blockchain. These
changes in the consumer information environment affect consumer decisions which, in turn, affect
the endogenous demand observed by each manufacturer. Thus, the consumer problem specification
is identical as in the basic model although u;; now depends on whether or not manufacturer i joins

the blockchain.

23



2.3 Economic Analysis

This section is devoted to an analysis of the total welfare of all the participants in the supply

chain. Three scenarios, listed below, are of interest:
* Non-Adoption: No manufacturer joins the blockchain, i.e., a; = 0 for all i € M.
* Full Adoption: Every manufacturer joins the blockchain, i.e., a; = 1 for all i € M.

* Partial Adoption: Every high type manufacturer joins the blockchain, and no low type

manufacturer joins the blockchain. Thatis, a; = 1 foralli : & = handa; =Oforalli : & = 1.

The welfare in the non-adoption setting can be thought of as a benchmark against which the
welfare in the other two cases can be measured because the non-adoption setting is identical to our
basic model without blockchain. This analysis is done in Section 2.3.1, which demonstrates that
full and partial blockchain adoption always benefit consumers but never benefit the manufacturers.
Our analysis also establishes that full and partial blockchain adoption have ambiguous effects on
global welfare. In Section 2.3.2 we examine whether blockchain adoption arises in equilibrium,
and find that neither full nor partial blockchain adoption arises in equilibrium. Consequently, there
exist conditions under which full blockchain adoption does not arise in equilibrium even though
such adoption enhances global welfare. We refer to such a situation as an adoption failure. In

Section 2.3.2 we propose a system of transfers to resolve such failures.
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2.3.1 Welfare Implications

The welfare of the vendor Wy, the welfare of the manufacturers W, the welfare of the consumers

We, and the total welfare W are defined as follows:

W= 3 (D (o) —ei( ) o) (2.10)

jije{hl}y i:&i=j i:&i=j

Wy = Z max T(a;,a—;) — yia: 2.11)
isiem (01

1
We = / E[max{m%} uix, or}| dk (2.12)
1€
0
W=Wy+Wy+Wc (2.13)

Recall that in all of the three scenarios we examine the blockchain adoption decisions are fixed,
but we determine all other quantities endogenously as solutions of the appropriate subgame perfect
equilibrium. More explicitly, our welfare analysis requires determining consumer prices, {P; }icpy,
vendor prices, {¥;}icym, vendor fulfillment quantities per manufacturer {o;};eps and consumer
demand per manufacturer, {s;};cp; all these quantities are determined endogenously, assuming
the manufacturers, vendors and consumers act optimally in the subgame arising from the (fixed)
adoption decisions of the manufacturers. Since all quantities vary across the three cases, we
hereafter adopt the superscripts F, P and N to reference objects from the full, partial and non-

adoption cases respectively.

Consumer Welfare

Proposition 2.3.1 (Blockchain Consumer Welfare Implications I).
Both partial and full blockchain adoption always improve consumer welfare relative to the base
model of non-adoption. Moreover, full adoption provides higher consumer welfare than partial

. . F P N
adoption, i.e., W/, > WC > WC.

Proposition 2.3.1 establishes that consumer welfare unambiguously improves with blockchain
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adoption. This result arises due to two effects. In particular, the blockchain both enhances utility
for each consumer who purchases from a manufacturer and also increases the overall measure of
consumers purchasing from a manufacturer. We offer the following supplementary proposition to

formalize that point:

Proposition 2.3.2 (Blockchain Consumer Welfare Implications II).
Let M :={k € [0,1] : m(k) € M} denote the set of consumers that purchase from a manufacturer.
We define s := u(M) and u := ( f Ui(k)k dk)/s so that s represents the total consumer demand

keM
and u denotes the utility per consumer among consumers who purchase from a manufacturer (i.e.,

k such that k € M). Then, the following results hold:

» Expected Utility Per Consumer

The blockchain improves the utility per consumer who purchases from a manufacturer that

uses blockchain, i.e., ut > uf > u".

e Overall Consumer Demand

Some consumers switch from the outside option to purchasing from a manufacturer. In

particular, consumer demand increases with blockchain adoption, i.e., s* > s¥ > sV.

This first effect arises because the blockchain ensures the accuracy of the signal that each
consumer receives from a given manufacturer. In turn, each consumer can find a manufacturer
of her own horizontal type and can also distinguish among vertically differentiated manufacturers.
The fact that consumers can distinguish among vertically differentiated manufacturers leads low
quality manufacturers to reduce prices to remain competitive with high quality manufacturers. The
first effect thus benefits consumers both because consumer decision-making improves make more
informed decisions and because low quality manufacturers lower prices.

The second effect arises because the increase in utility for each consumer purchasing from a
manufacturer leads some consumers, who would have otherwise selected their outside option, to

optimally purchase from a manufacturer. The resulting increase in consumer demand reflects an
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increase in utility for each consumer switching away from the outside option as a consumer makes

such a switch only if the consumer receives a higher utility by purchasing from a manufacturer.

Manufacturer Welfare

Proposition 2.3.3 (Blockchain Manufacturer Welfare Implications).
Both full and partial blockchain adoption reduce manufacturer welfare relative to non-adoption,

. F P N
iLe., WM < WM < WM.

Proposition 2.3.3 establishes that blockchain adoption always reduces manufacturer welfare.
This is because manufacturers cannot extract consumer gains from blockchain adoption by raising
prices, since competition in the manufacturing sector precludes manufacturers from such price
increases. In addition, manufacturers pay a cost to implement blockchain, leaving them unambigu-
ously worse off from blockchain adoption.

To understand this result, it is important to realize that the adoption cost becomes a sunk cost
after blockchain adoption, whereas prices can be changed at any time, including after a blockchain
adoption decision has been made. We capture this parsimoniously by modeling that the pricing
decisions are made after the blockchain adoption decisions. For a manufacturer, undercutting a
competitor’s price always generates higher profits so long as the unit price exceeds the unit cost.
As a consequence, manufacturers cannot raise prices beyond unit costs to internalize gains from
blockchain adoption. Proposition 2.3.3 formalizes the fact that manufacturers are left with only the

cost of adoption and no offsetting profits after the blockchain adoption decisions.

Vendor Welfare

Proposition 2.3.4 (Blockchain Vendor Welfare Implications I).
Both full and partial blockchain adoption reduce vendor welfare relative to non-adoption, i.e.,

F P N
wEwE < w.

Proposition 2.3.4 establishes that vendor welfare unambiguously decreases with blockchain

adoption. This result arises because blockchain adoption reveals the low type manufacturers as
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being of low quality. In turn, low quality manufacturers respond by reducing prices to remain
competitive with high quality manufacturers. The reduced prices, in turn, are passed through to
the low quality vendor, leading to a reduction in profits for the low quality vendor. We formalize

this point with the following supplementary proposition:

Proposition 2.3.5 (Blockchain Vendor Welfare Implications II).
The price offered by low type manufacturers to the low type vendor increases with blockchain

adoption, i.e., foralli: & =1, ‘I‘f, ‘PI.P < ‘PlN

Global Welfare

Proposition 2.3.6 (Blockchain Welfare Implications).
Blockchain adoption has ambiguous effects on global welfare. Let A :== H — L. Then the following

results hold.

Full Blockchain Adoption Could Enhance Global Welfare

For A sufficiently large, global welfare under full blockchain adoption exceeds global welfare

without blockchain, i.e. there exists A such that for all A > A : W > WV,

* Partial Blockchain Adoption Could Enhance Global Welfare

For A sufficiently large, global welfare under partial blockchain adoption exceeds global

welfare without blockchain, i.e., there exists A such that for all A > A : wr > wh,

* Full Blockchain Adoption Could Reduce Global Welfare

For ), xi sufficiently large, global welfare under full blockchain adoption is lower than
i:ieM
global welfare without blockchain, i.e., there exists y such that for all 'Y, y; > x : W' <
- iiieM -
wh.

* Partial Blockchain Adoption Could Reduce Global Welfare

For ), xisufficiently large, global welfare under partial blockchain adoption is lower than
i:fizh
global welfare without blockchain, i.e., there exists y such that forall 'Y, xi > x : WF <
A ) A
wh. l
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Proposition 2.3.6 establishes that blockchain adoption has ambiguous effects on global welfare.
Recall that Proposition 2.3.1 establishes that consumer welfare increases with blockchain adoption,
whereas Propositions 2.3.3 and 2.3.4 highlight that manufacturer and vendor welfare decreases
with blockchain adoption. Proposition 2.3.6 highlights that neither consumer welfare gains nor
manufacturer and vendor welfare losses necessarily dominates so that blockchain adoption has
ambiguous welfare effects.

The possibility for blockchain adoption to enhance global welfare arises because blockchain
improves every consumer’s information accuracy, and thereby, leads each consumer to select a
manufacturer of her type with higher probability. The welfare gain from selecting a manufacturer
of her type increases in A := H — L > 0. Proposition 2.3.6 establishes that a sufficiently high A
ensures that consumer welfare increases sufficiently when blockchain is adopted to make blockchain
adoption globally welfare enhancing.

Proposition 2.3.6 also highlights that blockchain adoption becomes globally welfare decreasing
for all sufficiently high adoption costs. This result is straightforward since manufacturer welfare

losses can be made arbitrarily large by setting adoption costs to be arbitrarily large.

2.3.2 Adoption Failures

Proposition 2.3.7 (Full and Partial Blockchain Adoption Non-Existence).

There does not exist an equilibrium with full or partial blockchain adoption.

Proposition 2.3.7 follows from Propositions 2.3.1 and 2.3.3. In particular, manufacturer util-
ity decreases when blockchain is adopted so that manufacturers optimally decide not to adopt
blockchain in equilibrium. This result arises both because the benefits of blockchain accrue
primarily to consumers (Proposition 2.3.1) and because the competitive nature of the manufac-
turing sector precludes manufacturers from extracting sufficient consumer welfare gains to offset
blockchain adoption costs (Proposition 2.3.3).

Recall that an adoption failure refers to a case in which blockchain adoption does not arise

in equilibrium even though such adoption enhances global welfare. Our next result, Proposition
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2.3.8, follows from Propositions 2.3.6 and 2.3.7, establishing that adoption failures arise when A is

sufficiently large:

Proposition 2.3.8 (Adoption Failures).

An adoption failure arises for sufficiently large A := H — L.

Intuitively, Proposition 2.3.8 arises from a misalignment between control over the adoption
decision and the distribution of welfare gains generated from that decision. Recall that Proposition
2.3.1 establishes that consumers unambiguously benefit from blockchain adoption, and that benefit
increases with A; moreover, this welfare enhancement is available to consumers for free. On the
other hand, each manufacturer faces an adoption cost and no offsetting gain so that even a small
adoption cost drives the manufacturer not to join the blockchain. This non-adoption occurs even if
A is sufficiently large so that it necessarily enhances global welfare.

We propose a system of transfers that resolves the aforementioned adoption failures by trans-
ferring some surplus welfare from consumers to manufacturers. This system of transfers consists
of charging consumers a fee « to access the information on the blockchain, and using these fees
to pay manufacturer ; an amount 7; > 0. We require that the system of transfers («, {7;};cpr) must
be self-financing, in the sense that the payments to manufacturers are fully funded from consumer

payments, without any external financing, 1.e.
Kepe= ) (2.14)
iiieM

where p, € [0, 1] denoting the measure of consumers that pay « for access to the information on
the blockchain.

We modify manufacturer i’s problem to include the transfer payments, {7;};cp, as follows:

max Il(a;,a-;) — yia; + 1;a; (2.15)
(liG{O,l}
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And, we modify consumer k’s problem to include the blockchain access cost « as follows:

Ebk s —«b 2.16
,max, [max{rlré%} Uik, ¢x} — kb | Grl (2.16)

In this modified setting, consumer k selects her information environment by € {0, 1} prior to
observing signals from manufacturers: b; = 1 represents the consumer opting to gain access to the
information on the blockchain, while b; = 0 represents the consumer opting to forgo access to the
information on the blockchain.

The consumer’s information set Gy when selecting by € {0, 1} includes her outside option value,
her own type, and manufacturer prices and adoption decisions. Note that G does not include the
manufacturer signals since the decision by € {0, 1} determines the distribution of the manufacturer
signals. In particular, by paying a fee «, consumer k has the ability to receive more accurate type
signals from any manufacturer who joins the blockchain. Formally, consumer & receives random
signals {(ix &ix) yiem such that PP (Gix = g; | qi» ai) = @ + (1 — @)aiby = PP* (& = & | &1, ).

In terms of the b; variables, the measure u, of the set of consumers who pay the access fee
k is given by u, = u({k : by = 1}). Recall that the system of transfers («, {7;}iepr) must be
self-financing, i.e., (2.14) holds. We say that a system of transfers overcomes adoption failures if it

induces an equilibrium in which all manufacturers adopt blockchain (i.e., a; = 1 for all i € M).

Proposition 2.3.9 (Resolving Adoption Failures).

For sufficiently large A, there exists a system of transfers that overcomes adoption failures.

Proposition 2.3.9 establishes that our proposed transfers resolve adoption failures. The transfers
must be set sufficiently high in order to offset manufacturers’ adoption costs, but also sufficiently
low to preserve some welfare gains for some consumers. The incremental welfare for manufacturers
generates adoption because this welfare gain makes adopting blockchain incentive-compatible for
manufacturers. Simultaneously, the preservation of a welfare gain for particular consumers ensures
that those consumers are willing to pay for the blockchain information environment, which, in turn,

finances the transfers to manufacturers.
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The proportion of consumers purchasing from a manufacturer is less than that in the full adoption
case discussed in Section 2.3.1. This is because consumers receive access to the information on the
blockchain for free in the previous setting whereas consumers must pay a fee for that access in the
revised setting. Since consumers have access to an outside option, the fee causes some consumers
that would have purchased from a manufacturer in the previous case to select the outside option
when a fee is charged. However, as A increases, it becomes optimal for all consumers to pay the
fee.

Our work provides a concrete path to further blockchain adoption. In industries in which
consumers would significantly benefit from information stored on the blockchain, consumers could
be given access to some such information in return for financing blockchain adoption in that industry.
Such financing payments correspond to transfer payments from consumers to manufacturers and
thus, per Proposition 2.3.9, would facilitate blockchain adoption. The system we propose could
be implemented in a straightforward manner through a paid web application, established by a
consortium of all manufacturers. Any consumer would receive access to relevant information from
the manufacturing process only if the consumer pays a fee. As discussed, the fee would be set
sufficiently high that the sum of all fees offset blockchain adoption costs but not so high that too
few consumers prefer to pay the fee. The proceeds of the fee revenue would be shared among all

manufacturers, making blockchain adoption incentive-compatible.
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Chapter 3: Impact of Early Recall on Blockchain Adoption

3.1 Introduction

In this chapter, we consider a variation of the model described in Chapter 2, in which we simplify
the vendor layer by removing the vertical differentiation and introduce an early recall mechanism.
This model addresses both the transparency and traceability of blockchain. We examine whether
blockchain adoption arises in equilibrium in this setting. In our model, there is a single vendor
who supplies the manufacturers with goods, which are then used to fill consumer orders.! Each
manufacturer possesses a horizontally differentiated type that corresponds to the manufacturing
process of her finished goods, and that manufacturer type is unknown to consumers. Consumers
are heterogeneous in their preferences for manufacturing processes and each possesses unit demand.

In practice, a blockchain enables seamless tracking of goods so that any discovered defect is
immediately known to all affected parties. We assume that a manufacturer detects a defective good
with an exogenous probability. Then, consistent with practice, we assume that a defect detected
by any manufacturer on the blockchain is immediately communicated to all the manufacturers on
the blockchain, facilitating an early recall of defective goods. In the absence of blockchain, any
detected defect would eventually become known to all manufacturers but there would be a delay
in tracking the specific goods that need to be recalled and also in communicating the necessary
information. Although the defective goods are replaced by the vendor in all cases, late recall of
defective goods by a manufacturer results in a loss of reputation and goodwill, which is costly. A
manufacturer can avoid this cost by joining the blockchain whenever that option is available.

We model each manufacturer as making two decisions. Manufacturers first simultaneously

decide whether or not to join the blockchain; and then they simultaneously set prices for their

10ur assumption of a single vendor is purely for tractability, and does not affect the key economic insights.
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goods.? A key finding in our analysis is that manufacturers do not gain from blockchain adoption
because the benefits from doing so are passed onto consumers in the form of lower prices. To
understand this point, it is important to recognize that blockchain adoption costs are one-time fixed
costs that subsequently become sunk costs. Moreover, blockchain implementation differs from
other capital expenditures in that blockchain adoption needs to be coordinated across competitors
for any cost savings to materialize. This coordination, however, ensures competition in subsequent
pricing decisions, and a standard Bertrand price competition ensues, with manufacturers competing
away the cost savings through reduced prices.

Proposition 3.3.1 establishes that consumers unambiguously benefit from blockchain adoption.
More precisely, while early recalls facilitate cost savings for manufacturers, those cost savings are
passed onto consumers in the form of lower manufacturer prices due to price competition among
manufacturers. Additionally, the improved information environment enables a consumer to more
easily identify a manufacturer that employs a manufacturing process that she prefers, leading her
to make a purchase that yields her more utility than in the absence of blockchain. As both these
effects benefit consumers, blockchain adoption unambiguously enhances consumer welfare.

Proposition 3.3.3 establishes that manufacturer welfare decreases with blockchain adoption.
Crucially, blockchain adoption also has costs, which are fully borne by the manufacturers. However,
we shall show that the cost savings from blockchain adoption are competed away by the price
competition between manufacturers, so that the cost savings do not offset blockchain adoption
costs. Thus, manufacturer welfare necessarily declines when blockchain is adopted.

Our main result, Proposition 3.3.6, establishes that blockchain adoption can enhance total
welfare, even by an arbitrarily large amount, and yet fail to arise in equilibrium. This possibility,

termed an adoption failure, occurs because of a misalignment between those who gain from

blockchain adoption and those who decide whether or not to adopt the blockchain. Each consumer

unambiguously benefits from the blockchain, but the adoption costs fall fully on the manufacturers.

2We model the pricing decision as subsequent to the blockchain adoption without loss of generality because, in
practice, prices can be set at any point in time, but any pricing decision prior to the blockchain adoption decision is not
relevant to our analysis regarding the economic implications of blockchain adoption.
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Accordingly, while adoption may be globally beneficial, such adoption does not arise in equilibrium
because those required to implement the adoption (i.e., manufacturers) prefer not to adopt.

We offer a simple system of transfers, formalized within Proposition 3.3.7, to resolve adoption
failures. This system charges consumers for access to the blockchain’s information and then
transfers the proceeds to manufacturers. The transfers must be large enough so that manufacturers
are incentivized to adopt the blockchain, and yet small enough so that some consumers are willing
to incur this additional fee. In practice, this system of transfers can be implemented easily, for
example, by charging consumers for access to a web application that stores blockchain information
relevant for consumer decision-making.

The remainder of Chapter 3 is organized as follows. Section 3.2 formally states our economic
model of supply chains, with and without blockchain. Section 3.3 explores the welfare implications
of blockchains, demonstrates the existence of adoption failures and puts forth a system of transfers

to resolve those adoption failures.

3.2 Model

We begin in Section 3.2.1 with a description of the basic model without a blockchain and explain
how manufacturers set prices and how consumers make purchasing decisions. In Section 3.2.2 we
describe the model in the presence of a blockchain, where manufacturers, in addition to setting
prices, decide whether or not to join the blockchain, and consumers make their purchase decisions

after observing the decisions of the manufacturers.

3.2.1 The Basic Model

We consider a supply chain consisting of one vendor, finitely many manufacturers, and a unit
measure of consumers. A single product, supplied by the vendor, reaches the consumers via

manufacturers.
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Let M := {1,2,...,2m} be the set of manufacturers with m > 2.3 Each manufacturer i
possesses a type g; that is either A or B. Letting M4 and Mp denote the set of type A and type
B manufacturers respectively, we assume that |[M4| = |Mp| = m, and that all of this is common
knowledge. We assume that the type of a specific manufacturer is unknown to consumers, reflecting
situations in which consumers are relatively poorly informed (see, e.g., Poole and Baron 1996).
However, all our results apply equally, whether or not manufacturers know each others’ types.

Each consumer k € [0, 1] also has type ¢, which is equally likely to be A or B, and she prefers
goods from a manufacturer of her own type. More precisely, each consumer receives utility H if she
consumes a good from a manufacturer of her type whereas she receives utility L if she consumes a
good of a manufacturer of the other type with 0 < L < H. The aforementioned assumption reflects
the heterogeneous preferences of consumers in practice (see, e.g., Yiridoe et al. 2005 and Moser
etal. 2011). To help consumers make purchase decisions, we assume that consumers have access to
signals that reflect the type of the manufacturers. Specifically, consumer k € [0, 1] receives a set of
random signals {G;x € {A, B}}iep. We assume P(Gix = qi | gi) = @ € [%, 1) so that a consumer’s
signal does not fully reveal a particular manufacturer’s type. Since all the main economic insights
are present in the model with @ = % and the exposition is significantly simpler, we restrict ourselves
toa = % within the main text and Appendix C. All the results are generalized to @ € [%, 1) in
Appendix D. We discuss how blockchain affects consumer signals in Section 3.2.2.

We also assume that each consumer may forgo purchasing from a manufacturer and instead
avail herself of an outside option. For consumer k € [0, 1], the utility from the outside option is
@1, which is a random draw from a continuous distribution G that is supported on [0, co). This
outside option captures the opportunity cost of purchasing from a manufacturer, and could reflect,
for example, the utility from an alternative good.

We model a finite horizon economy with three periods, = 0, 1, 2. At the beginning of period 0,
consumers learn their own types, f;, and their utility from the outside option, ¢;. Moreover, all

manufacturers observe the unit price W charged by the vendor for the good. In the middle of

3Supply chains generally involve many participants, including several manufacturers of the same type, which is
reflected in our requiring m > 2.
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period 0, manufacturers simultaneously set their own prices for consumers. At the end of period 0,
consumers observe a signal from each manufacturer and then decide from which manufacturer, if
any, to order the product; not choosing any manufacturer is thought of as choosing the outside option
instead. These decisions determine the set of demands per manufacturer, given by (s, 52, ..., S2m),
with s; denoting the measure of consumers purchasing from manufacturer i. The demand set is
observed by each manufacturer, who, in turn, places an order of the appropriate size with the
vendor. The vendor produces the goods and sends them to manufacturers who pass them along to
the consumers. This completes period 0.

The entire batch produced by the vendor is assumed to be defective with some exogenous
probability, p € (0,1). In period 1, if a manufacturer detects a defect, then that manufacturer
requires the vendor to replace her goods, and pay all associated direct costs. Thus, manufacturers
who discover a defect in period 1 do not incur any additional cost. We assume that defects are
detected in a probabilistic fashion: if the vendor’s batch is defective, then each manufacturer,
independently of other manufacturers, receives news of this defect in period 1 with probability
o€ (0,1).

In period 2, all outstanding defective goods are recalled. Manufacturers failing to recall defective
goods in period 1 incur an additional cost that captures, among other things, a loss of reputation
and goodwill.

Thus, the vendor’s pay-off is:

2m

(¥ - (vot7ip) )-Zsz" G-1)
\.,./ —_ =1
Price Expected Unit Cost ~—_ —

Sales

where ¥ > 0 denotes the vendor’s goods price, vy > 0 denotes the vendor’s unit cost of production
and y; > 0 denotes the vendor’s unit cost of replacing an initially defective good. We emphasize
that in our model the vendor pays to replace a defective good irrespective of the timing of the

recall. As we discuss subsequently, the blockchain’s primary role in our analysis is that it enables
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early recalls. The last two points collectively imply that the introduction of blockchain does not
affect vendor unit costs so that vendor pricing provides limited insight into the implications of the
introduction of blockchain. Accordingly, we hereafter assume that vendor pricing is competitive
(i.e., ¥ = yp+vy1p) to enable parsimonious analysis of the vendor while focusing our model around
the manufacturer-consumer interaction.4

Manufacturer i € M sets her price P; by solving the following problem that maximizes her net

profit:

max E[Pi-si— V.5, — c¢-5-Y ],
P;>0 —— —— N—
Revenue Cost of Goods Late Recall Costs

(3.2)

where s5; > 0 denotes the (endogenously determined) consumer demand for manufacturer i, and
thus, also the order placed at the vendor to fulfill that demand. Observe that the manufacturer’s
objective function consists of two parts: the profit from selling s; units, at a per-unit profit of
(P; —¥); and the loss due to not detecting a defective batch in period 1. This latter cost is assumed
to be linear, with a per-unit cost of ¢ > 0. Letting ¥; € {0, 1} denote the event that the vendor has
a defective batch and manufacturer i does not detect the defect in period 1, we see that the number
of units incurring the late detection cost is simply Z; = s; - Y}, so that the total cost from late recalls
of defective goods equals ¢ - s; - ¥;.

Recall that the consumer base size, s;, is determined endogenously. In particular, consumers
observe manufacturer prices and signals and then make purchase decisions on that basis. Recall also
that consumer k € [0, 1] receives utility H if she purchases from a manufacturer of her type (i.e.,
tx = q;), but utility L otherwise. Consumer k has imperfect information regarding manufacturer

i’s type so that her utility, u;;, for purchasing from manufacturer i is:

Uik = Vi - P (3.3)
S~ S~
Expected Good Value Cost

with Vj; denoting the expected value for consumer k for manufacturer i’s good. Note that Vi is

4Our main results apply more generally for an exogenous vendor price ¥ > vy + y1p.
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simply:

Vies H-Ptv=qi|Fx) + L-P(tx #qi| Fr)s (3.4)

i and k are of same type iand k are of dif ferent types
where 7 denotes the information set of consumer k € [0, 1] that includes her own type, the value of
her outside option, a type signal from each manufacturer, and the price posted by each manufacturer.
Furthermore, as discussed, while consumer k& does not know the type of any given manufacturer,
it is public knowledge that there are exactly m manufacturers of each type, and consumers assume
each manufacturer is equally likely to be of either type ex ante.

Consumer k € [0, 1] will purchase the good if her utility from doing so (weakly) exceeds her
outside option, i.e., if maX;eps u;jx > ¢i. Let i(k) be a manufacturer that offers her maximum
utility, i.e., i(k) € arg max u;;, with ties broken uniformly at random. Then, consumer k purchases

ieM
the good from manufacturer i(k) if her utility from doing so (weakly) exceeds ¢y ; otherwise she

chooses the outside option. Denoting this choice by m (k) we see that m (k) is either i(k) or . In

this notation, the endogenous consumer demand for manufacturer i € M, s;, is:

si = pu({k : m(k) = i}) (3.5

with u(S) denoting the measure of a set S C [0, 1] of consumers.

3.2.2 Model with Blockchain

We enhance the basic model with a single blockchain. Any manufacturer i can join the
blockchain by paying a cost y; > 0. We let a; be a binary decision variable that is set to 1 if
manufacturer i joins the blockchain, and zero otherwise. We further assume that these decisions
are publicly observable.

The presence of the blockchain changes the information environment of the consumer: for
each manufacturer i on the blockchain, the signal observed by any consumer k£ € [0, 1] reveals
the manufacturer’s type exactly. In other words, P(G;x = ¢; | gi,a; = 1) = 1. This modeling

choice, which is the first major difference from the basic model, reflects the fact that the blockchain
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stores all relevant aspects of the manufacturing process and provides such information not only
to manufacturers but also to consumers. Consistent with our basic model, we also assume that
P(Gik = qi | gi»ai =0) =@ € [3,1).

We continue to model the economy with three periods, + = 0,1,2. As in the basic model,
consumers learn their types and their utility for the outside option at the earliest point of period
0, and manufacturers observe the price charged by the vendor for the good.> Subsequently, before
any further action in period O but still in the beginning of the period, manufacturers simultaneously
make blockchain adoption decisions. All blockchain adoption decisions are public knowledge.
Then, as in the basic model, manufacturers simultaneously set prices in the middle of the period.
At the end of period 0, consumers observe a signal from each manufacturer and then decide from
which manufacturer, if any, to order the product; not choosing any manufacturer is thought of
as choosing the outside option instead. We emphasize that the distributions from which signals
are drawn are different depending on whether or not the manufacturer joins the blockchain. These
decisions determine the demand observed by each manufacturer, who, in turn, places an order of the
appropriate size with the vendor. The vendor produces the goods and sends them to manufacturers
who pass them along to the consumers. This completes period 0.

As before, the entire batch produced by the vendor can be defective with some exogenous
probability, p € (0,1). In period 1, if a manufacturer detects a defect, then that manufacturer
requires the vendor to replace the defective good, and pay all associated direct costs. This leads
us to the second key difference from the basic model: if this manufacturer participates in the
blockchain, this defect becomes known to all the manufacturers participating in the blockchain in
period 1. That is, for each manufacturer on the blockchain, the early detection probability increases
to p, > p, where n > 1 denotes the number of manufacturers participating in the blockchain, and
{ pn}ﬁ’fl C [0, 1] denotes a strictly increasing sequence of probabilities that reflect the increasing

gains from information sharing via blockchain. This information sharing is only possible because

5The timing of the vendor’s goods price being observable does not affect our results because it can be anticipated
perfectly as it is a function of model parameters (i.e., ¥ = yo + 7y p with yp, y; and p each being parameters and public
knowledge).
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the blockchain maintains an immutable record of the antecedents of each item and enables efficient
tracking of the defect to the entire network. To maintain consistency with our basic model, we
impose p| = p.

In period 2, all outstanding defective goods are recalled. Manufacturers failing to recall
defective goods in period 1 incur an additional cost that captures, among other things, the loss
of reputation and goodwill. We emphasize that this additional cost from a late recall does not
reflect the replacement cost of the good as the replacement cost is always fully borne by the vendor
irrespective of the timing of the recall. All pay-outs realize at the end of the period 2.

At the beginning of period 0, manufacturer i € M solves the following problem to maximize
profit:

(a;, a-i) — xiai, 3.6
oty e oo

where, similar to (3.2), the expected profit, I1(a;, a—;), is given by:

(a;,a-;) := max E[P,- cs5i—W-si—c-si- Y,-], (3.7
i

where s; > 0 denotes the endogenously determined consumer demand for manufacturer i that
depends on observed manufacturer prices and consumer signals, which depends on the adoption
decisions of manufacturers.

As before, consumers observe manufacturer prices and signals and then make purchase decisions
on that basis. In the presence of the blockchain, consumers observe whether or not a manufacturer
joins the blockchain so that ¥} also includes all adoption decisions; that observation, by itself,
refines the consumer’s information environment. Separately, consumers have accurate information
about the types of the manufacturers who join the blockchain. These changes in the consumer
information environment affect consumer decisions which, in turn, affect the endogenous demand
observed by each manufacturer. Thus, the consumer problem specification is identical as in the

basic model although u;; now depends on whether or not manufacturer i joins the blockchain.
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3.3 Economic Analysis

This section is devoted to an analysis of the total welfare of all the participants in the supply

chain. Three scenarios, listed below, are of interest:

* Non-Adoption: No manufacturer joins the blockchain, i.e., a; = 0 for all i € M.

* Full Adoption: Every manufacturer joins the blockchain, i.e., a; = 1 for all i € M.

 Partial Adoption: Every type A manufacturer joins the blockchain, and no type B manufac-

turer joins the blockchain. Thatis, a; = 1 for alli € M4 and a; = 0 for alli € Mp.6

The welfare in the non-adoption setting can be thought of as a benchmark against which the
welfare in the other two cases can be measured because the non-adoption setting is identical to our
basic model without blockchain. This analysis is done in Section 3.3.1, which demonstrates that
full and partial blockchain adoption always benefit consumers but never benefit the manufacturers.
Our analysis also establishes that full and partial blockchain adoption have ambiguous effects on
global welfare. In Section 3.3.2 we examine whether blockchain adoption arises in equilibrium,
and find that neither full nor partial blockchain adoption arises in equilibrium under any condi-
tions. Consequently, there exist conditions under which full blockchain adoption does not arise in
equilibrium even though such adoption enhances global welfare. We refer to such a situation as an

adoption failure. In Section 3.3.2 we propose a system of transfers to resolve such failures.

6Without loss of generality, this case reflects all symmetric pure strategies that correspond to partial adoption:
symmetry between the two types of manufacturers in the model implies that the case in which all type B manufacturers
join the blockchain and none of the type A manufacturers does is equivalent.
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3.3.1 Welfare Implications

The welfare of the vendor Wy, the welfare of the manufacturers W, the welfare of the consumers

We, and the total welfare W are defined as follows:

Wy = (¥ = (yo+np) - ), si (3.8)
iieM
Wy = max (r}gla%E[P,wsi—‘P-s,-—c-si-Yi]) - Xia; (3.9)
ai P>
iiieM

E[max{m%} uix, o} dk (3.10)

S
I
ScY~—~_%&

W =Wy + Wy + We (3.11)

Recall that we assume vendor pricing is competitive (i.e., ¥ = yo+ 1 p). Accordingly, Wy =0,
which implies:

W =Wy +Wc (3.12)

Intuitively, competitive vendor pricing implies that the vendor welfare is unaffected by whether
or not manufacturers join the blockchain, and is zero in all three scenarios. Thus, examining
consumer and manufacturer welfare is sufficient to analyze global welfare. Recall that the three
scenarios we examine cover all reasonable pure strategies for the manufacturers. In each scenario,
the blockchain adoption decisions are fixed, but the welfare analysis requires determining prices,
{P;}icm, and market shares, {s;};cpr; these prices and market shares are determined endogenously,
assuming the manufacturers and consumers act optimally in the subgame arising from the (fixed)
adoption decisions of the manufacturers. Since prices, market shares and various other quantities
vary across the three cases, we hereafter adopt the superscripts F, P and N to reference objects

from the full, partial and non-adoption cases respectively.
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Consumer Welfare

Proposition 3.3.1 (Blockchain Consumer Welfare Implications I).
Both partial and full blockchain adoption always improve consumer welfare relative to the base
model of non-adoption. Moreover, full adoption provides higher consumer welfare than partial

. . F P N
adoption, i.e., WC > WC > WC.

Proposition 3.3.1 establishes that consumer welfare unambiguously improves with blockchain
adoption. This result arises due to three factors. First, the blockchain ensures the accuracy of
the signal that each consumer receives from a given manufacturer, thereby ensuring that each
consumer, who does not select the outside option, selects a manufacturer of her own type. Second,
the blockchain enables early recalls of defective goods with higher probability, which generates cost
savings for manufacturers; these cost savings then result in reduced prices, which further enhance
consumer welfare. Finally, the improved signal accuracy and reduced good prices leads some
consumers, who would have otherwise selected their outside option, to optimally purchase from a
manufacturer using blockchain, resulting in an increase in the proportion of consumers purchasing
from such manufacturers. The referenced increase in consumer demand for manufacturers using
blockchain reflects an increase in utility for each consumer switching away from the outside option
as such a switch is optimal only if the consumer receives a higher utility by purchasing from
a manufacturer. In fact, this discussion establishes not only that blockchain adoption improves
consumer welfare relative to non-adoption but also that full adoption improves consumer welfare
relative to partial adoption. We provide the following supplementary proposition that formalizes

each of the three factors:

Proposition 3.3.2 (Blockchain Consumer Welfare Implications II).
Recall that i(k) denotes consumer k’s preferred manufacturer. Then, let Vi := E[V;)k] denote the
expected good value for consumer k, where the expectation is with respect to all possible signal

realizations. Consequently, the following results hold:
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» Factor 1: Expected Good Value

The blockchain improves the quality of consumer information, enabling a given consumer
to select a manufacturer of her own type with higher probability. In turn, each consumer

attains a higher expected good value, i.e., for all k € [0, 1]: VkF > V,f > V,iv.

* Factor 2: Manufacturer Prices

The blockchain reduces the expected cost of production for manufacturers. These reduced

costs lead to lower manufacturer prices, i.e., for alli € M: PIF < Pf < PZI.V.

e Factor 3: Consumer Demand

Due to the previous two factors, some consumers switch from the outside option to purchasing
from a manufacturer. In particular, consumer demand increases with blockchain adoption,

i.e., foralli e M: sf > sf.D > sfv.

Manufacturer Welfare

Proposition 3.3.3 (Blockchain Manufacturer Welfare Implications).
Both full and partial blockchain adoption reduce manufacturer welfare relative to non-adoption,

. F P N
iLe., WM < WM < WM.

Proposition 3.3.3 establishes that blockchain adoption always reduces manufacturer welfare.
This is because manufacturers compete away the gains from blockchain adoption, transferring
them to consumers in the form of lower prices. In addition, manufacturers pay a fee to join the
blockchain, leaving them unambiguously worse off from blockchain adoption.

To understand this result, it is important to realize that the adoption cost becomes a sunk
cost after blockchain adoption, whereas prices can be changed at any time, including after a
blockchain adoption decision has been made. We capture this parsimoniously by modeling a
pricing decision immediately after blockchain adoption decisions have been made. As previously
discussed, blockchain adoption reduces expected unit costs for the manufacturers who join the

blockchain; however, per Proposition 3.3.2, the subsequent strategic pricing also leads to a reduction
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in manufacturer prices. In fact, since undercutting a competitor’s price always generates higher

profits so long as the unit price exceeds the unit cost, the ability to set prices leads manufacturers

to fully compete away all the gains from blockchain adoption, transferring them to consumers.

Proposition 3.3.3 formalizes the fact that manufacturers are left with only the cost of adoption and

no offsetting revenues.

Global Welfare

Proposition 3.3.4 (Blockchain Welfare Implications).

Blockchain adoption has ambiguous effects on global welfare. Let A := H — L. Then the following

results hold.

Full Blockchain Adoption Could Enhance Global Welfare

For A sufficiently large, global welfare under full blockchain adoption exceeds global welfare

without blockchain, i.e. there exists A such that for all A > A : WF > WV,

Partial Blockchain Adoption Could Enhance Global Welfare

For A sufficiently large, global welfare under partial blockchain adoption exceeds global

welfare without blockchain, i.e., there exists A such that for all A > A : WF > WV,

Full Blockchain Adoption Could Reduce Global Welfare

For ), xi sufficiently large, global welfare under full blockchain adoption is lower than
iieM
global welfare without blockchain, i.e., there exists y such that for all 'Y, y; > x : W& <
- iiieM -
wh.

Fartial Blockchain Adoption Could Reduce Global Welfare

For ), x;sufficiently large, global welfare under partial blockchain adoption is lower than
iieM
global welfare without blockchain, i.e., there exists y such that for all 'Y, xi > x : WX <
- ieM -
WN L1
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By combining both consumer and manufacturer welfare, Proposition 3.3.4 establishes that
blockchain adoption has ambiguous effects on global welfare. Recall that Proposition 3.3.1 es-
tablishes that consumer welfare increases with blockchain adoption, whereas Proposition 3.3.3
highlights that manufacturer welfare decreases with blockchain adoption. Proposition 3.3.4 high-
lights that neither consumer welfare gains nor manufacturer welfare losses necessarily dominates
so that blockchain adoption has ambiguous effects.

The possibility for blockchain adoption to enhance global welfare arises because blockchain
improves every consumer’s information accuracy, and thereby, leads each consumer to select a
manufacturer of her type with higher probability. The welfare gain from selecting a manufacturer
of her type increases in A. Proposition 3.3.4 establishes that a sufficiently high A ensures that
consumer welfare increases sufficiently when blockchain is adopted to make blockchain adoption
globally welfare enhancing.

Proposition 3.3.4 also highlights that blockchain adoption becomes globally welfare decreasing
for all sufficiently high adoption costs. This result is straightforward since manufacturer welfare

losses can be made arbitrarily large by setting adoption costs to be arbitrarily large.

3.3.2 Adoption Failures

We start with Proposition 3.3.5, which establishes that neither full nor partial blockchain adoption

arises in equilibrium.

Proposition 3.3.5 (Full and Partial Blockchain Adoption Non-Existence).

There does not exist an equilibrium with full or partial blockchain adoption.

This result follows because manufacturers anticipate the (previously discussed) price competi-
tion arising from joining the blockchain and recognize that the benefits from adoption by way of
reduced prices will be passed along to the consumers while each of them bears the cost of adoption.
Consequently, neither type A nor type B manufacturers adopt blockchain in any equilibrium.

We note that blockchain adoption differs from a traditional capital expenditure in that the

potential benefits arise only if the adoption decisions are coordinated across competing participants:
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this stems from the observation that blockchain is a technology for information sharing and such
information sharing generates cost savings for a manufacturer only when it is coordinated across
other manufacturers. However, multiple participants of the same type on the blockchain triggers
a price competition, which results in lower prices for the consumers, but leaves the manufacturers
joining the blockchain with only the sunk adoption cost and no offsetting revenues. And, therefore,

neither type of manufacturer adopts blockchain in any equilibrium.”

Proposition 3.3.6 (Adoption Failures).

An adoption failure arises for sufficiently large A :== H — L.

Proposition 3.3.6 follows from Propositions 3.3.4 and 3.3.5, establishing that adoption failures
arise when A is sufficiently large. Recall that an adoption failure refers to a case in which
full blockchain adoption does not arise in equilibrium even though such adoption enhances global
welfare. Intuitively, Proposition 3.3.6 arises from a misalignment between control over the adoption
decision and the distribution of welfare gains generated from that decision. Recall that Proposition
3.3.1 establishes that consumers unambiguously benefit from blockchain adoption, and that benefit
increases with A; moreover, this welfare enhancement is available to consumers for free. On the
other hand, each manufacturer faces an adoption cost and no offsetting gain due to price competition
so that even a small adoption cost drives the manufacturer not to join the blockchain. This non-
adoption occurs even if A is sufficiently large so that it necessarily enhances global welfare.

We propose a system of transfers that resolves the aforementioned adoption failures by trans-
ferring some surplus welfare from consumers to manufacturers. This system of transfers consists
of charging consumers a fee « to access the information on the blockchain, and using these fees
to pay manufacturer 7 an amount 7; > 0. We require that the system of transfers («, {7;};eps) must

be self-financing, in the sense that the payments to manufacturers are fully funded from consumer

7A similar feature of blockchain adoption is discussed in Cao et al. (2019) when competing auditors adopt a
federated blockchain.
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payments, without any external financing, i.e.

K« My = Z T (3.13)

i:ieM
where p, € [0, 1] denoting the measure of consumers that pay « for access to the information on
the blockchain.
We modify manufacturer i’s problem to include the transfer payments, {7;};cp, as follows:

max (max E[P;-s; =¥ - s; — ¢ - s; - Yi|) — xiai + i (3.14)

ai P;>0

And, we modify consumer k’s problem to include the blockchain access cost « as follows:

max E°*[ max{max u;x, ¢r} — kb | Gk] (3.15)
by ieM

In this modified setting, consumer k selects her information environment by € {0, 1} prior to
observing signals from manufacturers: by = 1 represents the consumer opting to gain access to the
information on the blockchain, while b; = O represents the consumer opting to forgo access to the
information on the blockchain.

The consumer’s information set Gx when selecting by € {0, 1} includes her outside option
value, her own type, and manufacturer prices and adoption decisions. Note that G does not
include the manufacturer signals since the decision by € {0, 1} determines the distribution of the
manufacturer signals. In particular, by paying a fee «, consumer k has the ability to receive more
accurate type signals from any manufacturer who joins the blockchain. Formally, consumer &
receives random signals {§;x };ep such that PP (Gix = qi | girai) = a + (1 — @)a;by.

In terms of the by variables, the measure u, of the set of consumers who pay the access fee
k is given by u, = u({k : by = 1}). Recall that the system of transfers («, {7;};cps) must be
self-financing, i.e. (3.13) holds. We say that a system of transfers overcomes adoption failures if it

induces an equilibrium in which all manufacturers adopt blockchain (i.e., a; = 1 for alli € M).

49



Proposition 3.3.7 (Resolving Adoption Failures).

For sufficiently large A, there exists a system of transfers that overcomes adoption failures.

Proposition 3.3.7 establishes that our proposed transfers resolve adoption failures. The transfers
must be set sufficiently high in order to offset manufacturers’ adoption costs, but also sufficiently
low to preserve some welfare gains for some consumers. The incremental welfare for manufacturers
generates adoption because this welfare gain makes adopting blockchain incentive-compatible for
manufacturers. Simultaneously, the preservation of a welfare gain for particular consumers ensures
that those consumers are willing to pay for the blockchain information environment, which, in turn,
finances the transfers to manufacturers.

The proportion of consumers purchasing from a manufacturer is less than that in the full adoption
case discussed in Section 3.3.1. This is because consumers receive access to the information on the
blockchain for free in the previous setting whereas consumers must pay a fee for that access in the
revised setting. Since consumers have access to an outside option, the fee causes some consumers
that would have purchased from a manufacturer in the previous case to select the outside option
when a fee is charged. However, as A increases, it becomes optimal for all consumers to pay the
fee.

Our work provides a concrete path to further blockchain adoption. In industries in which
consumers would significantly benefit from information stored on the blockchain, consumers could
be given access to some such information in return for financing blockchain adoption in that industry.
Such financing payments correspond to transfer payments from consumers to manufacturers and
thus, per Proposition 3.3.7, would facilitate blockchain adoption. The system we propose could
be implemented in a straightforward manner through a paid web application, established by a
consortium of all manufacturers. Any consumer would receive access to relevant information from
the manufacturing process only if the consumer pays a fee. As discussed, the fee would be set
sufficiently high that the sum of all fees offset blockchain adoption costs but not so high that too
few consumers prefer to pay the fee. The proceeds of the fee revenue would be shared among all

manufacturers, making blockchain adoption incentive-compatible.
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Chapter 4: Blockchain Adoption in a Supply Chain with Sticky Price

4.1 Introduction

This chapter investigates the three-layer supply chain setting described in Section 1.3 in the
context of sticky price and addresses both the transparency and traceability of blockchain. The
goal of our study is to understand blockchain welfare implications and adoption or lack thereof in
such an industry setting. Within our analysis, there exists a single vendor who supplies goods to
manufacturers, which are then used to fill consumer orders. ! The manufacturers are vertically
differentiated into high and low quality manufacturers. Different from the models in the other
chapters, consumers do not have the outside option and are homogeneous in their preferences:
they strictly prefer the higher quality manufacturers. In addition, the consumer prices are deter-
mined exogenously and are all normalized to 1. We study this price stickiness because in some
circumstances, firms downstream need time to react to a change in price upstream, and hence, the
manufacturers do not modify their consumer prices in a period of time.

We model each manufacturer as making one key decision. Specifically, manufacturers simul-
taneously decide whether to adopt the blockchain. We assume that blockchain adoption improves
the information environment for all agents. This improved information environment provides risk
management benefits for manufacturers but also enables consumers to make more informed deci-
sions. Blockchain adoption unambiguously improves welfare for consumers because the improved
information environment enables consumers to improve decision-making. Blockchain adoption,
however, also has costs, and these costs are fully borne by those implementing the system (i.e.,
manufacturers) so that blockchain adoption has an ambiguous effect upon manufacturer welfare.

Our main result highlights that global welfare adoption might be arbitrarily large due to large

10ur single vendor assumption is purely for tractability, and does not affect our key economic insights.
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consumer gains but that blockchain adoption may yet fail to arise because manufacturers prefer not
to adopt.

In practice, a blockchain enables seamless tracking of goods so that any discovered defect is
immediately known to all affected parties. We assume that a manufacturer detects a defective good
with an exogenous probability. Then, consistent with practice, we assume, if a defect was detected
by a manufacturer on the blockchain, it will be immediately known to all other manufacturers on the
blockchain. We assume that such information transmission facilitates an early recall of defective
goods, and this early recall, in turn, provides a cost saving to each manufacturer. The expected
magnitude of this cost saving depends on a variety of factors including the likelihood of a defect,
the detection probability and whether or not other manufacturers adopt the blockchain.

Nonetheless, blockchain adoption also has potential drawbacks for manufacturers. Most ob-
viously, adoption entails a direct cost associated with implementation. Our model accounts for
this cost by specifying an exogenous expense for any manufacturer adopting blockchain. When
this cost is sufficiently large, a manufacturer will prefer not to adopt. The inverse implication, that
sufficiently low direct costs induce adoption, does not hold in general. This finding arises because
the improved consumer information environment may drive consumers away from low quality
manufacturers so that low quality manufacturers may decide against adoption even if they can do
so without a direct cost. We demonstrate that whether arbitrarily small adoption costs generate
blockchain adoption depends upon consumer beliefs.

Our main result, Proposition 4.3.8, establishes that blockchain adoption may enhance global

welfare, and yet fail to arise in equilibrium. We deem such an occurrence as an adoption failure.

These adoption failures arise due to a misalignment between those who gain from blockchain
adoption and those who decide whether to adopt blockchain and incur the cost. While each
consumer unambiguously benefits from blockchain adoption, the adoption costs fall fully upon
manufacturers. Accordingly, while adoption may be globally beneficial, such adoption does not
arise in equilibrium because those required to implement the adoption (i.e., manufacturers) prefer

not to adopt.
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We offer a simple system of transfers, formalized within Proposition 4.3.9, to resolve the
aforementioned adoption failures. This system charges consumers for access to the blockchain’s
information and then transfers the proceeds to manufacturers. The transfers must be large enough
so that manufacturers are incentivized to adopt the blockchain, and yet small enough so that
consumers are willing to incur this additional fee. Our analysis provides straightforward guidance
for blockchain adoption in industries that would benefit from such adoption. We propose that
consumers should partially finance blockchain adoption. This financing can be implemented, for
example, by charging consumers for access to a web application that stores blockchain information
relevant for consumer decision-making.

The remainder of Chapter 4 is organized as follows. Section 4.2 formally states our economic
model of supply chain, with and without blockchain. Section 4.3 examines blockchain’s welfare
implications, demonstrates the existence of adoption failures and puts forth a system of transfers to

resolve those adoption failures.

4.2 Model

We begin in Section 4.2.1 with a description of the basic model without a blockchain and
explain how consumers make decisions. In Section 4.2.2 we describe the model in the presence of
a blockchain, where manufacturers first decide whether or not to join the blockchain, and consumers

make their purchase decisions after observing the decisions of the manufacturers.

4.2.1 The Basic Model

We consider a supply chain consisting of one vendor, m > 2 manufacturers, and a unit measure
of identical consumers. A single product, supplied by the vendor, reaches the consumers via
manufacturers. Each manufacturer i has a privately known type g; that is equally likely to be H or

L, with 0 < L < H.? We abuse notation and let L and H also be the utility derived by a consumer

2In other words, all consumers and all manufacturers know the positive real numbers L and H, and all of them
also know that, ex ante, each manufacturer is equally likely to be of either type; however, the realized type ¢; of
manufacturer i is known only to that manufacturer.
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from purchasing the product from a manufacturer of type L and H respectively.

To help consumers make purchase decisions, we assume that consumers have access to signals
that reflect the quality of the manufacturers. Specifically, consumer k € [0, 1] receives a set of
random signals {G;x € {H,L}}!",. We assume P(Gix = qi | ¢;) = @ witha € [%, 1).

We model a finite horizon economy with three periods, ¢t = 0, 1, 2. In period 0, first, consumers
observe a signal from each manufacturer and then decide from which manufacturer to order the
product. These decisions determine the demand vector (si, 52, ..., S;), with ), s; = 1, observed
by each manufacturer, who, in turn, places an order of the appropriate size with the vendor. The
vendor produces the goods and sends them to manufacturers who pass them along to the consumers.
This completes period O.

We assume that the entire batch produced by the vendor can be defective with some exogenous
probability, p € (0, 1). In period 1, consumers may detect a defect, and report the defect to the
manufacturer from whom they purchased the good. The manufacturer then asks the vendor to
replace the batch, and pay all associated direct costs. Thus, manufacturers who discover a defect in
period 1 do not incur any additional cost. We assume that defects are detected by consumers only
in a probabilistic fashion: if the vendor’s batch is defective, manufacturer i receives news of this
defect from her consumer base with probability 1 — e™*% with A1 > 0.3.

In period 2, defects become public knowledge. Manufacturers failing to recall defective goods
in period 1 incur an additional cost that captures, among other things, a loss of reputation and
goodwill.

Note that in the basic model the vendor and the manufacturers have no decisions to make; the
only agents who make decisions in the basic model are the continuum of consumers, and they do
so based on observed signals. Specifically, consumer k € [0, 1] receives utility g; from purchasing

from manufacturer i, but she has imperfect information regarding g; so she solves

max Ey[q;], (4.1)

3Note that P(Defect not discovered from a + 8 consumers | Defect) = P(Defect not discovered from @ consumers |
Defect) P(Defect not discovered from 8 consumers | Defect)
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where the expectation Ey[-] is conditional upon her private information, i.e., the manufacturer
quality signals, {g;x}!",, that she observes. In the case that the consumer is indifferent among a set

of manufacturers, she selects randomly and uniformly from that set.

4.2.2 Model with Blockchain

We enhance the basic model with a single blockchain. Manufacturer i can join the blockchain
by paying a cost y; > 0. We assume that this decision is publicly observable. Joining the
blockchain changes the information environment of the consumer: for each manufacturer i on the
blockchain, the signal observed by consumer k € [0, 1] satisfies P(Gix = ¢q; | ¢i) = @ + § with
a € [%, 1) and 6 € (0,1 — «]. That is, each consumer receives a more accurate signal regarding
q; for every manufacturer i on the blockchain. Thus, joining the blockchain can change the
demand seen by a particular manufacturer, even though the total demand is always 1. Additionally,
joining the blockchain may help a manufacturer detect defects earlier, as will be explained later.
A manufacturer chooses to join this blockchain only if doing so results in a greater profit than not
joining the blockchain.

We focus on the manufacturers’ adoption decisions. We continue to model the economy with
three periods, t = 0,1,2. At the beginning of period 0, manufacturers simultaneously make
blockchain adoption decisions. All blockchain adoption decisions are public knowledge. Then,
consumers receive signals and decide with which manufacturer to place an order. As before, the
vendor produces the goods and sends them to manufacturers who pass them along to the consumers.
Thus, the outcome is an adoption vector (aj, ay,...,a;) and a demand vector (si,52,...,85m),
with each a; € {0, 1} and }}; s; = 1. This completes period 0.

As before, the entire batch produced by the vendor can be defective with some exogenous
probability, p € (0, 1). In period 1, consumers may detect a defect, and report the defect to the
manufacturer from whom they purchased the good. The manufacturer then asks the vendor to
replace the defective good, and pay all associated direct costs. The key difference from the basic

model is this: if this manufacturer participates in the blockchain, this defect becomes known to all
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the manufacturers participating in the blockchain. Thus, for each manufacturer on the blockchain,
the early detection probability increases to 1 — [[;c; e ™% = 1 — e~42Zic1 % where I denotes the
set of manufacturers participating in the blockchain. This is only possible because the blockchain
maintains an immutable record of the antecedents of each item.

In period 2, defects become public knowledge. Manufacturers failing to recall defective goods
in period 1 incur an additional cost that captures, among other things, the loss of reputation and
goodwill. All pay-outs realize at the end of the period.

Let M :={1,2,...,m} denote the set of manufacturers with m > 2. At the beginning of period
0, manufacturer i € M solves the following problem to maximize profit:

max  E;[si(a;,a-)] — Bi[c(si(ai, a-)Yi)]| - xiai (4.2)

ai

where a; € {0, 1} denotes the blockchain adoption decision with a cost y;a;, and s; = s;(a;,a—;) >0
denotes the endogenously determined consumer demand for manufacturer i, and thus, also the order
placed at the vendor to fulfill that demand. Manufacturer i earns a profit which we normalize to
1 for each unit sold; however, she faces a cumulative non-decreasing convex cost ¢(Z;) on all
defective units Z; not detected in period 1. We assume that manufacturer profit in the absence of
blockchain increases in revenues.* The variable ¥; € {0, 1} denotes the event that the vendor has
a defective batch, and manufacturer i does not detect the defect in period 1. Recall that defect
detection depends on the order sizes s = {s; : i = 1, ..., m}, and the blockchain adoption decisions
of all the manufacturers. Thus, Z; = s;Y;(a;, a_;).

As before, each consumer solves Problem 4.1. The blockchain’s existence affects the consumer
problem by improving the consumer’s information environment. In the presence of the blockchain,
the consumer observes whether each manufacturer adopts the blockchain. That observation, by
itself, refines the consumer’s information environment. Separately, if a manufacturer adopts the

blockchain, each consumer’s signal for that manufacturer becomes more accurate thereby further

4Formally, we impose Vx : % [x — pec(x)] 20 & ¢’ (x) < % + Ac(x) and ¢(0) = 0.
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enhancing the consumer’s information regarding each manufacturer.

4.3 Economic Analysis

Our analysis involves three components. Section 4.3.1 examines the welfare implications
of blockchain by comparing welfare in a setting without blockchain to that in a setting with
adoption of blockchain by all manufacturers, hereafter referred to as full blockchain adoption. We
demonstrate that full blockchain adoption always benefits consumers but has ambiguous effects
for manufacturers. Our analysis also establishes that full blockchain adoption has ambiguous
effects on global welfare. Section 4.3.2 then studies whether full blockchain adoption arises in
equilibrium. We provide conditions under which such an equilibrium arises. Our analysis highlights
that the equilibrium arising depends upon consumer beliefs. Section 4.3.3 establishes that there
exist conditions under which blockchain adoption does not arise in equilibrium even though such
adoption would enhance global welfare. We refer to such a situation as an adoption failure. Section

4.3.3 proposes a system of transfers to resolve such a failure.

4.3.1 Welfare Implications

It is nontrivial to determine whether full blockchain adoption improves welfare. Blockchain
adoption benefits consumers but its effect on the manufacturing sector is ambiguous. The impact
of full blockchain adoption on global welfare is also ambiguous.

The welfare of the manufacturers Wy, the welfare of the consumers W, and the total welfare

W are defined as follows:

Wy = Z E[max E;[s;(a;, a-)] - E;|c(si(ai, a-)Y;)| = xiail (4.3)
i=1 '
We = [ Blmax Bilai]] dk (4.4)
0
W=Wy+Wc 4.5)

57



Proposition 4.3.1 (Blockchain Consumer Welfare Implications).

Blockchain adoption always improves consumer welfare.

Proposition 4.3.1 establishes that consumer welfare unambiguously improves with blockchain
adoption. This result arises because the blockchain improves the accuracy of the signal that
each consumer receives from a given manufacturer. The increased signal accuracy improves the
probability that the consumer’s observed signal corresponds to the true manufacturer quality. If
a consumer observes a manufacturer with a high (low) signal then that manufacturer’s quality
is more likely to be high (low) when blockchain is adopted as compared to when blockchain is
not adopted. Since the consumer selects a manufacturer from whom she receives a high signal
whenever possible, the improved signal accuracy when the blockchain is adopted unequivocally
improves consumer welfare.

To better understand this result, we consider the special case of m = 2. In this setting, the two
manufacturers have the same quality with probability 0.5 and different qualities with probability
0.5. When the two manufacturers possess identical quality, the blockchain’s existence does not
affect consumer welfare. However, when the two manufacturers are different, blockchain adoption
increases the likelihood that each consumer selects the manufacturer with high quality, and therefore,

the consumer welfare increases.

Proposition 4.3.2 (Blockchain Manufacturer Welfare Implications I).
Blockchain adoption may reduce manufacturer welfare. Even for arbitrarily small adoption costs,
when blockchain is fully revealing (i.e., 6 = 1 — @) and signals are otherwise uninformative (i.e.,

a = %), blockchain adoption reduces manufacturer welfare for all sufficiently small A.

Blockchain adoption could decrease the welfare of the manufacturing sector. Proposition
4.3.2 formalizes that assertion. This result follows from the fact that the blockchain’s benefits to
manufacturers become arbitrarily small when risk-detection is sufficiently opaque (i.e., 1 — 0%).
Then, even a small adoption cost implies blockchain reduces welfare for the manufacturing sector.

To further clarify the relevant channel for this result, we consider a special case where early

detection of a defect never occurs (i.e., 4 = 0), the blockchain is fully revealing (i.e., @ + 6 = 1),
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and signals are uninformative in the absence of blockchain (i.e., @ = %). In this setting, blockchain
adoption provides no benefit for manufacturers because no manufacturer ever discovers a defect
and thus early recalls never occur irrespective of whether blockchain is adopted. Nonetheless,
blockchain adoption requires an adoption cost. Thus, blockchain adoption increases expected costs

to the manufacturing sector, and reduces the welfare of the manufacturing sector.

Proposition 4.3.3 (Blockchain Manufacturer Welfare Implications II).
Blockchain adoption improves manufacturer welfare when A is sufficiently large, and adoption
costs are sufficiently low. For fixed adoption costs, blockchain adoption improves the welfare of the

manufacturing sector most for an intermediate value of A.

While blockchain adoption may reduce manufacturer welfare even with arbitrarily small adop-
tion costs, blockchain adoption can, nonetheless, enhance manufacturer welfare with non-zero
adoption costs for some values of A. Proposition 4.3.3 establishes that assertion. This result is a
consequence of the fact that the blockchain ensures any early defect detection is shared across all
manufacturers, thereby, saving the entire sector from the cost of not recalling defective goods early.
For a sufficiently high A, this cost saving becomes large enough to outweigh blockchain adoption
costs and thereby improves manufacturer welfare.

Proposition 4.3.3 also highlights that the benefits of blockchain adoption to the manufacturing
sector are maximized at an intermediate value of A. This is because at low values of 4 no
manufacturer detects a defect early with high probability so that information sharing has little
value; in contrast, at high values of A, each manufacturer individually detects a defect early with
high probability so that the blockchain does not provide any additional benefit. We demonstrate
that manufacturer welfare achieves a maximum for a well-defined intermediate value of A, and for

sufficiently small adoption costs, the maximum welfare gain is strictly positive.

Proposition 4.3.4 (Blockchain Welfare Implications).
Blockchain adoption has ambiguous effects upon global welfare. Global welfare, under blockchain

adoption, increases in the dispersion of product quality (i.e., H — L), and strictly exceeds the

59



global welfare without blockchain for sufficiently high product quality dispersion. Moreover, global
welfare, under blockchain adoption, diverges with product quality dispersion. Global welfare,
under blockchain adoption, decreases in adoption costs (i.e., %1] xi) and is strictly smaller than
global welfare without blockchain for sufficiently high adoptionlglosts.

Incorporating both consumer and manufacturer welfare, Proposition 4.3.4 establishes that
blockchain adoption has ambiguous effects upon global welfare. Proposition 4.3.1 establishes
that consumer welfare increases with blockchain adoption, and Proposition 4.3.3 highlights that
manufacturer welfare increases with blockchain adoption under certain conditions. Thus, it imme-
diately follows that global blockchain adoption increases global welfare under certain conditions.
Proposition 4.3.2 shows that manufacturer welfare decreases under certain conditions; Proposition
4.3.4 establishes that this welfare decrease can dominate the welfare increase to consumers, thereby
rendering blockchain adoption welfare decreasing.

Proposition 4.3.4 also demonstrates that welfare benefits of blockchain adoption is a function
of the product quality dispersion (i.e., H — L). As product quality dispersion increases so does
the global welfare from blockchain adoption. This result follows because the blockchain improves
every consumer’s information accuracy, and thereby, leads each consumer to select a higher quality
product with higher probability. The welfare gain from selecting the higher quality product, in
turn, increases in product quality dispersion. Proposition 4.3.4 establishes that a sufficiently high
product quality dispersion ensures that consumer welfare increases sufficiently when blockchain is
adopted to make blockchain adoption globally welfare enhancing.

Finally, Proposition 4.3.4 highlights that blockchain adoption becomes globally welfare de-
creasing for all sufficiently high adoption costs (i.e., f xi). This result is straight-forward since
manufacturer welfare losses can be made arbitrarily la;_gle by setting adoption costs to be arbitrarily

large whereas consumer welfare gains are bounded by the product quality dispersion.
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4.3.2 Blockchain Adoption in Equilibrium

We next turn to examining if full blockchain adoption arises in equilibrium. We find that such
adoption arises under certain conditions but that those conditions depend heavily upon consumer
beliefs. Economic fundamentals do not uniquely determine consumer beliefs, and different beliefs
that are consistent with an equilibrium lead to qualitatively different conditions for full blockchain
adoption in equilibrium. More concretely, while certain consumer beliefs enable a full adoption
equilibrium to arise for arbitrarily small adoption costs (i.e. Vi : y; — 0%), other consumer beliefs
cannot generate a full adoption equilibrium even with zero adoption costs (i.e. Vi : y; = 0). In the

following, we clarify our equilibrium concept and provide our equilibrium analysis.

Equilibrium Concept

We analyze the setting of Section 4.2 as an extensive form game involving both manufacturers
and consumers. First, nature simultaneously assigns a type ¢; € {L, H} to each manufacturer
i € {l,...,m}. Then, all manufacturers simultaneously decide whether to adopt the blockchain.
Subsequently, each consumer k receives signals {G;x } | and observes all of manufacturers’ adoption
decisions, {a;}",. From this information, and without knowing true manufacturer types, each
consumer simultaneously selects a manufacturer from which to make a purchase. A consumer
receives the pay-off ¢; if she purchases from manufacturer i. Manufacturer i receives pay-off
si(a;,a—;) — c(si(a;,a-;)Y;) — xia;. All agents maximize expected pay-offs, i.e., each consumer
solves Problem 4.1, and each manufacturer solves Problem 4.2.

The strategy space for each manufacturer corresponds to the set of functions mapping manu-
facturer types, ¢; € {L, H}, into blockchain adoption decisions, a; € {0, 1}. This strategy space
reflects that each manufacturer makes her adoption decision with knowledge of her own type but
without the knowledge of the types of other manufacturers. Thus, the manufacturer strategy space
is given by G = {g1, 82, 83,84} where g1(L) = 1 —g1(H) = 1,82(L) = 1 - g2(H) = 0,83(L) =

g3(H) =1,g4(L) = g4(H) = 0.
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The strategy space for each consumer corresponds to the set of functions mapping all combi-

nations of manufacturer adoption decisions, {a;}!",, and manufacturer quality signals, {Gi }!"

1> to
the set of manufacturers. This strategy space reflects that each consumer selects a manufacturer
after observing signals of manufacturer quality and whether or not each manufacturer adopts the
blockchain.

We focus upon conditions that generate full blockchain adoption in equilibrium. For a full
blockchain adoption equilibrium to arise, each manufacturer must earn a higher expected pay-off
from adopting the blockchain as compared to not adopting the blockchain. A manufacturer’s
expected pay-off depends on anticipated consumer actions which, in turn, depend on consumer
beliefs regarding manufacturer types. We employ Bayes’ Law whenever feasible to determine
consumer beliefs, but Bayes’ Law cannot always be applied. In particular, since a consumer
never observes a manufacturer not adopting blockchain in equilibrium, Bayes’ Law cannot be
applied to determine consumer beliefs when examining the out-of-equilibrium deviation of a
manufacturer not adopting blockchain. To specify sensible consumer beliefs in such cases, we
employ sequential equilibrium as our equilibrium concept. Sequential equilibrium refines perfect

Bayesian equilibrium by restricting beliefs to those “consistent” with equilibrium behavior.>

Equilibrium Analysis

While sequential equilibrium restricts consumer beliefs, it does not necessarily identify those
beliefs uniquely. As such, we consider two different reasonable consumer beliefs. We demonstrate
that each of those consumer beliefs arise in a sequential equilibrium but that those beliefs require
qualitatively different conditions to generate a full adoption equilibrium. We interpret our results
as highlighting that blockchain adoption depends on consumer beliefs in a manner detached from

economic fundamentals. We consider the following two beliefs:

Definition 4.3.1 (Consumer Belief 1).

Consumer Belief 1, hereafter referred to as CB1, refers to the belief that each consumer believes

5We direct the interested reader to Kreps and Wilson (1982) for a full description of sequential equilibrium.
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that manufacturer adoption decisions are independent of manufacturer quality (i.e., P(¢; = L | a; =

0,Gik) =P(qi = L | Gix)).

Definition 4.3.2 (Consumer Belief 2).
Consumer Belief 2, hereafter referred to as CB2, refers to the belief that each consumer believes

any manufacturer not adopting is of low quality (i.e., P(¢; =L | a; =0,Gix) = 1).

These definitions specify beliefs only for cases in which a manufacturer does not adopt the

blockchain. In all other cases, we determine beliefs via Bayes’ Law.

Proposition 4.3.5 (Full Adoption Equilibrium CB1).
Full adoption of blockchain is a sequential equilibrium when consumer beliefs are given by CB1

provided x — pe~'c(x) is increasing and

max y; < E [Zé - pe_dc(ZC{;)] -E [ZgB - pe_ZgB’lc(ZgB) .

1<i<m

Proposition 4.3.6 (Full Adoption Equilibrium CB2).
Full adoption of blockchain is a sequential equilibrium when consumer beliefs are given by CB2

provided x — pe~'c(x) is increasing and

CB ~CB ZgB
max y; <E [Zé — pe"lc(Zé)] ~15o1-a)B | =2 = pe” 7 te(—) |
1<i<m m m

Both CB1 and CB2 arise as beliefs within a full adoption sequential equilibrium. Proposition
4.3.5 provides conditions for a full adoption sequential equilibrium when consumer beliefs fol-
low CB1. Proposition 4.3.6 provides conditions for a full adoption sequential equilibrium when

consumer beliefs follow CB2.
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Corollary 4.3.7 (Full Adoption Equilibria).

Assume x — pe~c(x) is increasing on [0, 1]. Then,

(I) Under CBI, a full blockchain adoption equilibrium may not arise even if adoption costs are
zero. Formally, Vi : y; = 0 is not sufficient for a full blockchain adoption equilibrium under

consumer beliefs CBI.

(II) Under CB2, a full blockchain adoption equilibrium arises for sufficiently small adoption
costs. Formally, there exists y > 0 such that if 1max Xi < x then a full blockchain adoption
- <i<m -

equilibrium arises under consumer beliefs CB2.

Corollary 4.3.7 highlights that the conditions for full blockchain adoption differ qualitatively
depending upon consumer beliefs. More precisely, sufficiently small adoption costs generate a full
adoption equilibrium under consumer beliefs CB2, but even zero adoption costs may be insufficient
to generate a full adoption equilibrium under consumer beliefs CB1.

Our results, thus, highlight the importance of consumer beliefs in generating blockchain adop-
tion. We emphasize that economic fundamentals do not determine consumer beliefs, so consumer
beliefs must come from elsewhere. Practically speaking, our results suggest that encouraging
consumers towards particular beliefs (e.g., CB2) would help generate blockchain adoption in equi-

librium.

4.3.3 Adoption Failures

This section examines if full blockchain adoption arises in equilibrium when such adoption im-
proves global welfare. We find that adoption may not arise in equilibrium even when it significantly
enhances global welfare. We refer to such a situation as an adoption failure. We propose a system

of transfers to resolve this failure.

Proposition 4.3.8 (Adoption Failures).
An adoption failure arises for sufficiently large product quality dispersion and sufficiently high

adoption costs.
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Proposition 4.3.8 establishes that adoption failures arise when product quality dispersion (i.e.,
H — L) and adoption costs (i.e., max Xi) are both large. This result follows from Propositions 4.3.4,
4.3.5 and 4.3.6. Proposition 4.3.4 demonstrates that global welfare unambiguously increases in
product quality dispersion whereas both Propositions 4.3.5 and 4.3.6 establish that full blockchain
adoption requires low adoption costs.

Intuitively, Proposition 4.3.8 arises from a misalignment between control over the adoption
decision and distribution of welfare generated from that decision. Recall that Proposition 4.3.1
establishes that consumers unambiguously benefit from blockchain adoption, and that benefit
increases with product quality dispersion; moreover, this welfare enhancement is available to
consumers for free. However, each manufacturer faces an adoption cost but none benefit from
product quality dispersion, so a sufficiently large adoption cost drives manufacturers to not adopt
blockchain. This non-adoption occurs even if product quality dispersion is sufficiently large so
that enhanced consumer welfare from such adoption dwarfs manufacturer adoption costs, and also
enhances global welfare.

We propose a system of transfers to resolve adoption failures. Our system of transfers corrects the
aforementioned misalignment by transferring surplus welfare from consumers to manufacturers.
Our preceding analysis assumes that each consumer benefits from blockchain adoption without
paying any cost. Subsequently, we relax that assumption, requiring that consumer k gains access to
information on the blockchain only if she pays « > O for that access.® Weredistribute these consumer
payments to manufacturers such that manufacturer i receives transfer #; > 0 if manufacturer i adopts
blockchain. We require « = fl t; so that manufacturer transfers are fully funded from consumer

i=
payments, and no external financing is necessary.

We modify manufacturer i’s problem to include the transfer payments as follows:

max E;[si(a;, a)] ~ E; [c(si(ai, a-)Yi)| = xiai + tia; (4.6)

We do not to allow « to vary by consumer because such an assumption raises both practical and technical concerns.
From a practical perspective, such an assumption would require price discrimination. From a technical perspective,
the total value of payments would not be well-defined in general.
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And, we modify consumer k’s problem to include a blockchain access cost as follows:

max B [max By [g;] - kb] 4.7)
k l

In this modified setting, consumer k selects her information environment, b; € {0, 1}, prior to
selecting a manufacturer from which to purchase: by = 1 represents the consumer opting to
gain access to the blockchain’s information, while b; = 0 represents the consumer opting to forgo
access to the blockchain’s information. To gain access to the blockchain’s information, the consumer
must pay cost k. In return, the consumer receives more accurate signals from any manufacturer
that adopts the blockchain. Formally, consumer k receives random signals {Gy;}!, such that

P*%(Gix = qi | qi) = a + Sa;by.
Proposition 4.3.9 (Resolving Adoption Failures).
Suppose manufacturer adoption costs are symmetric (i.e., Vi, j : x; = xj) and blockchain enables

strictly more accurate manufacturer quality signals (i.e., § > 0). Then, for sufficiently large product

quality dispersion, a system of transfers overcomes an adoption failure. The transfers are given by

k=06-(1-05""1) . (H-L)andVi: t; = 210" ItH=L)

m

Proposition 4.3.9 establishes that our proposed transfers resolve adoption failures. The transfers
are set sufficiently large to provide manufacturers enough incremental welfare to offset manufacturer
costs but also sufficiently small to preserve some welfare gains for consumers. The incremental
welfare for manufacturers generates adoption because this welfare gain makes adopting blockchain
incentive-compatible for manufacturers. Simultaneously, the preservation of a welfare gain for each
consumer ensures that each consumer is willing to pay for the blockchain information environment
which in turn finances the transfers to manufacturers.

Our work provides a concrete path to further blockchain adoption. In industries in which
consumers would significantly benefit from information stored on the blockchain, consumers could
be given access to some such information in return for financing blockchain adoption in that industry.

Such a system could be implemented in a straightforward manner by a paid web application.
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Chapter 5: Blockchain Adoption in a Supply Chain with Market Power

5.1 Introduction

This chapter examines the three-layer supply chain setting described in Section 1.3 in the context
of monopoly and addresses both the transparency and traceability of blockchain. We examine
whether blockchain adoption arises in equilibrium for a supply chain in which a single risk-averse
monopolist manufacturer sells directly to consumers, and therefore, possesses market power. !
The manufacturer purchases goods (or raw materials) from vendors and sells to consumers. The
manufacturer possesses a type that is unknown to consumers. Each consumer also possesses a type
that reflects her preference over the type of the manufacturer. While consumers do not know the
manufacturer type, each consumer nonetheless receives an imperfect signal of the manufacturer’s
type. We assume that the manufacturer has the ability to set prices for both the consumers and
the vendors. In this setting, we demonstrate that blockchain adoption always strictly improves
manufacturer welfare if blockchain adoption involves no fixed cost of implementation. When the
manufacturer bears the cost of blockchain adoption for the supply chain as a whole, we find that
blockchain adoption arises in equilibrium if the adoption cost is sufficiently small. 2

Our economic analysis consists of four stages, two corresponding to the consumer-manufacturer
interaction, and two corresponding to the manufacturer-vendor interaction. In the first stage, the
manufacturer determines whether or not to adopt blockchain, and also sets a consumer price. In
the second stage, each consumer reacts to the consumer price, deciding whether to purchase the

manufacturer’s good or else select an outside option. The outside option reflects the consumer’s

1Our results generalize when there are finitely many manufacturers so long as each manufacturer sells a good that is
sufficiently differentiated from the goods sold by any other manufacturer so that each manufacturer maintains pricing
power.

2Since the manufacturer possesses market power in our setting, she can shift costs to other supply chain participants
endogenously. Thus, the specific assumption regarding who bears the adoption cost is not crucial; our formal analysis
assumes the adoption cost is borne by the manufacturer.
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opportunity cost. In the third stage, the manufacturer selects a set of vendors from which to fill
consumer orders and simultaneously selects a price to offer each selected vendor. In the final stage,
each vendor who received an offer from the manufacturer reacts by either accepting or rejecting the
offer. Each such vendor also simultaneously selects an effort level, that determines the likelihood
that vendor’s batch of goods is defective. A defective batch must be recalled and all associated
revenues forfeited.

The manufacturer receives all vendor goods subsequent to the fourth subgame. At this point the
manufacturer may find some of the goods to be defective. If the manufacturer can trace each such
detected defect to the respective defective batch, then the manufacturer recalls only the defective
batches. In that case, the manufacturer refunds sales to the associated consumers and also requires
that vendors who produced those defective batches refund their sales to the manufacturer. In
contrast, if the manufacturer cannot trace detected defects and nonetheless discovers some defects,
then the manufacturer recalls all goods because she cannot determine the specific batches that are
defective. In this second case, all sales from vendors to the manufacturer and all sales from the
manufacturer to consumers are refunded. Any goods that are not recalled are released to consumers.

Our main finding—that blockchain adoption enhances manufacturer welfare—is supplemented
with several additional results that explain why the blockchain is helpful. The blockchain enters
our analysis in two ways. First, the blockchain enables the manufacturer to trace a defective good
to its batch. Accordingly, in the absence of blockchain, a single defective batch from a vendor
causes a recall of all goods, whereas, in the presence of blockchain, it causes a recall of only that
vendor’s batch. Second, the blockchain improves the accuracy of consumer signals. This latter
primitive reflects the fact that a blockchain can store various relevant details of the manufacturing
process, leading to a reduction in consumer information asymmetry regarding the manufacturer’s
type. Indeed, this is one of the critical factors in explaining why blockchain adoption increases
manufacturer welfare. A second critical factor is the manufacturer’s aversion to risk, and how
blockchain adoption enables the manufacturer to “avoid” the risk of recalling defective goods: with

the blockchain, the manufacturer has the ability to trace any defective good to the vendor who
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supplied it, which enables the manufacturer to fully diversify away individual vendor recall risks;
although the manufacturer still faces the same expected number of recalled goods, the distribution
becomes degenerate so that she faces no recall risk. This reduction in risk then enhances the
manufacturer’s welfare because she is a risk-averse agent. Most of the results in this chapter are
driven by both factors described above.

Elaborating on the theme of risk, it is important to note that without the blockchain, it is optimal
for a risk-averse manufacturer to specialize and procure goods from a single vendor; purchasing
from multiple vendors in the absence of blockchain strictly increases the number of recalled goods
since the manufacturer must recall all goods when any vendor produces a defective batch. In
contrast, when blockchain is adopted, the manufacturer recalls a batch of goods only if that batch is
defective; thus, increasing the number of vendors from which the manufacturer purchases does not
alter the expected number of recalled goods, but it does allow the manufacturer to fully diversify
away the risk that each vendor produces a defective batch. More formally, in the presence of
blockchain, the manufacturer orders an infinitesimal amount from each vendor; and, therefore,
faces a deterministic number of recalled goods but no recall risk. Since the manufacturer is risk
averse, this risk reduction enhances the manufacturer’s welfare. Moreover, there is a further,
indirect positive effect on manufacturer welfare: the risk reduction reduces the marginal cost of
the manufacturer, which increases her equilibrium sales volume. Accordingly, when blockchain is
adopted, the manufacturer optimally expands her sales volume (by adjusting her consumer price),
which leads to an increase in her expected profit and her overall welfare.

We now briefly discuss how the reduction in consumer information asymmetry enhances man-
ufacturer welfare. When the manufacturer adopts the blockchain, each consumer’s signal is more
likely to properly identify the manufacturer’s type. Consequently, if a consumer receives a signal
that aligns her type with the manufacturer, then she values the manufacturer’s good more so than in
the absence of blockchain because the signal is more informative than in the absence of blockchain.
In turn, the manufacturer reacts by raising the price charged to the consumer, thereby extracting

some of the increase in consumer surplus. We demonstrate that this consumer price increase leads
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to a higher expected profit and increased manufacturer welfare.

We also examine the effect of blockchain adoption upon vendor and consumer welfare. We
find that blockchain adoption has an ambiguous effect upon vendor welfare but unambiguously
increases consumer welfare. With regard to the former, blockchain adoption has an ambiguous
effect upon the price paid to vendors by the manufacturer and thus also an ambiguous effect upon
vendor welfare. With regard to the latter, blockchain adoption unambiguously increases consumer
welfare because it improves the consumer information environment, thereby enabling consumers
to improve decision-making.

This work is most closely related to Chapters 2 and 3, which also focus on the blockchain
adoption decision. This work differs from those two chapters though in that we consider a setting
in which the manufacturer possesses market power, whereas Chapters 2 and 3 study a setting in

which the manufacturing sector is perfectly competitive.

5.2 Model

We consider a static model consisting of infinitely many vendors, one manufacturer, and a unit
measure of consumers. At the outset of our model, the manufacturer selects a € {0, 1} where
a = 1 denotes the manufacturer adopting blockchain and @ = 0 denotes the manufacturer not
adopting blockchain. Thereafter, the manufacturer sets prices for consumers, and consumers make
purchasing decisions. The manufacturer fulfills consumer demand by supplying from vendors.

We put forth our model primitives in Section 5.2.1. We then specify equilibrium conditions
for the subgames arising from blockchain non-adoption (i.e., a = 0) and blockchain adoption
(i.e., a = 1) in Sections 5.2.2 and 5.2.3 respectively. We specify those subgames separately to
emphasize how blockchain’s presence affects the economic environment. Section 5.2.4 provides

model solutions.
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5.2.1 Model Primitives

Manufacturer

There exists a single manufacturer who possesses a type g which is equally likely to be A
or B. The manufacturer type impacts consumer utility, but it is unknown to consumers. Our
assumptions reflect situations in which consumers are poorly informed regarding the specific type
of a manufacturer (see, e.g., Poole and Baron 1996).

We assume that the manufacturer is risk averse and values her profits according to the following

utility function:
1-y

U(x) = f_y

(5.1)

where y € (0,1) denotes the level of risk aversion of the manufacturer. Note that U(x) is

a Constant Relative Risk Aversion (CRRA) utility function and therefore satisfies the standard

regularity conditions (i.e., U'(x) > 0, U”(x) < 0 and U(0) = 0). Moreover, lir% U(x) = x so that
y—=0*

the manufacturers becomes risk-neutral as y — 0*.
Consumers

There exists a unit mass of consumers k£ € [0, 1]. Each consumer k has a two-dimensional
type (vi, tx) € [0, H] X {A, B} where 0 < H < 1. We assume that v is drawn uniformly from the
interval [0, H], and #; is A or B with equal probability. Moreover, the utility Vi of a consumer of

type (vg, tx) from consuming a good from the manufacturer is given by:
Vk:vk-(f(q:tk)—f(q;&tk)) (5.2)

where 7 (-) is the indicator function that takes the value 1 if the argument is true and the value 0
otherwise. Note that consumer (v, tx) earns positive utility Vi > 0 if her type matches that of the
manufacturer (i.e., ¢ = ;) and negative utility otherwise. Our model thus reflects the heterogeneous

preferences of consumers in practice (see, e.g., Yiridoe et al. 2005 and Moser et al. 2011).
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Although consumers do not know the manufacturer’s type, each consumer has access to a
signal which provides information regarding the type of the manufacturer. Specifically, consumer
k € [0, 1] receives a random signal §; € {A, B}. In the absence of blockchain, this signal is

generated according to the following probability law:

5 3 o’ ifg=gq
PG =4 |q) = (5.3)
l-a ifd#gq

with @ € [%, 1) so that a signal does not fully reveal the manufacturer’s type but nonetheless allows
each consumer to possess some imperfect information regarding the manufacturer’s type.

The presence of the blockchain changes the information environment of the consumer: if the
manufacturer adopts the blockchain, then the signal observed by any consumer k € [0, 1] reveals
the manufacturer’s type with a higher probability. More precisely, when blockchain is adopted,

consumer k’s signal, §; € {A, B} is generated according to the following probability law:

P(Gr=qlq) = (5.4)

with ¢ € (0, 1 —a] representing the extent to which blockchain improves the accuracy of consumer
signals. This modeling choice reflects the fact that the blockchain stores all relevant aspects of
the manufacturing process and provides such information not only to manufacturers but also to
consumers.

We allow that each consumer may forgo purchasing from the manufacturer and instead avail
herself of an outside option which provides value zero. This outside option captures the opportunity
cost of purchasing from the manufacturer, and could reflect, for example, the utility from another

manufacturer that we do not explicitly model.
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Vendors

There exist countably infinite homogeneous vendors indexed by j € N, = {1,2,...}. Vendors
receive orders from the manufacturer to fulfill consumer demand. In turn, each vendor decides
whether to accept the order and a level of effort to exert if the order is accepted. Effort is costly for
the vendor, but it determines the probability that the vendor’s batch is defective. Defective batches
must be recalled, and neither the vendor nor the manufacturer earn revenues from recalled batches.

More formally, the batch produced by vendor j is assumed to be defective with probability
p(e;) € [0,1], where e; € [0,1] denotes vendor j’s effort choice. We let p(e;) = 1 — /ey,
implying p(e;) € [0, 1] for all e; and p’ < 0 so that a higher vendor effort induces a lower defect
probability. Exerting effort e; results in a per unit cost % to vendor j.

We assume that the manufacturer cannot expediently trace a defective unit to its batch in the
absence of blockchain. As a consequence, when the manufacturer does not adopt blockchain,
she recalls all vendor batches if she discovers any defects. This action represents precautionary
measure taken in practice. Moreover, it leads us to the second key difference from when blockchain
is adopted: if the manufacturer adopts the blockchain, every defective unit can be traced to the
appropriate vendor(s); in turn, the manufacturer recalls only the defective vendor batches when

blockchain is adopted. Our assumptions are consistent with practice as blockchain has been shown

to produce practically relevant reductions in tracing times.3
Timeline

Our model evolves over three periods indexed by ¢ = 0,1,2. At the beginning of period O,
consumers and the manufacturer learn their own types, and the manufacturer decides whether to
adopt the blockchain immediately thereafter. In the middle of period 0, the manufacturer sets her
price for consumers. At the end of period 0, each consumer observes a signal from the manufacturer
and then decides whether to purchase from the manufacturer or choose the outside option instead.

These decisions determine the demand of the manufacturer, s € [0, 1], where s represents the

3See, e.g., https://www.hyperledger.org/learn/publications/walmart-case-study which demon-
strates a reduction of tracing times from 7 days to 2.2 seconds.
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measure of consumers purchasing from the manufacturer and 1 — s represents the measure of
consumers selecting the outside option.

At the beginning of period 1, the manufacturer observes the consumer demand and places orders
with vendors to fulfill that demand. More precisely, the manufacturer selects a subset of vendors,
equally divides the demand over the chosen subset, and offers each of the chosen vendors the same
price. Since the vendors are homogeneous, choosing a subset of vendors is equivalent to choosing
the number of vendors n, and we can, without loss of generality, assume that the set of vendors is
{1,...,n}. Thereafter, each vendor that receives an offer chooses whether to accept the offer, and
then selects an effort level. Each vendor that receives and accepts the offer produces the goods and
sends them to the manufacturer. This completes period 1.

We assume that defects, if present, are detected at the beginning of period 2. Recall though that
defective units cannot be traced expediently in the absence of blockchain. As a consequence, all
batches are recalled if there exists any defect in the absence of blockchain, whereas only defective
batches are recalled if blockchain were adopted. Then, at the end of period 2, all units that are not
recalled are released to consumers, and pay-offs realize. Any consumer not having her order filled
due to a recall receives a full refund and incurs no utility. Moreover, vendors and the manufacturer

earn revenue only on goods that were not recalled.

5.2.2  Subgame Arising from Blockchain Non-Adoption (i.e., a = 0)

Since vendors are homogeneous, we restrict ourselves to examining equilibria in which vendors
act symmetrically. Accordingly, if the manufacturer makes vendor j an offer and vendor j accepts

and exerts effort e; then vendor j’s per unit expected profit is given by:

V(Poneje )= (1= ple- )™ (1= ple) - W= 2 (5.5)

——

Per Unit Expected Revenue Per Unit Cost

where ¥ > 0 denotes the price offered by the manufacturer, n € N, denotes the number of vendors

that receive an offer from the manufacturer, and e_; € [0, 1] denotes the symmetric effort choice of
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all other vendors. Note that (1 —p(e_ j))”_1 -(1—=p(e;)) corresponds to the probability that vendor
J’s batch is not recalled. This follows because, in the absence of blockchain, the manufacturer
cannot trace defects to the offending vendor and thus recalls all batches when any batch is defective.

We assume that a vendor receives zero pay-off if she rejects the manufacturer’s offer. Since
V(¥,n,0,e_;) =0foralle_; € [0, 1], we can, without loss of generality, assume that each vendor
receiving an offer from the manufacturer accepts that offer. Thus, the effort choice for each vendor

e;‘. (W,n) =e*(¥,n) € [0, 1] is given as the solution for the following fixed-point problem:

e’ (¥,n) :=argmax V(¥,n,e;,e"(¥,n)). (5.6)
ejE[O,l]

The manufacturer anticipates vendor effort choices. Therefore, independence of vendor defects

implies that the manufacturer’s expected utility is given by:

M(P,s5,¥,n) = (1 — p(e (W, n)))nxU((P—‘P)-s) (5.7)

No Defect Probability Utility If No Defect

where s > 0 denotes consumer demand for the manufacturer and U (x) is given by (5.1).

Recall that the manufacturer first sets the price P she charges consumers. Then, observing
consumer demand, she selects the number of vendors n to transact with, and the price she offers
those vendors. Therefore, the number of vendors n*(P) and the price ¥*(P) she offers these

vendors are given by:

(P*(P),n"(P)) := argmax M(P,s,¥,n) = argmax M(P,1,¥,n) (5.8)
¥>0,nelN, ¥>0,nelN,

where her choices are optimal conditional on all relevant and available information and thus depend
upon the price she previously set for the consumer, P > 0. The equality in (5.8) follows from the
fact that for CRRA functions U we have that argmax M(P,1,¥,n) = argmax M(P,s,¥,n)

¥>0,neN, ¥>0,nel,
holds for all s > 0. Thus, it follows that optimal (¥*(P),n*(P)) are independent of the consumer
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demand s.

The consumer base size s is determined endogenously. Specifically, consumers make purchase
decisions based on the manufacturer prices and observed signals. Recall that consumer k € [0, 1]
receives utility Vi if she purchases from the manufacturer but her knowledge of Vj is imperfect and
depends upon a signal, §; along with her own type, (vg, fx). Consequently, her expected pay-off

for purchasing from the manufacturer is:

n*(P)
C(Pvistidi) = (1=p(e(P)) X BIVi =P | vtk Gi] (5.9)

Conditional Expected Utility If No Defect

No Defect Probability

where the expectation is taken over the manufacturer’s type g and

¢*(P) = " (¥ (P),n"(P)). (5.10)

Recall that the consumer possesses an outside option which we normalize to zero. Consequently,
consumer k purchases from the manufacturer if and only if C(P, v, tx,Gx) > 0, and thus the

equilibrium consumer demand for the manufacturer, s*(P), is given by:

s"(P) == u({k : C(P,vi,tx, Gx) > 0}) (5.11)

with ¢ (S) denoting the measure of a set S C [0, 1] of consumers.
Finally, the manufacturer anticipates all future actions and therefore sets her price for consumers,

P*, according to:

P* = argmax M(P) (5.12)
P>0
where
M(P) := M(P,s*(P),¥Y*(P),n"(P)). (5.13)

Note that (5.6), (5.8), (5.11) and (5.12) provide equilibrium conditions for optimal behavior

conditional on arbitrary behavior beforehand. More formally, the solution to these equations
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correspond to a subgame perfect Nash equilibrium in which agents behave optimally in a subgame
even if that subgame is not on the equilibrium path of play. To ease the discussion of our results in
Section 5.3, we denote all actions on the equilibrium path of play when blockchain is not adopted

as follows:
e* = 6*(P*), T* = ‘P*(P*), n* = I’L*(P*), S* = S*(P*) (514)

5.2.3 Subgame Arising from Blockchain Adoption (i.e.,a = 1)

Since the blockchain enables the manufacturer to trace defects to the offending vendor, a generic
vendor’s objective function is not given by (5.5) when adoption occurs. Rather, vendor j’s per unit
expected profit is given by:

2l

VB(Y,n, ej,e_j)=(1-p(ej))-¥- >

(5.15)

where p(e ) corresponds to both the probability that vendor j’s batch is defective and the probability
that vendor j’s batch is recalled. Recall that blockchain enables the manufacturer to trace defects
to the offending vendor so that vendor j’s batch is recalled if and only if it is defective. In turn, the

symmetric vendor effort choice, ¢** (¥, n) € [0, 1], is given by:

e™ (¥, n) := arg max V2 (¥, n, ej, e (¥, n)). (5.16)
e_,E[O,l]

Note that we use the superscript ** to denote choices in the subgame arising from blockchain
being adopted. This distinguishes such choices from those in the subgame arising from blockchain
not being adopted. Recall, from Section 5.2.2, that we designated the latter with a superscript *.

Blockchain adoption entails an implementation cost, y > 0. Accordingly, when blockchain is

adopted, the manufacturer’s expected utility is given by:
ME(P, s, ¥, n) :]E[U((P—‘P) 2 -Ns)] —y (5.17)
n
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with N, denoting the number of batches that were not defective. Note the random variable N
that defines the demand when a = 1 satisfies Ny ~ Binomial(n, 1 — p(e**(¥))) with e**(¥) :=
e (Y, 1) = e (¥, n), where the equality follows from (5.16), and the definition of V% in (5.15).

In turn, the number of vendors n**(P) who receive an offer, and the offered price W**(P) are

given by:
(P (P),n**(P)) := argmax MZ(P,s,¥,n) = argmax MZ(P,1,¥,n) (5.18)
¥>0,neN, ¥>0,neN,

where the last equality follows for all s because the manufacturer utility U is CRRA.
Recall that blockchain adoption affects consumer demand by improving the accuracy of con-
sumer signals (see (5.4)). Accordingly, consumer k’s expected utility of purchasing from the

manufacturer is:
CB(P.viu14:41) = (1= p(e™ (P)) X E[Vi = P | vic 1G] (5.19)
where the expectation is taken over the manufacturer’s type ¢ and
e (P) := ™ (P™(P),n""(P)). (5.20)

Consumer k purchases from a manufacturer if and only if CZ(P, vy, tx, §x) > 0. Consequently,

consumer demand for the manufacturer, s**(P), is given by:
s (P) = p({k : C®(P,vi. 11, i) > 0}). (5.21)

The manufacturer anticipates all future actions when setting her price for consumers and

deciding whether to adopt blockchain. Consequently, the consumer price when blockchain is
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adopted, P**, is given explicitly by:

P** = argmax M2 (P) (5.22)
P>0
where
ME(P) .= MB(P,s**(P), ¥**(P), n**(P)). (5.23)

Note that (5.16), (5.18), (5.21) and (5.22) provide equilibrium conditions for optimal behavior
conditional on arbitrary behavior beforehand. More formally, the solution to these equations
correspond to a subgame perfect Nash equilibrium in which agents behave optimally in a subgame
even if that subgame is not on the equilibrium path of play. To ease the discussion of our results
in Section 5.3, we denote all actions on the equilibrium path of play if blockchain is adopted as

follows:

5.2.4 Model Solution

When blockchain is not adopted, the subgame perfect Nash equilibrium is given explicitly as

follows:

Proposition 5.2.1 (Solution when Blockchain is not Adopted).

1. Each vendor’s effort choice is given as follows:

P2 if¥<landn=1
0 ifY<landn>1
e’ (W,n) =11 ifY>1landn=1
1or0 ifY>1landn=2
1 or ¥~ or 0 ifY>1landn > 2
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II. The number of vendors from which the manufacturer buys, and the price that she offers those

vendors, are given as follows:

P .

5— lfP<2—’)/
. Y*(P) = 2y

1 ifP>2-y

e n*(P)=1

II1. Consumer demand for the manufacturer is given by:

! P
3 (1 - (2a—1)H) /A R oy 1 l)H 20

if 1 — =L < 0

s*(P) =

o

1V. The manufacturer price for consumers is given as follows:

}“:%%QQ—DH

In turn, Corollary 5.2.2 provides all solutions on the path of play if blockchain is not adopted:

Corollary 5.2.2 (Equilibrium Actions in the Absence of Blockchain).

2
I. Each vendor’s effort choice is given by e* = ((zgl__zliH) .

II. The number of vendors from which the manufacturer buys, and the price that she offers those

vendors, are given by ¥* = (2§x:217)H and n* = 1.

IIl. Consumer demand for the manufacturer is given by s* = 61__—47'7.

1V. The manufacturer price for consumers is given by P* = %(2& - 1)H.

Equilibrium solutions differ when blockchain is adopted. In particular, the subgame perfect

Nash equilibrium, when blockchain is adopted, is given as follows:
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Proposition 5.2.3 (Solution when Blockchain is Adopted).

I. Each vendor’s effort choice is given as follows:

P2 P <1
e (¥,n) =
1 fP>1

II. The number of vendors from which the manufacturer buys and the price that she offers those

vendors are given as follows:

ifP <2

[S]lav]

° \P**(P) —
ifP>2

—

« 0" (P) = oo

III. Consumer demand for the manufacturer is given by:

i P - P
3 (1 - (2(a+6)—l)H) 1= Gars—nm 20

, P
if 1 - Gareona <0

o

1V. The manufacturer price for consumers is given as follows:

P =32(a+6)- DH
As a consequence, Corollary 5.2.4 provides solutions on the path of play when blockchain is

adopted:
Corollary 5.2.4 (Equilibrium Actions when Blockchain is Adopted).

2
, L e _ [ (2(a+6)-D)H
1. Each vendor’s effort choice is given by e** = (f) .
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II. The number of vendors from which the manufacturer buys, and the price that she offers those

= —(Z(M?_])H and n** = oo,

vendors, are given by ¥**

. . we _ 1
IIl. Consumer demand for the manufacturer is given by s™ = ¢.

IV. The manufacturer price for consumers is given by P** = %(2(& +0) - 1)H.

The manufacturer anticipates outcomes arising from her adoption decision so that she imple-

ments blockchain if and only if it enhances her overall utility:
a=1e= M2(P™) > M(PY). (5.25)

Let IT*™ denote the profit of the manufacturer (excluding the adoption cost) when she adopts
blockchain and IT* denote the profit of the manufacturer when she does not adopt blockchain.
Then, the latter condition is equivalent to requiring that the incremental utility Q := E[U(IT*")] -
E[U(IT*)] associated with manufacturer profits exceeds the manufacturer’s adoption cost, y. More

formally, the following equivalence holds:
MB(P™) > M(P") = Q> y (5.26)

and thus we have the following result:
Proposition 5.2.5 (Endogenous Adoption Decision).
In equilibrium, the manufacturer’s adoption decision is given as follows:

a:I(QZ)(),

where the incremental utility Q := E[U(IT**)] — E{U(I1")] is given explicitly by:

(Qa+0) = DHE> (1=

(A=psa (G -2y 2T DH]*.

Q=
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5.3 Blockchain Adoption and Manufacturer Welfare

Our first result establishes that blockchain adoption always increases manufacturer welfare when
adoption costs are zero. As a consequence, blockchain adoption is generic for sufficiently small

adoption costs:

Proposition 5.3.1 (Blockchain Adoption in Equilibrium).
The manufacturer’s incremental utility from blockchain adoption due to a change in profits, Q :=
E[U(IT*™)]-E[U(IT*)], is always strictly positive (i.e., Q > 0). Consequently, blockchain adoption

arises in equilibrium for sufficiently small adoption costs, i.e., a = 1 when 0 < y < Q.

We emphasize that the finding of Proposition 5.3.1, Q > 0, does not apply to arbitrary market
settings. More precisely, two results in Chapters 2 and 3 demonstrate that Q& = O when the
manufacturing sector is competitive, and thus, blockchain adoption does not arise in equilibrium

in that setting. To better understand how blockchain adoption arises in our setting, define

® := U(E[IT™]) — U(E[IT]). (5.27)

Recall that IT* denotes the manufacturer profit in the absence of blockchain and IT** denotes
the manufacturer profit (excluding the adoption cost) in the presence of blockchain. Thus, ®
corresponds to the incremental utility gain due to endogenous changes in the manufacturer’s

expected profit. In Section 5.3.2, we establish that @ > 0. Let

2=Q-. (5.28)

Then, by definition, ® + X = Q, and X corresponds to incremental utility gain due to the reduction
in the risk of the manufacturer’s random profit. In Section 5.3.1 we establish that ¥ > 0. Thus,

establishing that the incremental gain Q results from a strictly positive increase in the manufacturer’s
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expected profit and a strictly positive reduction in the manufacturer’s risk. We also discuss the

underlying economic channels that generate ¥ and ®.

5.3.1 Manufacturer Profit Risk Reduction =

The information on the blockchain results in the manufacturer endogenously diversifying across
all vendors, and thereby, driving the variance of the profit to zero. Since the manufacturer is
risk averse, the aforementioned reduced risk increases her utility and thereby enables blockchain

adoption for sufficiently small adoption costs. We formalize this insight in the following result:

Proposition 5.3.2 (Manufacturer Diversification Benefits).

Let © := U(E[IT*]) — U(E[IT*]) and X := Q — ®. Then the following results hold:

1. Blockchain Endogenously Generates Vendor Diversification

n*=o00>n"=1.

2. Blockchain Endogenously Generates Reduction In Profit Variance

Var[IT*] =0 < Var[IT*].

3. Diversification Benefits Are Always Strictly Positive But Vanish Without Risk Aversion

2 >0but lim £ =0.
y—0*

Proposition 5.3.2.1 establishes that the presence of the blockchain results in the manufacturer
changing from purchasing from a single vendor (i.e., n* = 1) to purchasing from infinitely many
vendors (i.e., n** = oo0). This effect arises endogenously because the blockchain enables the
manufacturer to trace a defective item to the responsible vendor, thereby, allowing a targeted recall
of only defective items. Without blockchain, the manufacturer cannot trace defective items and
thus recalls all items whenever a single defect is detected. As a consequence, without blockchain,
the manufacturer endogenously specializes to a single vendor (n* = 1) in order to reduce the
recall probability. In contrast, with blockchain, only defective items are recalled even when the

manufacturer purchases from multiple vendors. Thus, since purchasing from many vendors does
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not increase recall probabilities but does reduce risk, the manufacturer optimally diversifies away
all recall risks by splitting her order over infinitely many vendors (i.e., n** = o).

Since consumers are infinitesimal, the manufacturer faces no aggregate risk from consumer
demand. Rather, the manufacturer’s profit variance arises entirely from the risk of vendor defects,
which implies a distribution for the number of recalled goods, and thus, a distribution for profit.
Since, the manufacturer splits her order over infinitely many vendors when blockchain is adopted,
the distribution of defective goods received from vendors becomes degenerate, and thus, so too
does the distribution of the number of recalled goods. In turn, in the presence of blockchain,
the manufacturer profit also becomes degenerate, and she therefore incurs no profit variance (i.e.,
Var[IT**] = 0). In contrast, without blockchain, the manufacturer orders from a single vendor,
and she is, therefore, exposed to the risk that her chosen vendor sends her a defective batch (i.e.,
Var[I1*] > 0). Proposition 5.3.2.2 formalizes this.

The manufacturer always gains from the discussed risk reduction (i.e., ¥ > 0) because the
manufacturer is risk averse (i.e., y > 0). In fact, the manufacturer’s gain due to risk reduction

vanishes without risk aversion (i.e., lirgl+ > = 0), as demonstrated by Proposition 5.3.2.3.
’y—)

5.3.2 Manufacturer Expected Profit Gains @

Blockchain adoption not only reduces the manufacturer’s risk but also increases the manufac-
turer’s expected profit. The increase in expected profits arises endogenously due to the manufac-
turer’s risk aversion (i.e., y > 0) and the blockchain’s ability to ameliorate consumer information

asymmetry (i.e., 0 > 0). We clarify these findings with our next result:

Proposition 5.3.3 (Expected Profit Gains).
Let @ := U(E[IT™*]) — U(E[IT*]). Then, the following results hold:

1. Blockchain Endogenously Enhances Expected Profits

E[IT**] > E[IT*] and thus ® > 0.
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2. Expected Profit Gains Vanish Without Risk Aversion And Without Information Asymmetry Reduction

. E[IT*] _
7}51510+ T 1 and thus hm0 b =0.

3. Expected Profit Gains Do Not Vanish With Risk Aversion But Without Information Asymmetry Reduction

For fixedy > 0 : hm E[[I;I ]] > 1 and thus hn(} D > 0.

4. Expected Profit Gains Do Not Vanish Without Risk Aversion But With Information Asymmetry Reduction

For fixed § > 02 lim ] > 1 and thus lim @ > 0.
y—0*

y—0*

Proposition 5.3.3.1 establishes that the manufacturer’s expected profit always increases with
blockchain adoption so that @ > 0. This increase in expected profits under blockchain adoption
arises due to two factors: the manufacturer’s risk aversion (i.e., y > 0), and the blockchain reducing
information asymmetry (i.e., 6 > 0). Propositions 5.3.3.2 - 5.3.3.4 formalize that point, establishing
that the two factors are jointly necessary and separately sufficient for blockchain adoption to generate
increased expected profit for the manufacturer.

The following result further elaborates on how the manufacturer’s risk aversion y > 0, and
the information asymmetry reduction ¢ > 0 interact to generate increased expected profits from

blockchain adoption.

Proposition 5.3.4 (Determinants of Increased Expected Profits).

The manufacturer’s expected profit in the presence of blockchain is given as follows:

E[T™] = fu(y) - gu(a, o) - E[IT"]

where fr1(y) and gri(a, ) separate the effect of manufacturer risk aversion, y > 0, from that of

the information asymmetry reduction, 6 > 0. More explicitly:

13- 2y)3 B 26
fu(y) = (- gn(a,é)—(1+2a_1)-

Moreover, the following results hold:
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1. Manufacturer Risk Aversion Puts Upward Pressure On Expected Profits

fi(y) > 1 and % > 0.

2. Information Asymmetry Reduction Puts Upward Pressure On Expected Profits

gn(a,6) > 1 and 6(%“ > 0.

Proposition 5.3.4 establishes that the proportional change in the manufacturer’s expected profits

with and without blockchain, %, decomposes into two multiplicative terms: fi1(y) and gri(a, 9).
Those two multiplicative terms separate the effects of the manufacturer’s risk aversion y and the
information asymmetry reduction §. Note that fi1(y)-gr(a@, ) > lisequivalentto E[IT**] > E[IT*]
so that frj(y) - gri(a@, 6) > 1 implies that blockchain adoption increases expected profits. Next, we
consider the study the effects of the manufacturer’s risk aversion y and the information asymmetry
reduction § separately. Since fi1(0) = gn(@,0) = 1, E[IT™] = fi1(y) - E[IT*] when there is no
information asymmetry reduction 6§ = 0, and E[IT**] = g(a, 6) - E[IT*] when the manufacturer
is risk neutral i.e., v = 0. Consequently, in examining each factor separately, we say that the
manufacturer’s risk aversion puts upward (downward) pressure on expected profits in the presence
of blockchain if fij(y) > 1 (fri(y) < 1). Similarly, we say that the reduction in information
asymmetry puts upward (downward) pressure on expected profits in the presence of blockchain if
g(a,0) > 1(g(a,0) < 1). Inthat context, Proposition 5.3.4 establishes that both the manufacturer’s
risk aversion, y, and the reduction in information asymmetry, 6, put upward pressure on expected
profits in the presence of blockchain. Additionally, this upward pressure augments as manufacturer

risk aversion increases (i.e., d%‘ > 0) and as information asymmetry reduction increases (i.e.,

dgn
b6 > 0)
While the manufacturer’s risk aversion and the reduction of information asymmetry both lead

to higher expected profits for the manufacturer when blockchain is adopted, these channels operate

in qualitatively different ways. We clarify that point with the following result:
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Proposition 5.3.5 (Consumer Demand and Consumer Prices).

Consumer demand in the presence of blockchain is given as follows:

3-2y
3-3y’

s7 = fs(y) - 57, with fi(y) =

Additionally, the consumer price in the presence of blockchain is given as follows:

P = fp(y) - gp(a,0) - P
where fp(y) and gp(a, 6) separate the effect of manufacturer risk aversion, y > 0, from that of the

information asymmetry reduction, 6 > 0. More explicitly:

6 — dy 26
, ,0) =1+ .
63, (@9 20— 1

fe(y) =

Moreover, the following results hold:

1. Blockchain Adoption Increases Demand But Has An Ambiguous Effect On Prices

Forall y,o6 : s™ > s* but there exist vy, : P*™ < P* and there existy,6 : P*™ > P*.

2. Risk Aversion Pressures Demand Upward But Prices Downward

£:(y) > Land % > 0, but fp(y) < 1 and 4= < 0.

3. Information Asymmetry Reduction Pressures Prices Upward

Foralla : gp(a,0) > 1 and 66%” > 0, but SS is independent of 6.

Proposition 5.3.5.1 establishes that blockchain adoption increases consumer demand (i.e., s** >
s*) but has an ambiguous effect on the consumer price (i.e., there exist y,d : P*™ < P* yet there
exist y,0 : P* > P*). Propositions 5.3.5.2 and 5.3.5.3 clarify these findings, explaining how
the manufacturer’s risk aversion and the information asymmetry reduction generate the results.
In particular, the manufacturer’s risk aversion puts upward pressure on consumer demand when

blockchain is adopted (i.e., f;(y) > 1) while information asymmetry reduction does not affect
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consumer demand when blockchain is adopted (i.e., ST does not depend upon ¢); thus, as noted,
blockchain adoption unambiguously increases consumer demand. In contrast, manufacturer risk
aversion and information asymmetry reduction have opposing effects on the consumer price, which
explains the aforementioned ambiguous effect of blockchain adoption on the consumer price.

The impact of the risk aversion effect is mediated by the risk associated with a recall and, when
the manufacturer is exposed to such risk, she compensates by selling to fewer consumers, which
reduces her overall profit risk. Recall that, as discussed in Section 5.3.1, the manufacturer faces a
recall risk only in the absence of blockchain because the blockchain enables the manufacturer to
achieve zero profit variance. Consequently, by removing the recall risk, blockchain adoption leads
the manufacturer to increase her sales volume, which equals consumer demand in equilibrium.
Since the manufacturer has market power, the manufacturer’s consumer price determines consumer
demand. In turn, a higher consumer demand necessarily entails a lower consumer price. Thus, as
per Proposition 5.3.5.2, risk aversion puts upward pressure on consumer demand but downward
pressure on the consumer price.

The reduction in information asymmetry increases demand because it increases each con-
sumer’s utility from purchasing the manufacturer’s good. The manufacturer reacts to this increased
consumer utility by raising the consumer price to extract some of the consumer’s increased utility.
Note that, since the increased consumer utility results in an upward shift in the consumer demand
curve, an increase in the consumer price need not accompany a decrease in consumer demand.
More formally, from Proposition 5.2.3, the endogenous consumer demand curve in the presence of

blockchain is given as follows:

g (P)‘E(l_ (2(a+5)—1)H)‘ (5.29)

Note that a reduction in information asymmetry shifts the entire consumer demand curve upward
(i.e.,forall P : % > (). Thus, it is possible for blockchain adoption to generate a higher consumer

price without decreasing consumer demand. In fact, when blockchain is adopted, our results
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highlight that the partial effect of the information asymmetry reduction upon the manufacturer is
that the manufacturer increases her consumer price to the exact level of consumer demand without
blockchain (i.e., ST does not depend upon 8, but gp(a, d) > 1).

The described effects for the manufacturer’s risk aversion and the reduction in information
asymmetry become more pronounced if the manufacturer is more risk averse or if the reduction in
information asymmetry is larger respectively. More formally, Proposition 5.3.5.2 demonstrates that

higher risk aversion levels generate higher upward pressure on consumer demand when blockchain

is adopted (i.e., Z—];‘ > () and higher downward pressure on the consumer price when blockchain
is adopted (i.e., % < 0). Additionally, Proposition 5.3.5.3 establishes that a higher information

asymmetry reduction leads to higher upward pressure on the consumer price when blockchain is

adopted (i.e., c’%) > 0).

5.4 Vendor and Consumer Welfare

Both vendors and consumers are affected by blockchain adoption. We discuss the welfare

implications for each in Sections 5.4.1 and 5.4.2 respectively.

5.4.1 Vendor Welfare

We find that blockchain adoption has an ambiguous effect upon vendor welfare. More formally,

we define W{; and W";* as follows:

W, =V(¥,n" e e") - s, Wy = VB 0™, ™, ") - 5. (5.30)

Recall that V' corresponds to per unit vendor profit in the presence of blockchain, whereas V2
corresponds to per unit vendor profit in the presence of blockchain. Then, since overall vendor
sales equals consumer demand in equilibrium, Wy, therefore denotes vendor welfare in the absence
of blockchain and Wy;* denotes vendor welfare when blockchain is adopted. We relate W, and Wp*

via the following result:
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Proposition 5.4.1 (Vendor Welfare).
Vendor welfare Wy depends on the price ¥ paid to vendors by manufacturers and consumer
demand s as follows:

_ (\P*)Z gt

i (T**)Z . g
WV - 2 b) - - .

Wy =

Consequently, vendor welfare in the presence of blockchain is given as follows:

VS )2 & W
i s* Vv

Wy = (

and blockchain adoption has an ambiguous effect upon vendor welfare (i.e., there existy, o : Wi* <

W*

v and there exist y, 0 : Wy > Wy).

Proposition 5.4.1 establishes that vendor welfare depends positively upon both the price ¥ paid
to vendors and consumer demand s. As we discuss subsequently, the effect of blockchain adoption
upon the vendor price is ambiguous because blockchain adoption can increase or decrease the
vendor price; in turn, blockchain adoption has an ambiguous effect upon vendor welfare despite the
fact that blockchain adoption unambiguously increases consumer demand (see Proposition 5.3.5).

The effect of blockchain adoption upon the vendor price is summarized by the following result:
Proposition 5.4.2 (Vendor Price).
The vendor price in the presence of blockchain is given as follows:
" = fe(y) - gw(a,0) - ¥
where fy(y) and gy (a, §) separate the effect of manufacturer risk aversion, y > 0, from that of

the information asymmetry reduction, 6 > 0. More explicitly:

3-2y 26
= —", ,0)=1 .
Jo(y) 3 g(@,8) =1+ ——

Moreover, the following results hold:
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1. Blockchain Adoption Has An Ambiguous Effect On Vendor Price

There exist y, o : ¥ < W* and there exist y,6 : ¥ > ¥P*.

2. Risk Aversion Pressures Vendor Price Downward

fu(y) < 1and % <0.

3. Information Asymmetry Reduction Pressures Vendor Price Upward

gy(a,0) > 1 and aag—; > 0.

Proposition 5.4.2.1 highlights that blockchain adoption has an ambiguous effect on the vendor
price. This ambiguity arises because the manufacturer’s risk aversion and information asymmetry
reduction have opposing affects. In particular, Proposition 5.4.2.2 demonstrates that the former
exerts downward pressure (i.e., fig(y) < 1), whereas Proposition 5.4.2.3 demonstrates that the
latter exerts upward pressure (i.e., gy (@, d) > 1). Moreover, the referenced effects amplify as risk
aversion and information asymmetry reduction increase respectively (i.e., % < 0and %L(;" > 0).

The following result clarifies the impact of the manufacturer’s risk aversion and the information

asymmetry reduction on the vendor price:

Proposition 5.4.3 (Vendor Price and Consumer Price).

The vendor price and consumer price are related as follows:
¥ = h(y) - P7, P = h(0) - P
whereas the vendor effort level is given as follows:
¢* = (W2 = (h(y) - P*)?, e = (¥)2 = (h(0) - P™)>

where

hon = 5—

Note that % > 0 so that 0 < h(0) < h(y) < 1.
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Proposition 5.4.3 establishes that the manufacturer passes through a positive fraction of the
consumer price to the vendor (i.e., ‘};— = h(y) € [0, 1] and ‘1}3’— = h(0) € [0, 1]). This relationship
arises because the manufacturer’s forfeited revenue due to a defect is proportional to the consumer
price and thus an increase in the consumer price leads the manufacturer to increase her vendor price
in order to increase vendor effort and reduce the probability of forfeiting the associated revenue.
Proposition 5.4.3 formalizes this, and shows that the vendor price increases in the consumer price
and that optimal vendor effort also increases in the vendor price.

Note that the relative fraction which the manufacturer passes through to the vendor with and

h(0)

without blockchain is given by 0 Then, Proposition 5.3.5, together with Proposition 5.4.3,

implies that the vendor price in the presence of blockchain can be written as follows:

. h(0) P h(0)
ok _ . P = — . fp(y) - gp(a, ) P (5.31)
" Effectof ¢
Effect of y

Thus, (5.31) shows that the impact of information asymmetry reduction on the vendor price due to
blockchain adoption is mediated by its impact on consumer price. In particular, since information
asymmetry reduction pressures the consumer price upward when blockchain is adopted (i.e. ,
gp(a,0) > 1), it also pressures the vendor price upward when blockchain is adopted.

The impact of the manufacturer’s risk aversion on the vendor price arises for two reasons.
First, manufacturer risk aversion puts downward pressure on the consumer price when blockchain
is adopted (i.e., fp(y) < 1), and this effect is passed through to the vendor price. Second,
manufacturer risk aversion reduces the relative fraction that the manufacturer passes through to the
vendor from A4 (y) to £(0) when the blockchain is adopted because the manufacturer does not face
recall risk when blockchain is adopted, and thus, has a weaker incentive to induce higher vendor
effort as compared to the case without blockchain. Since these effects both pressure the vendor
price downward, the cumulative effect is that manufacturer risk aversion puts downward pressure

on the vendor price when blockchain is adopted as per Proposition 5.4.2.2.
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5.4.2 Consumer Welfare

We find that blockchain adoption unambiguously improves consumer welfare. More formally,

we define Wg and Wé* as follows:

Wé = / C,f du, Wé* = / C;:* du (5.32)
k:CZ>0 k:C;*>0
where
Ci =C(P",vi, tx, Gi), C* = CB(P™, vy, tr, i) (5.33)

so that C; denotes the equilibrium utility of consumer k if she purchases from the manufacturer in the
absence of blockchain and C;* denotes the equilibrium utility of consumer k if she purchases from
the manufacturer when blockchain is adopted. In turn, since u denotes the measure over consumers
and since consumers have access to an outside option that gives utility zero, W/. therefore denotes
consumer welfare in the absence of blockchain and W denotes consumer welfare when blockchain

is adopted. We relate W, and W /" via the following result:

Proposition 5.4.4 (Consumer Welfare).

Consumer welfare, W¢, in the presence of blockchain is given as follows:

We' = fwe (7) - gwe (@, 0) - We
where fw.(y) and gw.(a, ) separate the effect of manufacturer risk aversion, y > 0, from that of

the information asymmetry reduction, 6 > 0. More explicitly:

(3 -2y)3 26
NG ) 76 = 1
27(1—’)/)2 gWC(a, ) ( +2Cl’—1

ch(Y) = )2.

Moreover, the following results hold:

1. Blockchain Adoption Increases Consumer Welfare

skek *
WC > WC.
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2. Risk Aversion Pressures Consumer Welfare Upward

d
five(y) > Land T > o,

3. Information Asymmetry Reduction Pressures Consumer Welfare Upward
0

gwe(@,0) > 1 and

EWce
55— > 0.

Proposition 5.4.4 establishes that consumer welfare unambiguously increases with blockchain
adoption because of both the manufacturer’s risk aversion, y, and the information asymmetry
reduction, ¢. In particular, as per Propositions 5.4.4.2 and 5.4.4.3, both the manufacturer’s risk
aversion and the information asymmetry reduction put upward pressure on consumer welfare when
blockchain is adopted (i.e., fw.(y) > 1 and gw.(a,d) > 1). Moreover, those effects augment

with the manufacturer’s risk aversion and the information asymmetry reduction respectively (i.e.,

dfw,
dy

9gwe )

> 0 and 55

Consumer welfare increases due to the manufacturer’s risk aversion when blockchain is adopted
because, as discussed in Proposition 5.3.5.2, blockchain adoption leads a risk-averse manufacturer
to lower her consumer price. The lower consumer price, in turn, enhances consumer welfare.

The information asymmetry reduction enhances consumer welfare when blockchain is adopted
because it improves endogenous consumer decision-making. More precisely, when blockchain
is adopted, consumer signals regarding the manufacturer’s type become more accurate. In turn,

consumer decision-making improves and thus consumer welfare increases.
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Conclusion

This thesis demonstrates that the market structure is crucial in determining whether or not

blockchain adoption arises:

(a).

(b).

(c).

In the setting with perfect competition discussed in Chapters 2 and 3, blockchain adoption
does not arise in equilibrium due to a misalignment of the benefits and costs of blockchain
adoption. We show how adoption failures can be overcome by charging the consumers a fee

that serves as a transfer payment to the manufacturer.

When markets are not perfectly competitive, as in Chapter 4, blockchain has an ambiguous
effect upon manufacturer welfare. We demonstrate that there exist conditions under which,
although the blockchain improves global welfare, blockchain adoption does not arise in

equilibrium, resulting in an adoption failure.

In the monopolistic setting discussed in Chapter 5, blockchain adoption arises in equilibrium
when the adoption cost is sufficiently small. In particular, market power enables a manufac-
turer with market power to adjust prices, and thereby, extract some of gains that are accrued
to other supply chain participants, and thus makes blockchain adoption incentive compatible

for sufficiently small adoption costs. This result contrasts with that of Chapters 2 and 3.

Although we explored two most common types of market structures, namely perfect competition

and monopoly, other market organizations have been left for the future work. One example is on

oligopoly. The subtleties of this new context will have some influence, but based upon the findings
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we know for perfect competition and monopoly, it is fair to conjecture that the result for oligopoly
would lay somewhere in between. In an oligopolistic manufacturing sector, each manufacturer
possesses a certain market power but none of them dominates the entire market; as a consequence,
the manufacturer welfare in this case would be between zero and the monopolistic manufacturer
welfare. Allowing multiple products in the supply chain could be another direction that is worth
considering. This will expand our models and make the entire setting closer to the real world.
Despite the complexity introduced by multiple products, we expect that the market structure is still
the dominant factor in determining whether or not blockchain adoption arises. In summary, future
work would concern deeper analysis of other market structures and incorporating new features to

make the existing models richer.
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Appendix A: Chapter 2 Proofs for a = %

A.1 Main Proofs

Appendix A.1.2 provides proofs of all propositions stated in the body of Chapter 2. These
proofs rely on model solutions of prices, market shares and expected consumer utilities. We derive
the endogenous values of all such quantities in Proposition A.1.1, which is stated and proved in
Appendix A.1.1. Since cj, is linear and strictly increasing, we assume cj,(x) = yx with y > 0 in the

1

appendices. All proofs in this appendix assume a = % All the results are extended to a € [5,1)

in Appendix B.

A.1.1 Model Solutions

Recall that we assume the following regularity conditions on the cost functions ¢, and ¢; of the

high and low type vendors:

Assumption A.1.1. We assume that the cost function c;(x) = yx of the high type vendor and the

cost function ¢;(x) of the low type vendor satisfy the following regularity conditions:
1. ¢;(0) = c,(0) =0.
2. ¢y is convex with a strictly increasing derivative c;.
3. ¢)(0) <y < c;(G(%”“l - y)).

Proposition A.1.1. Define My, := {i : & = h}, M; = {i : & =1}, sp = Xijem, Si» and
81 = Yiiem, Si- The equilibrium prices, market shares, and expected consumer utilities under full

blockchain adoption, partial blockchain adoption, and blockchain non-adoption are as follows.
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1. Full Blockchain Adoption: PF = ¥I = ‘PIF = max{y — (h — [),0} for all i € M,
PlF = ‘PIF = ‘P}f ==y foralli € My, sf = (c;)_l(max{’y—(h—l),O}), sﬁ = G(H+h—7)—sf,

and wiyx = H+h—vy forall k € [0,1].

2. Partial Blockchain Adoption: Pf’ = ‘PiP = ‘PIP = max{y — (h —1[) — #,O} for all
i€M, PP =Y =W =y foralli e My, s¥ = (c)) " (max{y — (h = 1) - Z5£,0}),

sf;:G(H+h—y)—sf,andu,-(k)k:H+h—yf0rallk€ [0, 1].

3. Blockchain Non-Adoption: PlN = ‘I’IN = ‘PIN = ‘P/qu =y foralli € M, sfv = (c;)_l(y),

_ H+L+h+l

N = G(%””l -y) - sfv, and ujyx = 5+ =y forall k € [0,1].

Sh

Proof. For manufacturer i, once adoption decision a; is made, adoption cost y;a; becomes a sunk
cost and she is now in the subgame of choosing her consumer price P; and vendor price ¥;. In the
following, we look for a symmetric equilibrium where the vendor prices of the manufacturers of

the same vertical type are the same, i.e., ¥; = ¥, for alli € M, and ¥; = ¥, for alli € M.

* Full Blockchain Adoption: Given the vendor price W, vendor & faces the following

optimization problem:

F. ¢ — . .
Gmax Wi ), o=y ) o

i:ieMy, i:ieMy,

st. 0< oy <s! foralli:ie M,

Therefore, the optimal fulfillment level o* = s¥ - 7 (¥} > y) forall i : i € Mj,. Since each
type h manufacturer faces an arbitrarily large cost for not fulfilling any consumer order and
thus wants to set ‘Pf to the lowest possible price such that o = le , it follows that ‘P; =7.

Given the vendor price ¥/, vendor [ faces the following decision problem:

{;1}21)‘441} P Z o — ¢ Z oy)

isieM, isieM,

st. 0 <oy <sf foralli:ie M,
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Define 0y := };.;epm, 0i- Then, the objective ‘PIF o7 — ¢;(oy) is strictly concave in o7, and the
first order condition tells us that its unconstrained maximum is attained at o = (c}) ™' (¥/).

Solongas W/ > ¢}(s]), the constrained maximum can be attained at o = 57 . Thus, because

’

¢

is strictly increasing, the lowest possible price such that o = sf satisfies ‘PIF = c;(sf ).

Under full blockchain adoption, consumers know each manufacturer’s type and will select

a manufacturer of her own type. For consumer k whose type is t;, we have that

H+h ifie My

H+1 ifieM,,
E[Vik | Fil = 5 ,

L+h ifie Mgy

L+1 ifie My,

where 7, € {A, B} is the other type that is different from t;. Type Ah (resp. type Bh)
manufacturers are competing for the market consisting of type A (resp. type B) consumers;
type Al (resp. type Bl) manufacturers are competing for the market consisting of type A
(resp. type B) consumers. Thus, we have four Bertrand games for type A#h, type Al, type Bh,
and type B/ manufacturers respectively. Due to price competition, manufacturer i will set her
consumer price P; to her cost (i.e., her vendor price) so that the other manufacturers of the
same type have no chance to undercut to obtain the entire market. Accordingly, PZ.F = ‘Pf for
alli € Mj, and PZF = ‘PIF for all i € M;. Define Pﬁ = ‘Pg and Pf = ‘PIF . Furthermore, type
Al (resp. type Bl) manufacturers are willing to lower their consumer prices to compete with
type Ah (resp. type Bh) manufacturers so that a type A (resp. type B) consumer is indifferent
between a type Al (resp. type Bl) manufacturer and a type Ah (resp. type Bh) manufacturer.
This gives us H + [ — Pf = H+ h — P} and thus P/ = P¥ — (h —I). It is possible that
even if a type Al (resp. type Bl) manufacturer sets her consumer price to zero, the expected
utility she provides to a type A (resp. type B) consumer is still lower than that provided by a

type Ah (resp. type Bh) manufacturer. Taking this situation into consideration, we have that
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Pf = max{P]f —(h-1),0}.

The final piece is the market share. From the above analysis, we know that consumer k
will always select a type & or type / manufacturer of her own type, and the corresponding
expected utility u;(gyx = H + h — PF . She will then compare u; k), to her outside option ¢y.

Consequently, we have that s} +s7 = P(u;xx = ¢x) = G(H +h — PY).

Combining all the above, we obtain the following system of equations:

¥y =7,
‘Pl —cl(s ),
Py =¥,
Pl =9,

Pf = maX{PZ —(h-1),0},

sy +sf =G(H+h-P}).
The solutions are

‘I’;:zy,
¥ = max{y — (h - 1),0},
sizG(H+h—y)—sf

= (¢)) N(max{y - (h - 1),0}).

The conditions in Assumption A.1.1 ensure a positive sh as cl(G(H+h y)) >c ( (M
y)) >y > max{y — (h —[),0}. It can be verified that the above solutions constitute a sepa-

rating equilibrium. In equilibrium type Ah (resp. type Bh, type Al, type Bl) manufacturers

F F
split the market share 2 (resp -, sz s 3 ) evenly.

 Partial Blockchain Adoption: Following the analysis we did for full blockchain adoption,
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we have that ‘Pf =y and ‘PIP = (c;)_1 (sf ). Under partial blockchain adoption, consumers
know which manufacturers are of type Ah and of type Bh since every type h manufacturer
joins the blockchain. Consequently, the consumers know that the remaining manufacturers
are all of type /, but they cannot distinguish the horizontal type (i.e., type A or type B) among

these manufacturers. Therefore, for consumer k whose type is t;, we have that

H+h ifi € My,

ElVik | il =YL+h  ifie Mz, -

HL ] ifieM

where 7; € {A, B} is the other type that is different from #;. Similarly, we have three Bertrand
games here: type Ah (resp. type Bh) manufacturers are competing for the market consisting
of type A (resp. type B) consumers, and all type / manufacturers are competing for the
entire market. The equilibrium consumer price for manufacturer i in the subgame is equal
to her cost (i.e., her vendor price), so P¥' = W} for all i € M, and P/ = ¥} for all i € M.
Define P; = ‘P,’; and Pf = ‘PlP . Furthermore, type / manufacturers are willing to lower
their consumer prices to compete with type £ manufacturers so that a type A (resp. type
B) consumer is indifferent between a type / manufacturer and a type Ah (resp. type Bh)
H+L

manufacturer. This gives us == + 1/ — Pf =H+h- Pﬁ . Performing the adjustment we did

for P in full blockchain adoption, we have that P = max{P} — (h — 1) - Z5£,0}.

The final piece is the market share. From the above analysis, we know that consumer k
will always select a type 7 manufacturer of her own type or a type / manufacturer, and the
corresponding expected utility ;) = H + h — Pﬁ . She will then compare u;(;)x to her

outside option ¢;. Consequently, we have that s + s = P(ujx > ¢x) = G(H +h— P}).
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Combining all the above, we obtain the following system of equations:

‘I’f:y,

P P
¥ =c(s)),

P P
Ph :\I‘h,
P P
Pl :\Pl,
H-L
Pf:max{Pg—(h—Z)—T,O},
s£+sf:G(H+h—Pf).
The solutions are
‘I‘f:y,
H-L
¥ = max{y - (h - 1) - =0},
ssz(H+h—y)—sf,
o H-L
st = () N(max{y - (h - 1) - T,o}).

The conditions in Assumption A.l.1 guarantee a positive sﬁ as c;(G(H + h - y)) >
c;(G(%”’” - y)) >y > max{y — (h — [) - Z5£,0}. It can be verified that the above
solutions constitute a separating equilibrium. In equilibrium, type Ak (resp. type Bh, type

P P
) manufacturers split the market share %’7 (resp. 57”, sf ) evenly.

Blockchain Non-Adoption: Following the analysis we did for full blockchain adoption, we

have that W% = y and WV = (¢))"!(s)). Since @ = 3, type signals are uninformative;
therefore, P(q; = t; | Fx) = P(& = h | Fi) = % forall i € M and k € [0,1], ie.
the manufacturers are indistinguishable from the consumers’ perspective. Consequently,

consumers will randomly choose from the set of manufacturers with the lowest price. Due

to price competition, all manufacturers will charge exactly the same price, and this price
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will equal the cost, i.e., PlN = P;lv = ‘P}IZV for alli € My, PIN = P;V = ‘I’IN for alli € M,,
and P) = PV. A separating equilibrium with P # P is impossible here because a type /
manufacturer can mimick the type 7 manufacturer at no cost in the absence of blockchain,

which results in a profitable deviation. Note that u;; = % + % - PlN = %””l - PhN for all

i € M and k € [0, 1]. Thus, the market share s + sV = P(u;0) > ¢x) = G(ZLH — pV),

Combining all the above, we obtain the following system of equations:

‘I’,]:]:y,

N N
lP[ = C;(S[ )’

N _ wN
Py =Y,
N N
P’ =Y/,
N N
Py =P/,

H+L+h+l_PN

sl}:j+s§V:G( 2 n)-

The solutions are

‘I’;:]:y,
lPIN:'y,
H+L+h+1
S T L S

2
sp = (e~ ).

The conditions in Assumption A.1.1 ensure a positive sl}:’ . It can be verified that the above
solutions constitute a pooling equilibrium. In equilibrium, type & (resp. type /) manufacturers

split the market share s (resp. sV) evenly.
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A.1.2  Proofs of Propositions Stated in Chapter 2

Proof of Proposition 2.3.1. Recall that G denotes the cumulative distribution function of the outside
option ¢ and is supported on [0, +c0). Let p(v) denote the corresponding probability density
function, which is also defined on [0, +c0).

fx+°° vp(v)dv. Since f](x) = G(x) > 0 for all x > 0, fi(x) is strictly increasing in x on [0, +00).

By (2.12) and Proposition A.1.1, we have that

1
Wg :/ E[max{max u;, ¢r}]| dk
0 ieM

=E[max{H +h -y, ¢r }]

=E[H+h-y|H+h—y 2 ¢ JP(H+h—7y > ¢r) +E[¢pr |H+h—y < ¢ ]JP(H+h—7y < ¢y)

+00

:(H+h—y)G(H+h—y)+/ vp(v) dv

= fitH+h—vy).

Similarly,

and

H+h—y

1
WE = [ Blmaxtma . 6c)) di
=E[max{H +h -, ¢r}]

=fi(H+h-vy)

1
chv :/ E[max{max u;, ¢« }] dk
0 ieEM

H+L+h+1
:E[max{%

H+L+h+1
2

=% ¢k}]

= fi( ).
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Note that H > L and h > [. It readily follows that Wg > Wg > Wé\’ since fi(x) is strictly

increasing. L
Proof of Proposition 2.3.2. Proposition 2.3.2 directly follows from Proposition A.1.1.

* Expected Utility Per Consumer: By Proposition A.1.1 and the definition of u, we get that

ul =H+h-vy,
uP:H+h—y,

v H+L+h+l
e

Since H > Land h > 1, uf > u? > u" follows.

« Consumer Demand: By Proposition A.1.1, s = s/ +sf = G(H+h-7y),s" =sh +sf =
G(H +h—1y), and sV = sﬁlv + sfv = G(%”’” —v). Since G is increasing, we have that
sF>sP > N,

O

Proof of Proposition 2.3.3. By Proposition A.1.1, each manufacturer has zero expected profit in
the subgame because of price competition, regardless of the level of blockchain adoption. It follows
that Wy = 0 — X e Xi@is SO WAIfI = — DiieM Xis WAIZ = — Xiiem, Xi> and WA’Z = 0. We can see that
Wi < Wi < Wi O
Proof of Proposition 2.3.4. Define an auxiliary function f>(x) := ¢}(x) -x —c;(x). Then, f2(0) =0
and f;(x) = ¢/(x) -x > 0 for all x > 0, so f>(x) is strictly increasing in x on [0, +c0). By (2.10)

and Proposition A.1.1, we have that

W‘f:(‘P;-s,f—y-s}f)+(‘lflp-sf—cl(sf))
:0+(c;(sf)-sf—cl(sf))

= fo(s]).
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Similarly, W‘I,J = fz(sf ) and W{)’ = fz(s§V ). Since (c;)_1 is strictly increasing, by Proposition A.1.1,
sf = ()~ (max{y = (h=1),0}) < ()™ (7) = s} and 5] = (e)) ™ (max{y - (h-1) - 5L 0}) <
(¢)7H(y) = s} hold. Therefore, W) = fo(s]) < fa(s)) = W) and W), = fo(s]) < fa(s)) =
wl. O

Proof of Proposition 2.3.5. By Proposition A.1.1, we know that ‘PIF = c;(sf), ‘I’IP = c;(sf), and

‘PZN = c;(sfv ). Since c; is strictly increasing and we have shown in the proof of Proposition 2.3.4

that sf < sfv and sf < sfv , it immediately follows that ‘I‘IF < ‘I’IN and ‘PIP < ‘PIN . 0

Proof of Proposition 2.3.6. By (2.13), Proposition 2.3.1, Proposition 2.3.3, and Proposition 2.3.4,

we have that

wt = wh+wl+w},
= AH+h=-9)+H6) - D x
iiieM
= fiA+L+h=y)+f(s)) = D X
i:ieM
WP o= WE+W) +wy,

= fiH+h=7)+ ()= D x

iieM,,
= fA+L+h=y)+fls)) = ) X
iieM,,
N N N N
W= We + W, + Wy,
H+L+h+!1
= fl(f—7)+f2(sfv)+0
A h+1
= f1(§+L+T—7)+f2(SfV)-

View L as a fixed parameter and allow A to vary. Since fi(x) is strictly increasing, W', W and WV
all strictly increase in A. W decreases in Y;.;c), x; and is strictly smaller than W for sufficiently

large Y;.;cps xi- The same argument applies to W¥.
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Note that

h+1
Wp—Wy = (fl(A+L+h_7) —fl(%+L+T+—7)) + (fz(Sf) - fs) - Z Xi)-
i:ieM

By Proposition A.1.1, s = (¢))~'(y). Thus, the second term of Wr — Wy, fa(s]) — fo(s)) —

Ziiem Xi = f2(0) — fZ(SfV) - DiieM Xi = —fz((C;)_l()’)) — Disiem Xi- Fixing parameter y and

adoption costs y; : i € M,

o(WF —wh) 1 A h+1
— 2 =GA+L+h-y)-=G(=+L+— —
A (A+L+ 7)2(2++2’y)
1
ZG(A+L+h—7)—§.

. F_ywN
Because limp 100 G(A+ L+ h—7y) =1, % Z

zlt when A is large enough. This implies that
lima— 400 WF' = WY = 400 no matter how large fz((c;)_l(y)) and Y;.;c) xi are, meaning that W'
strictly exceeds W" for sufficiently large A. Applying a similar argument, we can also show that
WP strictly exceeds WY for sufficiently large A.

WE — WV (resp. WP — W¥) is negative for sufficiently high adoption costs and positive for

sufficiently large A, so blockchain adoption has ambiguous effects on global welfare. 0

Proof of Proposition 2.3.7. By Proposition A.1.1, a type h manufacturer i (i.e., i € Mj) adopts
the blockchain and receives zero expected profit in the subgame due to price competition, i.e.,
I1(1,a-;) = 0, under blockchain adoption (either full or partial). Hence, her expected profit for
adopting the blockchain is 0 — y; = —);. However, if she chooses not to adopt the blockchain,
then her expected profit is always non-negative, which is better than —y;. Thus, with blockchain
adoption (either full or partial), manufacturer i has incentive to deviate so there does not exist an

equilibrium. 0

Proof of Proposition 2.3.8. Proposition 2.3.6 tells us that full blockchain adoption is welfare-
enhancing for sufficiently large A. However, by Proposition 2.3.7, there does not exist an equilibrium

with full blockchain adoption. Hence, an adoption failure arises by definition. 0
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Proof of Proposition 2.3.9. Recall that G denotes the cumulative distribution function of the outside

option ¢, of consumer k. We consider the system of transfers where 7; = y; for all i € M, and

_ DiieM Xi
K="GCw

exists ¢ such that by = 1 if and only if ¢, < ¢ and thus u, = u({k : by = 1}) = P(¢r < ¢) = G(9).

, where ¢ is to be determined. We will first show that for all sufficiently large A, there
Since k-, = % -G (P) = Yiiem Xi = 2i-iem Ti» it follows that the system of transfers specified
above is self-financing. Next, we will show that {a; = 1,P; = ¥; = y}iem, U{a; = 1,P; = ¥; =
max{y — (h —[),0}}iep, can be sustained as an equilibrium under such a system of transfers.
Thereby, full blockchain adoption arises in equilibrium and the adoption failure is resolved.
Suppose a; = 1 foralli e M, P, = ¥; =¥, :=yforalli € My, and P, = ¥; = ¥ :=
max{y — (h—1),0} for all i € M;. Consumers are now in the subgame of making the b; decision.

The generic consumer k solves the following optimization problem:

b ) 5 = Ebk ik > - b )
b,fgﬁ)ﬁ}g( k> P &) [max{rl%%( Uik, dr} — kb | Gil

where consumer k’s information set is given by Gy = o (tk, ¢, {ai, Pi}iem). When by = 1,
1.e. consumer k has access to the information on the blockchain, the result in Proposition A.1.1

regarding the full adoption case implies that max uix = H+h—-vy=A+L+h-"y. Therefore,
I4S]

g(1,¢1;¢) =E! [max{max uic, ¢x} - «bi | Gi]

Zi:ieM Xi

:max{A+L+h—y, ¢k}_T¢).

When by = 0, consumer k opts to forgo access to the information on the blockchain. Here, the case
is a bit different from the non-adoption case: since P; =y foralli € My, P; = max{y — (h—1),0}
for all i € M, and y # max{y — (h — [),0}, the consumers are able to distinguish the vertically
differentiated type (i.e., type & or type /) among the manufacturers, but they cannot distinguish the

horizontally differentiated type (i.e., type A or type B) among the manufacturers. Accordingly,
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maxuik:%+h—7:%+L+h—y. Therefore,

ieM

8(0,¢r;0) = Eo[max{flré%} Uik, ¢r} — kbi | Gil

A
= max{E +L+h—-vy, ¢r}.
Consumer k chooses to gain access to the information on the blockchain, i.e. by = 1, if and only if

h(gr; @) = g(1, s ¢) — g(0, dr;¢) > 0.

By Lemma A.2.1(b) in Appendix A.2, it follows that there exists ¢* € [0, +c0) such that h(¢*; ¢*) =
Oand h(¢y; ¢*) = Oifandonlyif ¢y < ¢*. Thus, by = 1 ifandonlyif ¢; < ¢* is an optimal decision
rule for all consumers. Since measure u, of the consumers who pay the fee « to gain access to the
information on the blockchain satisfies p, = u({k : by = 1}) = P(¢x < ¢*) = G(¢*), it follows
that the payment collected from the consumers is « - y, = % cG(P") = Diiem Xi = Diviem Tis
indicating that the system of transfers is self-financing.

Note that ¢* < A+ L+ h —7 according to the proof of Lemma A.2.1(b). When b; = 1, we have
that oy < ¢* < A+L+h—vy= rlrgl} u;; holds and thus all the consumers that choose b; = 1 will
purchase from a manufacturer rather than taking the outside option. Similarly, when by = 0, we
have that ¢, > ¢* > % +L+h-y= rlré%;( u;r and thus all the consumers that choose b; = 0 will

take the outside option. Following the analysis we did for full blockchain adoption in Proposition

A.1.1, we can obtain the following system of equations to derive the market shares s;, and s; under
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the system of transfers:

Y=,

¥, = c;(s1),
Py =¥,
P =Y,

P =max{P), - (h -1),0},

sp+5=G(¢").

Next, we take one step back to the stage where manufacturers make their adoption and pricing
decisions. Fix i and suppose a; = 1 forall j € M\ {i}, P, =¥, = ¥ forall j € M, \ {i},
and P; = ¥; =¥, for all j € M;\ {i}. For manufacturer i, if she adopts the blockchain, then
she obviously has no incentive to increase her vendor price ¥; = W¢,; she also has no incentive
to lower ¥; = W¢, because that results in under-fulfilling her consumer order. Additionally, she
has no incentive to change her consumer price from P; = W¢, because of price competition. Her
expected profit is zero in this case since P; = ¥; and the transfer 7; = y; just covers her adoption
cost y;. If she does not adopt the blockchain, the consumers still know her type as she is the only
manufacturer that is not on the blockchain. She makes her pricing decisions P; and ¥; as if she
joins the blockchain. Consequently, her consumer price P; remains equal to her vendor price ¥; in
this case. This implies that her expected profit from not adopting the blockchain is zero as well,
so she has no incentive to deviate from adopting the blockchain. To conclude, manufacturer i has
no incentive to deviate from the adoption decision a; = 1 and the pricing decisions P; = ¥; = ¥¢,.

This completes the proof. ]

A.2 Supplementary Lemma and Example

Lemma A.2.1. The function h(¢y; @) = g(1, ¢x; @) — g(0, ¢i; @) has the following properties.

116



(a). h(py; @) is continuous and weakly decreasing in ¢y on [0, +0).

(b). For all sufficiently large A, there exists ¢* € [0, +00) such that h(¢p*; ¢*) = 0 and h(dy; ¢*) =
0 if and only if ¢ < ¢*. Therefore, by = 1 if and only if ¢ < ¢*. Moreover, ¢* is not

necessarily unique with a general cumulative distribution function G.

Proof. By definition,

h(¢i: ¢) = g(1, ¢ #) — 8(0, i @)
=max{A+L+h-vy, ¢k}—%—max{§+L+h—y, o1}

Each term of it is continuous in ¢; on [0, +0), so h(¢py; @) as a function of ¢ is continuous
on [0, +c0). Depending on how large A is, there are three cases, each of which we subsequently

examine separately: $+L+h—y > 0,5+L+h—y <0butA+L+h—y >0,and A+L+h—y <O0.

Consider the following three cases:

(. 3+L+h-y>0
In this case, we can partition [0, +00) into three intervals [0, % +L+h-v], (% + L+

h—y,A+L+h—vy],and (A+ L+ h—y,+). h(¢y;$) as a function of ¢, is constant on
the first and last intervals, and linearly strictly decreasing on the middle interval. Moreover,

h(dx; ¢) is continuous so that h(¢y; @) is continuous and weakly decreasing in general.

When ¢; € [0, % + L+ h—v], h(¢r; @) is given by:

; A
h(dr; ) =max{A+L+h—vy, ¢x}— ZZGZG(—IZ)X —max{§+L+h—y, o1}

ew Xi A
:(A+L+h—7)—2g(—g)/v—(§+L+h—7)
_ A Yiiem Xi

2 G(p) ’

which does not depend upon ¢y.
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When ¢; € (%+L+h—y,A+L+h—y],h(¢k;¢) is given by:

h(¢r; ¢) =max{A+L+h—v, ¢k}—%—max{%+L+h—y, oK}
(At L+h—y) - 2N

G(9)

which is linear and strictly decreasing in ¢y.

When ¢ € (A+ L+ h—y,+), h(¢y; @) is given by:

i A
h(or; ¢) =max{A+L+h—v, ¢k}—ZlGl€(—Z)X—max{§+L+h—y, o}
o DiieM Xi _
= ¢k Glo) Pk
_ _Zi:ieM)(i
G(¢) ’

which does not depend upon ¢y.

(2. 5+L+h-y<ObutA+L+h-y>0

In this case, we can partition [0, +c0) into two intervals [0,A+ L+ h —vy] and (A+ L +

h — y,+00). By a similar argument, we can prove that h(¢y; ¢) is continuous and weakly

decreasing on [0, +o0). More specifically, it is strictly decreasing on [0,A+ L + h — y] and

flaton (A+ L+ h —y,+00).

(3). A+L+h-y<0

In this case, h(py; @) = —Ziiem Xi jg g constant function on [0, +0c0) so that it is trivially

G(¢)

continuous and weakly decreasing.

In conclusion, across all three cases, h( ¢y ; ¢) is continuous and weakly decreasing in ¢ on [0, +00).

This completes the proof of (a).

When § > G7'(0.5) - L-h+y, $+L+h-vy > G'(0.5) > 0 holds true. It follows

from Case (1) in the first property that i (¢x; ¢) with such A is continuous and weakly decreasing
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in ¢, on [0,+c0). More specifically, it is strictly decreasing on (% +L+h—-—y,A+L+h-v]
and flat on [0,5 + L +h —y] and (A+ L+ h —y,+o0). Thus, if we can find a ¢* such that
o* € (% +L+h—-—y,A+L+h-vy]and h(¢*;¢*) =0, then h(¢y; ¢*) > 0if and only if ¢y < ¢*.

Note that

[(¢) = h(e; p)
=g(1,¢;0) — 2(0, ¢; ¢)

=max{A+L+h-vy, ¢}— DisieM Xi

T@—max{%+L+h—y, (P}

is continuous in ¢ on (0, +o0) and

Zi:ieM Xi <0

Z(A+L+h_7):_G(A+L+h—y)

When § > max{2 ¥;cp Xi» G1(0.5) = L — h+y},

A A .
l(—+L+h—’)/):—— AZI.ZGMXI
2 2 G(5+L+h-v)
A DiieM Xi
2 G(G1(0.5)
A
Aoy,
iieM
> 0.

This implies that when % > max{2 Y..ep Xi» G~1(0.5) = L— h+v}, by intermediate value theorem,
there exists a solution ¢* € (% +L+h—vy,A+L+h—y]suchthat h(¢*; ¢*) = [(¢*) = 0. With this
¢*, we have that h(p; ¢*) > 0if and only if ¢ < ¢*. ¢* is not necessarily unique with a general
cumulative distribution function G; Example A.2.1 below is such an example. This completes the

proof of (b). ]
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Example A.2.1. Recall that we want to find a ¢* such that ¢* € (% +L+h—-y,A+L+h-y]|=1

and
DisieM Xi
G(¢*)

It is equivalent to solving y;(¢) = y2(¢) for ¢ € I, or finding the intersection points of two curves

[(¢") =max{A+L+h—vy, ¢} - —max{%+L+h—y, ¢} =0.

y1(¢) and y»(¢) on I, where

vi(¢) =max{A+L+h-vy, ¢}—max{%+L+h—y, o},

2isieM Xi

y2(¢) = W)

SetA=2 L=h=1y=1%cyxi=1 and

¢ ¢ € [0,3]
G(@)=1¢-3 ¢e(3,1]
1 ¢ € (L2, +0)

being piecewise linear. Then, I = (%, 13—3] and

13 13
y1(#) = max{=, ¢} - max{Z. ¢},

1
y2(¢) = @)

There are two solutions ¢* = 3 and ¢* = 13—0 satisfying ¢* € I and [(¢*) = 0.
In this example, y,(¢) is decreasing but piecewise convex with a kink. It is possible to further
twist the shape of y;(¢) while keeping it decreasing to generate more intersection points with y;(¢)

over I.
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Appendix B: Chapter 2 Proofs for « € [%, 1)

This appendix generalizes our results to the case of P(Gix = ¢q; | ¢i)) = a € [%, 1) and

P = & | &) = % Appendix A included complete proofs for @ = % The extension to
a € (%, 1) involves additional mathematical complexity that is developed here. We begin with
several supporting lemmas in Appendix B.1, and use these results to re-derive all the propositions

in Appendix B.2.

B.1 Supplementary Lemmas

When a € (%, 1), the signals for the horizontal type of each manufacturer are partially infor-
mative. Therefore, the proportion of consumers that select a given manufacturer depends upon
the distribution of manufacturer signals. Lemmas B.1.1 - B.1.4 provide intermediate results that
enable us to explicitly compute the proportions. These results are necessary for several proofs in
Appendix B.2. Additionally, to determine the equilibrium with a system of transfers, it is neces-
sary to determine the incremental utility that consumers achieve from full information regarding
manufacturer types relative to partial information. Lemma B.1.5 provides an intermediate result
for that purpose, which we rely upon in the proof of Proposition 2.3.9 in Appendix B.2.

Recall that it is common knowledge that there are exactly 2m manufacturers of each horizontal
type (i.e., type A or type B). Letr;,i = 1,...,4m, denote the true horizontal type of manufacturer

i. We assume that every consumer k has prior distribution that is uniform over the set of possible

types

E={(ri,....ram) | rv € {A,B},Yve M,|{v:r, = A} =2m}.
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Lemma B.1.1. Suppose none of the manufacturers adopts the blockchain. Fix a consumer k.
Suppose the signal from manufacturer i is the same as her type, i.e. {;x = tx, and the signal from
manufacturer j is not the same, i.e. §jx # ty. Then, for any signal 7, € {A,B},Yv € M\ {i, j},

we have

P(Qi =1k ‘tk,qik =tk, G jk # tks ﬂ {Gvk = ka})
viveM\{i,j}

> P(Qj =1y | e, Gik = ks G jk # tk, m {Gvk = ka})-
vive M\{i,j}

Moreover, the inequality is strict when a € (%, 1).

Proof. Define the following five auxiliary sets

Eij = {(ri,....,ram) | (r1,....1r4p) €E, ri =r1; =11},
Ej; = {(risooosram) | (riseoosram) € E, 1y =1y, 15 # 11},
E[_] = {(rl,~--,r4m)|(rl’-~-,r4m)eEa ri;étk9rj:tk}5

E; = Eij U Eif’

I
Il

Eij UElTj.

Denote 7 and 7 as the realizations of §;; and § i, respectively. Then, 7 = t; and 7 # .
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Note that

P(Cli = Ik | tk, Gik = tk, G jk # tk, ﬂ {Gvi = ka})
viveM\{i,j}

_Plgi =1, O LGk = For} | tr)

PO G = Fd 1)

Dt el ABYYvEM\ (i} PN gy = ro b N2 Gk = For} | 16)

C Zretamveen PO gy = b NG = P [ 10)

Xt e{ABYYveM\ (i) PN {Gok = Ford | N gy = no b )P {gy = 10} | 1)
- 2 e{A.B} YveM P(ﬂifl{%k =Tk}t | ﬂig{% = ’”v},tk)P(ﬂi':]{C]v =71y} | 1)

.....

.....

.....

,,,,, Fam)€E Hir:n] P(Gvk = ok | qv =1v)
Strrames Loty (@ =y + (1= @)1, 20}
S ramer oy (@ =ry + (1= @)1z, 20,})

Since the denominators of P(q; = t | tx, ik = tk, Gk * tk, ﬂv:veM\{i,j}{qvk =7y }) and P(g; =
te |t Gik = te Gk # teo (vvemn\(i,j31dvk = Fyk}) are the same, it suffices to compare their
numerators ¥, er; [1om P(Gok = Fox | qv = 10) and 3, ser, [T P(Guk = ok | gy =
ry).

Let 7; € {A, B} denote the other type that is different from 7;. There is a one-to-one mapping

between two sets E; 7 and Ej;:

(rla~--’r4m): (r1’~"9ri—latkari+l"~'arj—lat_k,rj+17--~ar4m)
= (rl9'~'ari—17t_k9ri+la'"’rj—l9tk9rj+1a“'7r4m)

=(r]s. a7y
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Because 7 =ty and 7ji # 1, it is easy to see that for any (ry,...,74m) € E;j,

4m
HP(ka:ka|QV:rv):a'2 1_[ P(qvszvquv:rv)~
v=1

vive M\{i,j}

Similarly, for any (,...,r}, ) € E;;,

4m
HP(qvk:ka|QV:r;):(l_a')2 1—[ P(Cka=ka|CIv=r;)-
v=1

viveM\{i,j}

If (r;, AU rz"m) corresponds to (ry, ..., 74y), then

a’ 1—[ P(q~vk:’7vk|QV:rv)Z(1_a/)2 rl P(qvk:kalfhz”\:)
viveM\{i,j} viveM\{i,j}

since @ > % and r, = r| for all v € M \ {i,j}. Note that the inequality is strict when o > %

Combining all these results, we obtain that

4m
Z np(qvk:kalchzrv)

(r1yeeesram)€E; v=1

4m
= Z P(Gvk = ok | gy = 1) + Z HP(ka—rvkl%/—rv)
(}”1 ..... r4m)€El]~ v=1 r1 ..... r4m)€E”
4m
= Z P(QVk:ka|qv:rv)+ Z 0'2 l_l P(qvszvkl(IV:rv)
(715e-Tam)€EE;; v=1 (r1se-stam) EE 5 viveM\{i,j}
4m
2 Z P(Gvk = Fok | gy =1y) + Z (1_0)2 n P(évk:kal%):r\/;)
(r1s-eram)€E;; v=1 (]t 4, EET; viveM\{i,j}
4m
= Z P(QVk:ka|QV:rv)+ Z HP((]Vk—rvk|QV—r)
(F1yeees r4m)€E,-j v=1 (ri ..... )EE

Note that the inequality in the fourth line is strict if @ € (%, 1) so that the statement of the lemma

124



holds with a strict inequality in that case. This concludes the proof. O

Consider the case where none of the manufacturers adopts the blockchain. Consider a generic
consumer k. Recall that i (k) denotes consumer &’s preferred manufacturer, and the expected utility

Uu;(k)k that she receives from purchasing from manufacturer i(k) is given by

Uik = EVicor | Fil - Pf\(lk)

4m
= (H - L)P(qi(k) =t ) T, ﬂ{ﬁvk = ka}) +L+ — 7

v=1

We call a signal §;;x from manufacturer i favorable if the realization 7;; = ;. Next, we show
that the number of favorable signals [{v : 7,x = f;}| is a sufficient statistic for computing P(g;x) =
te |t O {Gok = Fok})-
Lemma B.1.2. Consider the case where none of the manufacturers adopts the blockchain. Then,
the number of favorable signals |{v : F,x = t }| is a sufficient statistic for the conditional probability
P(gick) = te | i, N {Gor = Fok}), ice.

4m

P(qi(k) =1 ) T, ﬂ{qvk = ka}) =0({v:Fuk =t}l)

v=1

for some function 6(-) : {0,...,4m} — [0, 1]. Moreover, 0 < 6, < 1forz=0,1,...,4m, where

0, :=0(z2).

Proof. Let {7,;}yepm denote the realizations of the signals from the manufacturers. Let z :=
I{v : F,x = t;}| denote the number of favorable signals received by consumer .

First consider the case where z > 0. In this case, Lemma B.1.1 implies that 7;(4), = ;. Since
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the prior is uniform over the set E, the posterior probability

P(C] ; ‘ ; ﬁ{q p }) Z(rl,...,mm)eE,-(k) P(ﬂﬂ'fl {Gvk = Foic} | mﬂfl{‘h =7y}, )
i(k) =tk | tk> vk = Tvks) = ~ -
v=1 Z(rl ..... ram)€E P(mﬁfl{‘hk =it | mir:nl{ch =71y}, 1)

B Z(rl,...,mm)eEi(k) Hifl P(Gvk = Fok | qv =1y)

r4m)EE H?/’Zl P(q\)k = ka | QV = r\))

.....

where E;xy = {(r1,...,74m) | (r1,...,74m) € E,rixy = tr}. First consider the numerator. We
know that there are exactly 2m manufacturers with type r; = t;, 2m manufacturers with type r; # ¢,
and r;(x) = 1. The summation in the numerator can be equivalently computed by summing over the
possible values for the number of favorable signals x < min{z, 2m} that come from manufacturers

with type r; = tx. We can define
Dx:{(rl’--~,r4m) | |{V:rv :ka:tk}l :X)}

as the set of all possible types such that there are x favorable signals coming from manufacturers

with type r; = t;. Then, the summation can be rewritten as

4m min{z,2m} 4m
Z HP(C]Vk:ka|QV:rv): Z Z l—[P(Civk:ka|CIv:rv)-
(riseestam)€E;(g) v=1 x=max{1,z-2m} (r1,....ram)E€E;(1yNDx v=1

Recall that [{v : 7,; = tx}| = z and note that

EixyN Dy = {(r1y...,ram) | Yi(k) = ks Hv:r, =t} =2m,|{v :r, =F =t} = x}.
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For any (r1,...,74m) € Ei(x) N Dy, we have

{vir =fu=t} = x,
{vir #t,fu =t} = z-x,
H{v:ir =t fue # 11} = 2m—x,
{v:r, #t,Fox £t} = 2m—z+x,

and thus H‘v‘fl P(Gok = Fok | gy = 1v) = @¥™273(1 — )"~ 2*2_ Moreover, it is not hard to get that

|Eity N Dyl = (321) (577%). Thus, the numerator

2m—x

4m
n(z) = Z np(qvk:kal%zrv)

(r1see P am)€E (1) v=1
min{z,2m} 4m
= Z Z HP(ka:ka|QV:rv)
x=max{1,z=2m} (r1,....,r4m)€E;(yNDx v=1
min{z,2m}
— Z Z a,2m+2x—z(1 _ a)Zm—2x+z
x=max{1,z-2m} (r1,....,74m) €E;(x)NDx
min{z,2m}
— Z |Ei(k) N Dxl . a2m+2x—z(1 _ Q)Zm—2x+z

x=max{l,z—2m}

min{z,2m} (

z- 1) (4m - Z)a,2m+2x—z(1 _ a)Zm—2x+z

x—1/\2m—x
x=max{l,z—2m}

is only a function of z.
Next, note that the denominator
4m

l—[P(qvk:kalqv:rv)

(r1,...,r4m)€E v=1

4m 4m
= Z np(qvszvk|QV:rv)+ Z np(qvk:ka|QV:rv)~

(r15eesFam) EE (k) v=1 (r1seesTam)EE\E (k) v=1

We already have an expression for the first term. So, consider the second term. Since (rq, ..., 4;,) €
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E \ E;(x), we have that r;4) # t;. Using an analysis similar to the one above, we get that

4m
)y [ 1P =7k 1 a0 = 1)

(F1se-esTam)EENE (1) v=1

min{z—1,2m} (

— 1) (4m - Z)azm+2x—2(1 _ a)zm—2x+z =: UQ(Z)-

X 2m —x
x=max{0,z—2m}

Thus, it follows that

4m

P(Cli(k) =tk ‘ T, ﬂ{qvk = ka}) = #% =:0(z2).

v=1

This establishes that z is a sufficient statistic. Moreover, since 771(z) (resp. 172(z)) contains at least

one term and a € [%, 1), n1(z) (resp. n2(z)) is positive. Therefore, 0 < 6, < 1 for all z > 0.
When z = 0, none of the signals consumer k observes is equal to 7. Consumer k& will

randomly select a manufacturer from M. Since there are 2m type A manufacturers and 2m type B

manufacturers, it is easy to argue that 6y := 6(0) = % € (0,1). O

Lemma B.1.3. Define w, as the proportion of the consumers who observe z favorable signals, for

z=0,1,...,4m. Then,

_ 2m)\ (2m 2m+x—y 2m—x+y
S i

x+y=z,0<x,y<2m

and ZZ’O w, =1, so {wz}jfo constitutes a probability mass function.

Proof. Define w? as the measure of the type A consumers who observe z favorable signals, for

z=0,1,...,4m. Then,

W? _ % Z (Zj)a,x(l _ Q)Zm—x(z;n)QZm—y(l —a)’

x+y=2,0<x,y<2m

_1 2m) (2m 2m+x—y 2m—x+y
I ) 19 G

X+y=z,0<x,y<2m
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where x (resp. y) denotes the number of type A (resp. type B) manufacturers that emit type A
signals. The term (*")a*(1 — a)?"~ (2;1)a2m—y (1 — @) represents the proportion of the type A
consumers who observe x favorable signals from type A manufacturers and y favorable signals
from type B manufacturers. Similarly, we can get wf and actually wf = w?. Hence,

B
z

— Z (Zm) (Zm)G,Zmﬂc—y(l _ a,)2m—x+y.
X y

x+y=z,0<x,y<2m

_ A
W, =w, +w

Given the expression for w,, we have that

S _ S 2m) (2m 2m+x—y1 2m—x+y
I e o e

z=0 7=0 x+y=z,0<x,y<2m
2m 2m
2 2
= ( E ( m)ax(l —a)zm_x) E ( m)az'"—y(l - a)’
X y
x=0 y=0
=1.

]

Lemma B.1.4. Define n, as the proportion of the consumers who observe 7 favorable signals that

are all emitted from type | manufacturers, for z = 1,2,...,4m. Then,

m, = Z (F;l) (’;/l)Qthv—y(l _ a,)Zm—x+y

x+y=2,0<x,y<m

orz=12,....,2mand n; = or 7 > 2m. we define my = « — )", then 0Tz =
1,2 2m and 0 2m. If we d 2m(1 — @)™, then Y27

am(l—-a)™.

Proof. When z > 2m, it is impossible that all z favorable signals come from type / manufacturers,

as there are 2m type [ manufacturers in total. Thus, n, = 0 for z > 2m. When 1 < z < 2m, define

A

n7 as the measure of the type A consumers who observe z favorable signals that are all emitted

from type !/ manufacturers. Consider a type A consumer who observes x favorable signals from
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type A manufacturers and y favorable signals from type B manufacturers. We know from the proof
of Lemma B.1.3 that the measure of such consumers equals 3 (*") (%") @™ (1 = @)*"=**. Next,
we derive the probability that all these x + y favorable signals come from type !/ manufacturers;
denote this probability by pﬁy. When x > m or y > m, it is easy to see that pf’y = 0 since
there are m type Al manufacturers and m type Bl manufacturers in total. When 0 < x,y < m,

(i I

2my 2 . . . .. .
P ey )/( - )" by simple combinatorics. Combining all the above, we obtain that

pxy

1
A _
;==

x+y=z, 0<x ,y<2m (

x+y=z, 0<x ,y<m ( )

:% Z ( )(’;l a,2m+x y(l )2m—x+y

x+y=z,0<x,y<m

X
o) C)

2

2m
y

2m)( ) 2m+x—y(1 _ a)Zm—x+y X pA
Xy

1

2

) 2m+x— y(l )Zm—x+y .

2m
()
Similarly, we can get 7% and actually 7% = x2. Hence,

_ Z (m) (m)a2m+x_y(1 )2y
xJ\y

x+y=z,0<x,y<m

Given the expression for 7., we have that

2m 2m
IS 3
z=0 z=1

) 2m
_ a,Zm(l _ a,)Zm + Z Z (’;’:) (’;1)&2m+x—y(1 _ a,)Zm—x+y

z=1 x+y=z,0<x,y<m

— sz Z (’:) (’;}1)&2m+x—y(1 _ Q)Zm—x+y

z=0 x+y=2,0<x,y<m

:(i (,j:)a a)Z"H) i( ) 2y (1 - )

x=0 y=0

=a"(1-a)".
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Lemma B.1.5. The function h(¢y; @) := g(1, ¢r; d) — g(0, ¢ @) has the following properties.
(a). h(py; @) is continuous, piecewise linear and weakly decreasing in ¢y on [0, +00).

(b). For all sufficiently large A, there exists ¢* € [0, +00) such that h(¢*; ¢*) = 0 and h(py; ¢*) >
0 if and only if ¢ < ¢*. Therefore, by = 1 if and only if ¢ < ¢*.

Proof. By definition,

h(oi: d) = g(1, dr; ) — g(0, di; )

DisieM Xi

=max{A+L+h—-vy, ¢} — G(d)

2m
- ZWZ -max{G,A+L+h—vy, ¢}.
z=0

Each term of it is continuous in ¢; on [0,+0), so h(¢py; @) as a function of ¢ is continuous
on [0,400). By Lemma B.1.2, 0 < Omir21 6, < 1. Depending on how large A is, there are
<z<2m

three cases, each of which we subsequently examine separately: Omil% ., -A+L+h—-vy >0,
<z<Zm

min 6, -A+L+h—y <0ObutA+L+h—v>0,and A+ L+h—7y < 0. Consider the following

0<z<2m

three cases:
(). min 0, -A+L+h—y>0
0<z<2m

In this case, we can partition [0, +c0) into three intervals [0, o mi121 6, -A+L+h-vy],
<z<Zm

(Omir21 O, -A+L+h—y,A+L+h—-vy],and (A+L+h—y,+c0). h(¢y; ¢) as a function of
<z<2m

¢ 1s constant on the first and last intervals, and piecewise linearly strictly decreasing on the
middle interval. Moreover, h(¢dy; ¢) is continuous so that £(¢dy; ¢) is continuous, piecewise

linear and weakly decreasing in general.
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When ¢ € [0, min 6, - A+ L+h—1y], h(¢x; ¢) is given by:

0<z<2m

2m
h(¢i;¢) =max{A+L+h-v, ¢k}—%—zwz'max{§zA+L+h—% br}
z=0
2m
DisieM Xi

=(A+L+h-y)- —sz(§ZA+L+h—7)
z=0

G(¢)
2m Z Xi
—11= Wé A— iiieM l’
1B Ey

which does not depend upon ¢y.

When ¢y € ( min 6, -A+L+h—vy,A+L+h—vy], h(¢y; ) is given by:

0<z<2m

2m
h(dpr;¢) = max{A+L+h—, ¢k}—%—zwz~max{§zA+L+h—y, o1}
z=0
_ DisieM Xi - A
= (A+L+h—y)—W— Z w, (0, A+ L+h-—7)

220, A+L+h—y> gy,

- Z WP

2.0, A+L+h—y<¢y

Note that 3 .5 asr+h—y<p, Wz > 0 When ¢ € ( min 6,-A+L+h—y,A+L+h—-v],so

0<z<2m

h(dx; @) is piecewise linear and strictly decreasing in ¢ on this interval.

When ¢y € (A+ L+ h —7y,+00), h(px; ¢) is given by:

2m
h(dr; ¢) =max{A+L+h-vy, ¢k}—%—;wz-max{§zA+L+h—y, o1}
o Diie Xi _ % -
== S5 ;wzm
_ _Zi:ieMXi
G(¢) ~

which does not depend upon ¢.

132



(2). min §,-A+L+h—y <ObutA+L+h-y>0

0<z<2m

In this case, we can partition [0, +00) into two intervals [0, A+ L+h—7y] and (A+L+h—
v,+400). By a similar argument, we can prove that 4 (¢y; ¢) is continuous, piecewise linear and
weakly decreasing on [0, +o0). More specifically, it is strictly decreasing on [0, A+ L+h—1y]

and flaton (A+ L + h — 7y, 4+00).

3). A+L+h-vy<0

In this case, h(py; ¢) = —% is a constant function on [0, +c0) so that it is trivially

continuous, piecewise linear and weakly decreasing.

In conclusion, across all three cases, i (¢y; ¢) is continuous, piecewise linear and weakly decreasing
in ¢y on [0, +00). This completes the proof of (a).
When A > M, min 6,-A+L+h—y > G~'(0.5) > Oholds true. It follows from Case
_mm 0, 0<z<2m

(1) in Property (a) that h(¢x; ¢) with such A is continuous, piecewise linear and weakly decreasing

in ¢4 on [0, +00). More specifically, it is strictly decreasing on ( min 6,-A+L+h—y, A+L+h—7]

0<z<2m
and flat on [O,Omi121 O,-A+L+h—vy]and (A+ L+ h—7,+0c). Thus, if we can find a ¢* such
<z<Zm
that ¢* € (Ornir21 O, -A+L+h—y,A+L+h—-vy]and h(¢*;¢*) = 0, then h(¢x; ¢*) > 0 if and
<z<Zm
only if ¢ < ¢™.
Note that
[(¢) = h(¢;¢)

:g(1’¢9¢) _8(0,¢,¢)

2m
=max{A+L+h-v, ¢}—M—sz-max{§zA+L+h—y, o}
Glo) L
is continuous in ¢ on (0, +c0) and
IA+L+h—-y)=- ZiseMXi g

G(A+L+h-v) ’
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~ 2% . -10.5)-L—
By Lemma B.1.2,0 < max 6, < 1. When A > max{ Lijem Xi G (0-5)-L-htyy
0<z<2m 1- max 6, min 6,
L= 0<z<2m 0<z<2m

I( min 6, -A+L+h—vy)= 1_ZWZ§Z _ . ;i:ieMXi
0<z<2m = G( min 6,-A+L+h-vy)
= 0<z<2m
DisieM Xi

A- G(G1(0.5))

. -1 _J_
This implies that when A > max {22y i G (0.5)-L-hiy

}, by intermediate value theorem, there

R L
exists a solution ¢* € ( min 6,-A+L+h—vy, A+L+h—vy] suchthat h(¢*; ¢*) = [(¢*) = 0. With

0<z<2m

this ¢*, we have that h(¢y; ¢*) > 0 if and only if ¢; < ¢*. This completes the proof of (b). ]

B.2 Main Proofs

Appendix B.2 provides proofs of propositions stated in the body of Chapter 2 for P(g;x =
qi | qi) = a € [%, Dand P&y = & | &) = % For simplicity, we focus upon the cases of full
and non-adoption of blockchain. Our proofs rely on the lemmas provided within Appendix B.1.
Moreover, these proofs rely on model solutions of prices, market shares and expected consumer
utilities. We derive the endogenous values of all such quantities in Proposition B.2.1, which is
stated and proved at the beginning of this section. Since cj, is linear and strictly increasing, we
assume cj(x) = yx with y > 0 in the appendix.

We impose the following regularity conditions on the cost functions cj and c¢; of the high and

low type vendors:

Assumption B.2.1. We assume that the cost function cj(x) = yx of the high type vendor and the

cost function ¢;(x) of the low type vendor satisfy the following regularity conditions:

1. 01(0) = Ch(O) =0.
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2. ¢y is convex with a strictly increasing derivative c;.
3.c@™(l-a)™) <y < c;(G(M —y)—a™(1- a/)m).

Proposition B.2.1. Define M, := {i : & = h}, M; .= {i : & = 1}, sp = XYijem, Si» and
81 = Xiiem, Si- The equilibrium prices, market shares, and expected consumer utilities under full

blockchain adoption and blockchain non-adoption are as follows.

1. Full Blockchain Adoption: PF = W[ = ¥/ := max{y — (h —1),0} for all i € M,
Pf = ‘PlF = ‘I‘g ==y foralli € My, sf = (c;)'l(max{y—(h—l),O}), sf = G(H+h—y)—sf,

and u;xyk = H+h -y forall k € [0,1].

2. Blockchain Non-Adoption: PN = ‘I‘N = ‘PN = ‘PN =y foralli € M, sN = (c;)_l(y),
sﬁlv =20 0wZG(H (H-L)+L+ 5" bl _ o)) —sl ,and uior = 0;(H — L) + L + 55~ bl _ o wp.

w, forz=0,1,...,4m forall k € [0, 1].
Variables z, 0, and w, are all defined in Appendix B. 1.

Proof. For manufacturer i, once adoption decision a; is made, adoption cost y;a; becomes a sunk
cost and she is now in the subgame of choosing her consumer price P; and vendor price ¥;. In the
following, we look for a symmetric equilibrium where the vendor prices of the manufacturers of

the same vertical type are the same, i.e., ¥; = ¥, foralli € M), and ¥; = ¥, for all i € M;.

* Full Blockchain Adoption: Given the vendor price W/, vendor & faces the following

optimization problem:

F '+ — . .
S W ), oy ), o

RIS i:ieMy,

s.t. OSO'iSSfforalli:ith

Therefore, the optimal fulfillment level o = s - T(WF > ) foralli:ie M, Sinceeach

type h manufacturer faces an arbitrarily large cost for not fulfilling any consumer order and
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thus wants to set ‘I‘,f to the lowest possible price such that o = sf , it follows that ‘P; =7.

Given the vendor price ¥/, vendor [ faces the following decision problem:

Wy M 2y e 2y

S.t. OSO'iSSfforalli:ieMl

Define 0y := Y;.;epm, 0i- Then, the objective ‘PlF oy — c(oy) is strictly concave in o7, and the
first order condition tells us that its unconstrained maximum is attained at o = (c;)‘1 (‘Pf ).
Solong as ‘PIF > ¢ (sf ), the constrained maximum can be attained at o = sf . Thus, because

¢} is strictly increasing, the lowest possible price such that o = s/ satisfies ¥/ = ¢}(sT).

Under full blockchain adoption, consumers know each manufacturer’s type and will select

a manufacturer of her own type. For consumer k whose type is t;, we have that

H+h ifie M,
H+1 ifie M,
E[Vik | Fil = ,
L+h ifie Mgy

L+1 ifie My,

where f; € {A, B} is the other type that is different from t;. Type Ah (resp. type Bh)
manufacturers are competing for the market consisting of type A (resp. type B) consumers;
type Al (resp. type Bl) manufacturers are competing for the market consisting of type A
(resp. type B) consumers. Thus, we have four Bertrand games for type A#h, type Al, type Bh,
and type B/ manufacturers respectively. Due to price competition, manufacturer i will set her
consumer price P; to her cost (i.e., her vendor price) so that the other manufacturers of the
same type have no chance to undercut to obtain the entire market. Accordingly, Pf = ‘I’f for
all i € My, and PlF = ‘PZF for all i € M;. Define Pg = ‘Pg and Pf = ‘PlF Furthermore, type

Al (resp. type Bl) manufacturers are willing to lower their consumer prices to compete with
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type Ah (resp. type Bh) manufacturers so that a type A (resp. type B) consumer is indifferent
between a type Al (resp. type Bl) manufacturer and a type Ah (resp. type Bh) manufacturer.
This gives us H + [ — Pf = H+ h — P} and thus P/ = P — (h —[). It is possible that
even if a type Al (resp. type Bl) manufacturer sets her consumer price to zero, the expected
utility she provides to a type A (resp. type B) consumer is still lower than that provided by a
type Ah (resp. type Bh) manufacturer. Taking this situation into consideration, we have that

Pf = max{P}If —(h-1),0}.

The final piece is the market share. From the above analysis, we know that consumer k
will always select a type h or type [ manufacturer of her own type, and the corresponding
expected utility u;(xyx = H + h — Pﬁ . She will then compare u; k), to her outside option ¢y.

Consequently, we have that sg + sf =P(uiyk = ¢r) =G(H+h - Pﬁ).

Combining all the above, we obtain the following system of equations:

¥ =y,
\Pl _Cl(sl)
Py =%,
Pl =9,

Pf = max{Pg —(h-=1),0},

sg+sf:G(H+h—P£).

The solutions are

‘Pf:y,
lI’lF:max{y—(h—l),O},
sf;:G(H+h—y)—sf

= ()~ (max{y - (h = 1),0}).
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The conditions in Assumption B.2.1 ensure a positive sg asc; (G(H +h—7)) > c;(G(%””l—
y)) > c;(G(%””l —y)—a™(1 - cy)’") > vy > max{y — (h —[),0}. It can be verified that

the above solutions constitute a separating equilibrium. In equilibrium, type Ak (resp. type

F F SF SF
Bh, type Al, type Bl) manufacturers split the market share %" (resp. %", -+, =) evenly.

Blockchain Non-Adoption: Following the analysis we did for full blockchain adoption, we
have that ¥ =y and ¥} = (¢)~!(s)Y). Consider the competition among the manufacturers
of the same type (type Ah, type Bh, type Al, or type Bl). Suppose there exists a symmetric
Nash equilibrium. Then, the price competition implies that the equilibrium consumer price for
manufacturer in the subgame must equal her cost (i.e., her vendor price), i.e., PlN = PhN = ‘P;lv
foralli € Mj and PlN = va = ‘PIN foralli € M;. Again, we consider the pooling equilibrium
in which Pﬁl\' = P;V ; a separating equilibrium with Pﬁlv # va is impossible here because a type
[ manufacturer can mimick the type £ manufacturer at no cost in the absence of blockchain,
which results in a profitable deviation. For @ = % such a pooling equilibrium exists in the

subgame, and the equilibrium prices are given by PV = PY = PN = ¥N =W\ = WY =y for

alli e M.

However, for a € (%, 1), no such equilibrium exists in the subgame because each manufac-
turer has a unilateral profitable deviation where she raises her consumer price by a sufficiently
small amount. In particular, suppose manufacturer i raises her price by 6 > 0. Then, if ¢ is
sufficiently small, consumer &k still prefers manufacturer i to all other manufacturers if and
only if G;x = t; and forall j # i : g # t;. Note that when ¢ is too large, no consumer would
purchase from manufacturer 7; in fact, a crude bound is 6 < H — L. Moreover, Lemma B.1.3
establishes that the measure of consumers that prefer manufacturer i to all other manufac-
turers for a sufficiently small price increase is bounded above by 7L. Even if all of these
consumers forgo the outside option, the incremental profit from manufacturer i raising her
price above the expected cost is bounded above by €, = 71 - (H — L). Since n}gl(ln wy =0, 1t

follows that lim &,, = 0. Thus, the manufacturer’s incremental profit vanishes as m — oo.

m-—-oo
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Indeed, the non-existence of pure strategy equilibria has been recognized as a major
conceptual difficulty in price-setting models (see Dixon 1987), and one alternative that has
been explored is the notion of approximate equilibria. For example, Dixon (Dixon 1987,
Definition 3, page 47) considers the notion of an g-equilibrium, defined as one in which
each agent is within & of her best payoff, given the actions of the other agents. (In practice
there are some small but positive costs associated with a price adjustment that can justify an
g-equilibrium.) For the price setting problem faced by the manufacturers in our model, we
use this definition of g-equilibrium. It is clear that our solution is an g-equilibrium in the
subgame for all € < g, with W}E)l’(lm em = 0. In economic terms, a manufacturer’s gain from
unilaterally raising her price is negligible, particularly in markets with many competitors.
Thus, for @ € (%, 1), PlN = P;lv = va = ‘I’IN = ‘I’;V = ‘P}]:/ =y for all i € M are the prices

wi(H-L)

corresponding to an &-equilibrium in the subgame for &€ = —;—, and this approximate

notion of equilibrium becomes exact in the limit (i.e., as m — 00).

Next, we derive the mathematical expression for the market share shN + s;\' . Consider a

generic consumer k. By definition, consumer k’s information set

7:/{ =0 (tka ¢k9 {av’ P‘I)V, 57vka gvk}veM) .

Note that ¢; is independent of 74 and {a,, Pi\',qv,qvk,fv,évk}veM and has no impact on
{Vik> Uy }vem, so we can safely drop it from F; in the following discussion. Since the
adoption decisions and the equilibrium consumer prices under blockchain non-adoption
are the same for all manufacturers, the adoption decisions ﬂﬁ'fl{av = 0} and the consumer
prices Av"fl {PY = y} do not provide extra information for consumer k to distinguish between

manufacturers. Therefore, we do not include {a,, Pi\' }vem into 7 in the following discussion.
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To sum up, ¥ is now simplified to o (tx, {Gvk, Evk fvem). It follows that

E[Vik | Fxl = Elnix | Fi] + B[ | Fi]
= (H - L)P(q; = tx | tks {Gvis Evitvem) + L+ B& | ti, {Gvks Evi }rem]

= (H — L)P(q; = tx | tr, {Gvi}vem) + L +E[& | {Evic}vem],

where the third equality holds because {g,, Gy }vep is independent of {&,, &,k }yen. Since
P& = & | &) = % for all i € M, the vertically differentiated type signals {&,x}yep are
uninformative. Therefore, conditional on {‘ka}vE m, & equals h and [ with equal probability,

and we get that E[&; | {€x}vem] = % Note that PIN =y foralli € M and

_ h+1
E[Vik | Fxl = (H = L)P(q; = tx | tk, {Gvi }vem) + L+ —

after simplification, so consumer k only relies on the horizontally differentiated type signals
she received to select among the manufacturers. Treat {G, }yepm as random variables and
suppose that the signals consumer k observes are {7, },ep, Which are the realizations of
{Gvik}vem. For any realization t, P(g; = t; | tx, {Gvr }vem) can be regarded as a function
mapping (Fig, ..., am k) to a number between [0, 1], namely a probability. Evaluating
P(q; = tr | tx, {Gvi }vem) at tx and {7, }yep, we get the conditional probability P(g; =

te | tes OV {Gvr = Foc})-

From Lemma B.1.2, it follows that

Uik = E[Vigor | Fil = Pf-\(]k)
h+1

= (H = D)B(qi) = 1k | T, {Gvitvem) + L+ —— =
h+1
:GZ(H—L)+L+T—)/,
where Z := |{v : §yx = tx}| is a random variable representing the number of favorable
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horizontally differentiated type signals received by consumer k. Lemma B.1.3 gives the
mathematical expression for w,, the proportion of the consumers who observe z favorable
signals. Consequently, P(Z =z) =w,forz=0,1,...,4m. Of the w, fraction of consumers
who observe z favorable signals,a 1 -G (6,(H—-L)+ L+ % —1) will take the outside option
because ¢y > u;jyr =60, (H—-L)+L+ h—;l — 7, and the remaining will select a manufacturer
from the ones that emit favorable signals to order the product with. Thus, the market share

under blockchain non-adoption sﬁl\' + sfv = jfo w,G(0,(H-L)+L+ % -v).

Combining all the above, we obtain the following system of equations:

‘P}]l\’:y,

N _ r7/.N
' =c(s)),

N N
P, =Y/,
N N
P =Y,
N N
PY =PV,
el h+l
sﬁ)’+s{v:ZwZG(ez(H—L)+L+T—Ph).
z=0
The solutions are
‘Pi]l\':y,
‘PIN:)/,
& hl
sﬁ:ZwZG(ez(H—L)+L+T—y)—sgv,
z=0

sp = (DT ().

Note that some consumers receive favorable signals from only type / manufacturers, and

therefore, select a type / manufacturer if they possess a sufficiently low outside option. As a
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consequence, our solution must satisfy the following condition:

2m

sV > ZJTZG(QZ(H—L)+L+¥ ~y).

z=1

By symmetry, the same argument applies for type 4 manufacturers and thus our solution must

also satisfy the following condition:

2m

sV > ZnZG(HZ(H—L)+L+¥ ~y).

z=1

Both these conditions hold due to Assumption B.2.1 and Lemmas B.1.2 - B.1.4, thereby

completing the proof. More explicitly, the first condition holds because:

2m

=0 > M=) 2 Y G0 - L)+ L+ T )

z=1

where the first inequality relies on Assumption B.2.1 and the second inequality follows, via
Lemma B.1.4, from o (1 — )" = ifo > ?zml . GO,(H-L)+L+ % - ).

To see why the second condition holds, note that

4m
=3 w0 -+ L+ ) @)

z=0 2
4m
H+L+h+!1 o
> ;wzc(f—y) ~ (™'
H+L+h+1 o
=G(————-7) - ()",

2

by Lemma B.1.2 and Lemma B.1.3, and because Z?ml n.G0(H-L)+L+4 —y) <

?fo m, = a™(1 — a)™ by Lemma B.1.4. Thus, a sufficient condition for the above to hold

true is ¢ (G (2L — ) — o™ (1 — @)™) > vy, which is imposed by Assumption B.2.1.
! 2 p y P

142



Proof of Proposition 2.3.1. Recall that G denotes the cumulative distribution function of the outside
option ¢ and is supported on [0, +o0). Let p(v) denote the corresponding probability density
function, which is also defined on [0,+c0). Define an auxiliary function fj(x) := xG(x) +
fx+oo vp(v)dv. Since f](x) = G(x) > 0 for all x > 0, fi(x) is strictly increasing in x on [0, +00).

By (2.12) and Proposition B.2.1, we have that

1
WE = [ Blmax(mas s, 1) dk
=E[max{H +h —y, ¢i}]

=E[H+h-y|H+h—y2¢|P(H+h—y = ¢i) +E[dx | H+ h—y < g ]P(H+h -y < ¢)

+00
:(H+h—y)G(H+h—y)+/ vp(v) dv
H+h—y
= f(H+h=-7y).
Similarly,

1
Wg :/ E[max{max u;i, ¢r}]| dk
0 ieM

% B+l
= ) wiBlmax{0:(H ~ L) + L+ —— ~ . ;)]
z=0
4m
h+1
= D Wefi(O:(H = L) + L+ —— ).
z=0

ByH > L,h > [,and Lemma B.1.2, we getthat H > 6,(H— L)+ L and h > % It readily follows

that Wg > W1CV since fi(x) is strictly increasing and Z‘;Z’O w, = 1. O

Proof of Proposition 2.3.2. Proposition 2.3.2 directly follows from Proposition B.2.1, Lemma

B.1.2, and Lemma B.1.3.

» Expected Utility Per Consumer: By Proposition B.2.1, Lemma B.1.2, and the definition of
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u,since H > L and h > [, we get that

=H+h-v,

Z40WZG(92(H‘L)+L+%—7) (9 (H - L)+L+M_y)

wow.G(0.(H-L)+L+4—y)
mow. G0, (H-L)+L+8 —y) - (H+h-7y)
mow.G(0,(H-L)+L+5 —y)

=H+h-vy

= MF.

« Consumer Demand: By Proposition B.2.1, s = s/ +s/ = G(H+h—y) and s" = s} +s) =
i mow.G(6,(H - L)+L+%5* bl _ ). Since 6, < 1 by Lemma B.1.2, pid I w, = 1by Lemma

B.1.3, and G is increasing, we have that

4m

h+l
sV = ZWZG(HZ(H—L)+L+T+—7)
z=0

4m

< Y w.G(H+h-y)
z=0

=GH+h-vy)

= SF.

O]

Proof of Proposition 2.3.3. By Proposition B.2.1, each manufacturer has zero expected profit in
the subgame because of price competition, regardless of the level of blockchain adoption. It follows

that Wy = 0 — Xyjen Xidir 50 Wiy = — Siicpr xi and Wiy = 0. We can see that W1, < Wiy, O

Proof of Proposition 2.3.4. Define an auxiliary function f>(x) := ¢;(x) -x—c;(x). Then, f(0) =0

and f7(x) = ¢/(x) -x > 0 for all x > 0, so f>(x) is strictly increasing in x on [0, +c0). By (2.10)
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and Proposition B.2.1, we have that

Wi = (Wh sk —y-sp)+ (- s] —ci(s)))
=0+ (c;(sf) . sZF —cl(sf))

= fo(s]).

Similarly, W)Y = f2(s)). Since (¢})~!is strictly increasing, by Proposition B.2.1, s/ = (¢}) ™! (max{y—

(h—1),0}) < (c))"'(y) = s holds. Therefore, W) = fa(sF) < fa(sN) = W}). O

Proof of Proposition 2.3.5. By Proposition B.2.1, we know that ‘PIF = c;(sf) and ‘PIN = c;(sﬁv).

N it

Since ¢/, is strictly increasing and we have shown in the proof of Proposition 2.3.4 that st < s,
I y g p p I i

immediately follows that ‘PIF < ‘PZN . 0

Proof of Proposition 2.3.6. By (2.13), Proposition 2.3.1, Proposition 2.3.3, and Proposition 2.3.4,

we have that

wh = wil+wl+wy,

= AH+h=-9)+H6) - D x
iiieM
= fiA+L+h=y)+f(s)) = D X
:ieM
N N N N
W= We + Wy, + Wy,
4m

= > wfi0:(H-L)+L+

z=0

h+l_

> y)+ f(s)) +0

& h+l
= D wifi0:A+ Lt —— =)+ fo(s}).
z=0

View L as a fixed parameter and allow A to vary. Since fi(x) is strictly increasing, W* and WV

all strictly increase in A. W decreases in Y;.;c;; x: and is strictly smaller than WY for sufficiently

large >’.iem Xi-
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Note that

4m
Wp—Wy = (fl(A+L+h -y) - szfl(ezA+L+ % —7)) + (fz(Sf) — fo(s)) - Z )(i)-

=0 isieM

By Proposition B.2.1, sfv = (c;)"(y). Thus, the second term of Wp — Wy, fz(sf) - fz(sfv) -

Ziiem Xi = f2(0) — fZ(SfV) — DiieM Xi = —fz((C})_l(Y)) — Xiiem Xi- Fixing parameter y and

adoption costs y; : i € M,

4m
oy
:G(A+L+h—y)—ZWZQZG(01A+L+T+—y)
z=0

dm
2G(A+L+h—y)—2wzez-1
z=0

O(WE —wh)
A

4m
ZG(A+L+h—y)—( max OZ)ZWZ
0

0<z<4m

=G(A+L+h—-vy)—- max 6,.

0<z<4m

By Lemma B.1.2, 0 < max 6, < 1. Because max 0, < 1 and limp_,40o G(A+ L+ h —7y) =1,

0<z<4m 0<z<dm
6(WF—WN) 1 . .. . . F N _
—r — 2 5(1 - Omai( 6.) > 0 when A is large enough. This implies that limp—,co W' = WY =
<z<4am

+0co no matter how large fz((c;)_1 () and Y,.;c)s xi are, meaning that W strictly exceeds W for
sufficiently large A.
W — WV is negative for sufficiently high adoption costs and positive for sufficiently large A,

so blockchain adoption has ambiguous effects on global welfare. [

Proof of Proposition 2.3.7. By Proposition B.2.1, a type & manufacturer i (i.e., i € M}) adopts
the blockchain and receives zero expected profit in the subgame due to price competition, i.e.,
I1(1,a—;) = 0, under full blockchain adoption. Hence, her expected profit for adopting the
blockchain is 0 — y; = —y;. However, if she chooses not to adopt the blockchain, then her expected
profit is always non-negative, which is better than —y;. Thus, with full blockchain adoption,

manufacturer i has incentive to deviate so there does not exist an equilibrium. [
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Proof of Proposition 2.3.8. Proposition 2.3.6 tells us that full blockchain adoption is welfare-
enhancing for sufficiently large A. However, by Proposition 2.3.7, there does not exist an equilibrium

with full blockchain adoption. Hence, an adoption failure arises by definition. [

Proof of Proposition 2.3.9. Recall that G denotes the cumulative distribution function of the outside

option ¢y of consumer k. We consider the system of transfers where 7; = y; for all i € M, and

K= Z’EE(%)”, where ¢ is to be determined. We will first show that for all sufficiently large A, there

exists ¢ such that by = 1 if and only if ¢, < ¢ and thus u, = u({k : by = 1}) = P(¢r < ¢) = G(9).
Since k-, = % -G (P) = Yiiem Xi = 2i-iem Ti» it follows that the system of transfers specified
above is self-financing. Next, we will show that {a; = 1,P; = ¥; = y}iem, U{a; = 1,P; = ¥; =
max{y — (h —[),0}}iep, can be sustained as an equilibrium under such a system of transfers.
Thereby, full blockchain adoption arises in equilibrium and the adoption failure is resolved.
Suppose a; = 1 foralli e M, P, = ¥; =¥, :=vyforalli € My, and P; = ¥; = ¥, =

max{y — (h —1),0} for all i € M;. Consumers are now in the subgame of making the b; decision.

The generic consumer k solves the following optimization problem:

bi, di; ¢) = B ik — kb ,
bg{%}g( k> O @) [max{rl%%} Uik, ¢xt — kb | Gil

where consumer k’s information set is given by Gy = o (tk, ¢r,{ai, Pi}iem). When by = 1,
i.e. consumer k has access to the information on the blockchain, the result in Proposition B.2.1

regarding the full adoption case implies that max iy = H+h—-vy=A+L+h-y. Therefore,
1€

g(1,¢;¢) =E! [max{rlré%} Uik, ¢} — kb | Gil

DisieM Xi

=max{A+L+h—-7vy, ¢r}— G(6)

When by = 0, consumer & opts to forgo access to the information on the blockchain. Here, the case
is a bit different from the non-adoption case: since P; = y for alli € M), P; = max{y — (h—1[),0}

for all i € M;, and vy # max{y — (h —[), 0}, the consumers are able to distinguish the vertically
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differentiated type (i.e., type & or type /) among the manufacturers, but they cannot distinguish
the horizontally differentiated type (i.e., type A or type B) among the manufacturers. Recall the

definition of 4, in Lemma B.1.2:

4m
6, := P(Qi(k) = Ik ’ 1k, ﬂ{qvk = ka})’

v=1

where z = [{v : 7,y = tx}|. Note that 6, and w, are defined for consumers selecting among 4m

manufacturers. Similarly, we can define 8, and W for a consumer selecting among 2m type h (resp.

type /) manufacturers. Accordingly, max iy = O7,(H-L)+L+h—y=0z7A+L+h-vyand
eMp

max u;; = ézl(H—L)+L+h—y = §ZIA+L+h—y, where Z; = {v : Gyx = ty,v € My}

ieM;

and Z; := |{v : §yx = tx,v € M;}| are two i.i.d. random variables and Z, = z w.p. W, for
z=20,1,...,2m. Consumer k finally compares max u;; and max u;; to determine max u;i.

ieMy ieM; ieM
Therefore,

8(0,¢r;0) = Eo[max{riréﬁl} Uik, $r} — kb | Gil

= E'[max{max{fz,,0z)} -A+L+h—v, ¢1} | Gx]

2m

= sz ~max{f,A+L+h—-vy, ¢},
z=0

where w, := P(max{fz,,07} = 0,) for z = 0,1,...,2m. Note that we still have the properties
0<6,<1forz=0,1,...,2mand Z?;”O w, = 1 by the variants of Lemma B.1.2 and Lemma B.1.3
(i.e., replacing m with 7 in those proofs). Consumer k chooses to gain access to the information

on the blockchain, i.e. by = 1, if and only if

h(or; @) ==g(1, dr; ) — (0, prs ¢p) = 0.

By Lemma B.1.5(b), it follows that there exists ¢* € [0,+0c0) such that h(¢*;¢*) = 0 and

h(pr; ¢*) > 0 if and only if ¢ < ¢*. Thus, by = 1 if and only if ¢ < ¢* is an optimal decision
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rule for all consumers. Since measure y, of the consumers who pay the fee « to gain access to the

information on the blockchain satisfies p, = u({k : by = 1}) = P(¢x < ¢*) = G(¢*), it follows

that the payment collected from the consumers is « - , = Z’G’(eg))" cG(P") = Diiem Xi = 2iviem Tis
indicating that the system of transfers is self-financing.

Next, we take one step back to the stage where manufacturers make their adoption and pricing
decisions. Fix i and suppose a; = 1 forall j € M\ {i}, P, =¥, = ¥ forall j € M, \ {i},
and P; = ¥; =¥, for all j € M;\ {i}. For manufacturer i, if she adopts the blockchain, then
she obviously has no incentive to increase her vendor price ¥; = W, she also has no incentive
to lower ¥; = W¢, because that results in under-fulfilling her consumer order. Additionally, she
has no incentive to change her consumer price from P; = ¥¢, because of price competition. Her
expected profit is zero in this case since P; = W¥; and the transfer 7; = y; just covers her adoption
cost y;. If she does not adopt the blockchain, the consumers still know her type as she is the only
manufacturer that is not on the blockchain. She makes her pricing decisions P; and ¥; as if she
joins the blockchain. Consequently, her consumer price P; remains equal to her vendor price ¥; in
this case. This implies that her expected profit from not adopting the blockchain is zero as well,
so she has no incentive to deviate from adopting the blockchain. To conclude, manufacturer i has

no incentive to deviate from the adoption decision a; = 1 and the pricing decisions P; = ¥; = ¥¢,.

This completes the proof. ]
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Appendix C: Chapter 3 Proofs for a = %

C.1 Main Proofs

Appendix C.1.2 provides proofs of all propositions stated in the body of Chapter 3. These
proofs rely on model solutions of expected good values, prices and market shares. We derive
the endogenous values of all such quantities in Proposition C.1.1, which is stated and proved in

Appendix C.1.1. All proofs in this appendix assume @ = % All the results are extended to

a € [%, 1) in Appendix D.

C.1.1 Model Solutions

Proposition C.1.1. The equilibrium expected good values, prices, and market shares under full

blockchain adoption, partial blockchain adoption, and blockchain non-adoption are as follows.

1. Full Blockchain Adoption: V,f =H forall k € [0,1], Pf =Pl =W+ cp(l - pay) forall

ieM,sf =--G(H-PF)foralli e M, and u;x)x = H — P forall k € [0,1].

2. Partial Blockchain Adoption: V,f = H forall k € [0, 1], Pf = Pi =W+cep(l-py)forall
i € Mg, Pf = Pg =%+cp(l—py)foralli € Mp, sf = ﬁG(H—Pf)foralli € M, and
Uitk = H — Pifor all k € [0, 1].

3. Blockchain Non-Adoption: VY = 2L forall k € [0,1], PN = PN := W+ cp(1 - py) forall

i€M, sV =5-G(HL - PN)foralli € M, and iy = ZL - PN for all k € [0,1].

Proof. For manufacturer i, once adoption decision a; is made, adoption cost y;a; becomes a sunk

cost and she is now in the subgame of choosing her price P;.
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* Full Blockchain Adoption: Consumers know each manufacturer’s type and will select a
manufacturer of her own type, so V,f = H for all k € [0,1]. Type A (resp. type B)
manufacturers are competing for the market consisting of type A (resp. type B) consumers;
we have two Bertrand games for type A and type B manufacturers respectively. Due to price
competition, manufacturer i will set P; to her expected cost so that the other manufacturers
of the same type have no chance to undercut to obtain the entire market. Accordingly,
PZF = Pf; =%+cp(l-pyy) foralli € My and PlF = Pg =W+cp(l-pyy) foralli € Mp;
type A (resp. type B) manufacturers split the market consisting of type A (resp. type B)
consumers evenly, sf = ﬁP(H - PF > ¢p) = ﬁG(H — PF) for all i € M. By definition,

max uig = Uik = H — PF forall k € [0, 1].

 Partial Blockchain Adoption: Since all type A manufacturers adopt the blockchain and
the blockchain is fully revealing, consumers know that a manufacturer with a; = 1 is of
type A. As it is a common knowledge that there are exactly m manufacturers of each type,
the remaining m manufacturers with a; = 0 must be of type B. Accordingly, consumers
know each manufacturer’s type based on manufacturers’ adoption decisions; a; = 1 implies
that manufacturer i is of type A, and a; = O implies that manufacturer i is of type B.
Hence, V,f = H for all k € [0, 1]. Again, we have price competitions and the equilibrium
price for manufacturer i in the subgame is equal to her expected cost. It follows that
PZP = Pi =%+cp(l - ppy) foralli € My and PZ.P = Pg =%+cp(l—-py)foralli € Mp;
type A (resp. type B) manufacturers split the market consisting of type A (resp. type B)
consumers evenly, sf = sf; = ﬁG(H - Pi) for alli € M4 and sf = sg = ﬁG(H - Pg)
for alli € Mp. In order for type A (resp. type B) consumers to stick to type A (resp. type B)
manufacturers, an additional condition to be added is H — Pg >L - PII;, which is equivalent
to H—-L > cp(pm — p1). By definition, max uik = Ui(k)k = H - Pﬁ for all type A consumers

and m% uip = ik = H - PZ for all type B consumers.
e

151



* Blockchain Non-Adoption: Since a = % type signals are uninformative; therefore, P(g; =
te | Frx) = % foralli € M and k € [0, 1], i.e. the manufacturers are indistinguishable from
the consumers’ perspective. It follows that V;; = V,ﬁv = # foralli e M and k € [0, 1], and
consequently, consumers will randomly choose from the set of manufacturers with the lowest
price. Hence, due to price competition, all manufacturers will charge exactly the same price,
and this price will equal the expected cost, i.e., PlN =PV =W+ cp(l—pp) foralli e M.
Thus, the market share sV = ﬁP(% — PN > ¢p) = ﬁG(% — PV) for all manufacturers

i

i € M,and Max uik = Ui(kyk = # — PN for all consumers k € [0, 1].
1€

C.1.2 Proofs of Propositions Stated in Chapter 3

Proof of Proposition 3.3.1. Recall that G denotes the cumulative distribution function of the outside
option ¢ and supported on [0, +c0). Let p(v) denote the corresponding probability density func-
tion, which is also defined on [0, +c0). Define an auxiliary function f(x) := xG(x)+ /x y p(v)dv.
Since f’(x) = G(x) > 0 for all x > 0, f(x) is strictly increasing in x on [0, +o0). By (3.10) and

Proposition C.1.1, we have that

1
W{ = /0 E[max{max ur, ¢i}] dk
= E[max{H — P", ¢, }]

=E[H - P" | H - P' > ¢, ]JP(H — P > ¢1) +E[¢x | H— P" < ¢4 ]P(H - P¥ < ¢y)

= (H - PHG(H - PF) +/ vp(v)dy
H-PF

= f(H - P").
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Similarly,

1
Wg = / E[max{max u;, ¢r }] dk
0 ieEM

= %E[max{H - PL o} + %E[max{H — PE. i}l

= SF(H = PRy + 2 f(H - Pp)

and

1
Wév :/ E[max{max u;, ¢i}| dk
0 ieM

= Elmac{Z L PV 4]
3 H+L_ N
= (- PY,

Proposition C.1.1 tells us PF < Pﬁ < Pg =PN soH-PF > H—Pg > H—Pg > % - PN 1t

follows that WS > W[ > WY since f(x) is strictly increasing. O
Proof of Proposition 3.3.2. Proposition 3.3.2 directly follows from Proposition C.1.1.

* Manufacturer Prices: By Proposition C.1.1, PF < P < PV and P¥ < PL = PV, so

PF < PP < PNforallie M.

* Expected Good Value: By Proposition C.1.1, V[ > VI > VY for all k € [0,1] as

_ H+L
H_H>%.

¢ Consumer Demand: Since Pf < PIN and G is increasing, sf.v = ﬁG(# - pN )

ﬁG(% - PlN) < ﬁG(H - Pf) = sf. Since Pf < Pf and G is increasing, sf =

>G(H - PP) < - G(H - PF) = 5-G(H - PF') = sI'. Hence, sF' > sP > sN foralli € M.

i

If G is strictly increasing, then the strict inequalities hold, i.e. sf > slP > sll.v foralli e M.

O
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Proof of Proposition 3.3.3. By Proposition C.1.1, each manufacturer has zero expected profit in

the subgame of choosing price because of price competition, regardless of the level of blockchain

adoption. It follows that Wy = 0 — Y e Xiai, 0 W = = Yy xis W = = Yiiem, xi» and

WA]\} = (0. We can see that Wﬁ < WAZ < WAA/;. L]

Proof of Proposition 3.3.4. By (3.12), Proposition 3.3.1, and Proposition 3.3.3, we have that

WF

WE+wi,
FH=-PH - >
i:ieM
fFA+L-PH =3y,
iieM
WE+ Wy,

1 1
SPH=PD+Sf(H-PD) = ) xi

€My
1 1
SPA+L=PR+ S f(A+L=P)) = > xi
iieMp

WY +wpy

H+ L
fES= =P 40

A
f(§+L—PN).

View L as a fixed parameter and allow A to vary. Since f(x) is strictly increasing, W, W” and

W all increase in A. W¥ decreases in Y;.;.cps x; and is strictly smaller than W¥ for sufficiently

large 3';..cps xi- The same argument applies to W¥.

Fixing adoption costs y;, Vi € M,

o(WEF —wh) o1 A v
a—A_G(A+L—P)—§G(5+L—P)
2G(A+L—PF)—%.

Because limp 400 G(A+ L — PF) =1, oW W) > % when A is large enough. This implies that

0A
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limp 400 W5 = WV = 400 no matter how large Y;.;c)s i is, meaning that W’ strictly exceeds WV
for sufficiently large A. Applying a similar argument, we can also show that W¥ strictly exceeds
WV for sufficiently large A.

WE — WV (resp. WP — W) is negative for sufficiently high adoption costs and positive for

sufficiently large A, so blockchain adoption has ambiguous effects on global welfare. [

Proof of Proposition 3.3.5. By Proposition C.1.1, a type A manufacturer i (i.e. i € M4) adopts
the blockchain and receives zero expected profit in the subgame of choosing price due to price
competition, i.e. II(1,a—;) = 0, under blockchain adoption (either full or partial). Hence, her
expected profit for adopting the blockchain is 0 — y; = —y;. However, if she chooses not to adopt
the blockchain, then her expected profit is always non-negative, which is better than —y;. Thus,
with blockchain adoption (either full or partial), manufacturer i has incentive to deviate so there

does not exist an equilibrium. 0

Proof of Proposition 3.3.6. Proposition 3.3.4 tells us that full blockchain adoption is welfare-
enhancing for sufficiently large A. However, by Proposition 3.3.5, there does not exist an equilibrium

with full blockchain adoption. Hence, an adoption failure arises by definition. [

Proof of Proposition 3.3.7. Recall that G denotes the cumulative distribution function of the outside

option ¢y of consumer k. We consider the system of transfers where 7; = y; for all i € M, and

K= %, where ¢ is to be determined. We will first show that for all sufficiently large A, there

exists ¢ such that by = 1 if and only if ¢, < ¢ and thus u, = u({k : by = 1}) =P(¢x < ¢) = G(9¢).

Since k-, = Z’ée(g))(i -G (@) = Diiem Xi = i-iem Ti» it follows that the system of transfers specified

above is self-financing. Next, we will show that {a; = 1, P; = W+cp(1 — pam) }iem can be sustained
as an equilibrium under such a system of transfers. Thereby, full blockchain adoption arises in
equilibrium and the adoption failure is resolved.

Suppose a; = 1 and P; = PF := W + cp(1 — pyy,) for all i € M. Consumers are now in the

subgame of making the by decision. The generic consumer k solves the following optimization
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problem:

max g (b, ¢r; ¢) := E’* [max{max u;, di} — kby | Gil,
by ieM

where consumer k’s information set is given by Gx = o (¢, ¢, {a;, Pi}iem). When by = 1,
i.e. consumer k has access to the information on the blockchain, the result in Proposition C.1.1

regarding the full adoption case implies that max ujj = H - PF = A+ L — PF. Therefore,
e

g(1,¢x;¢) = E! [max{firéﬁl} Uik, dr} — kbi | Gil

2isieM Xi

=max{A+ L - P¥, ¢} — G(6)

When b = 0, consumer k opts to forgo access to the information on the blockchain. The result in
Proposition C.1.1 regarding the non-adoption case implies that max u;g = % - Pf = % +L - PF.
1€

Therefore,

2(0, ¢r; ¢) = E° [maX{IlIé%} Uik, dr} — kbi | Gil

A
= max{z +L - P, ¢}
Consumer k chooses to gain access to the information on the blockchain, i.e. by = 1, if and only if

h(gi; @) = g(1, dx; ¢) — g(0, dr;¢) > 0.

By Lemma C.2.1(b) in Appendix C.2, it follows that there exists ¢* € [0, +00) such that h(¢*; ¢*) =
Oand h(¢y; ¢*) > Oifandonlyif ¢ < ¢*. Thus, by = lifandonlyif ¢; < ¢* is an optimal decision
rule for all consumers. Since measure p, of the consumers who pay the fee « to gain access to the

information on the blockchain satisfies p, = u({k : by = 1}) = P(¢x < ¢*) = G(¢*), it follows

that the payment collected from the consumers is « - y, = Z’G’(ﬁf)}(’ cG(P") = Diiem Xi = 2iviem Tis

indicating that the system of transfers is self-financing.
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Next, we take one step back to the stage where manufacturers make their adoption and pricing
decisions. For manufacturer i, if she adopts the blockchain, then she has no incentive to change her
price from P’ because of price competition. Her expected profit is zero in this case since her price
P; = P is equal to her expected cost and the transfer 7; = y; just covers her adoption cost y;. If
she does not adopt the blockchain, she no longer has access to the information on the blockchain,
and her expected cost goes up to ¥ + c¢p(1 — p;). Accordingly, in order to obtain non-negative
profit, her price P; > ¥ + cp(1 — p1) > ¥+ cp(1 — pam) = PF. Since Vix < H = Vjy for all j
such that j # i and q; = ty, it follows that u; = Vi — P; < Vi — PF = u . for all j such that j # i
and g; = 1;. Consequently, no consumer will select manufacturer i. This implies that her expected
profit from not adopting the blockchain is zero as well, so she has no incentive to deviate from
adopting the blockchain. To conclude, manufacturer i has no incentive to deviate from the adoption

decision a; = 1 and the pricing decision P; = ¥ + c¢p(1 — pa,). This completes the proof. [

C.2 Supplementary Lemma and Example

Lemma C.2.1. The function h(¢y; @) = g(1, ¢x; @) — g(0, ¢i; @) has the following properties.
(a). h(gy; @) is continuous and weakly decreasing in ¢y on [0, +c0).

(b). For all sufficiently large A, there exists ¢* € [0, +o0) such that h(¢*; ¢*) = 0 and h(¢y; ¢*) >
0 if and only if ¢ < ¢*. Therefore, by = 1 if and only if ¢ < ¢*. Moreover, ¢* is not

necessarily unique with a general cumulative distribution function G.

Proof. By definition,

h(pr; @) = g(1, pi; ) — g(0, ¢y @)

_ max{A+ L— PP, gy} — ZeM Xi

A F
G(6) —max{§+L—P , Pkt

Each term of it is continuous in ¢; on [0, +0), so h(¢py; ¢) as a function of ¢; is continuous

on [0, +c0). Depending on how large A is, there are three cases, each of which we subsequently
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examine separately: %+L—PF>O,%+L—PFSObutA+L—PF>O,andA+L—PFSO.

Consider the following three cases:

(. 3+L-PF >0

In this case, we can partition [0, +c0) into three intervals [0, % +L-PT], (% +L-PI A+
L — PF], and (A + L — PP, +0). h(¢y;¢) as a function of ¢ is constant on the first and
last intervals, and linearly strictly decreasing on the middle interval. Moreover, h(¢dg; @) is

continuous so that 4(¢@g; ¢) is continuous and weakly decreasing in general.

When ¢y € [0, % + L — P, h(¢y; ¢) is given by:

h($r; ¢) = max{A+L - P", ¢} - ZI%Z)XI —max{§+L—PF, 23
_ _pFy_ ZiemXi (A pF
= (A+L-PF) ) (F+L-P)
_ A Yiiem Xi
2 G’

which does not depend upon ¢y.

When ¢4 € (5 +L— PP A+ L—PF], h(¢x; ¢) is given by:

h($r; ) = max{A+L - P", ¢} - ZI%Z)XI - maX{% +L-P", ¢}
_(A+L-PF)- DiieM Xi i,

G(¢)

which is linear and strictly decreasing in ¢y.

When ¢y € (A+ L — P, +00), h(¢y; ¢) is given by:

h(¢e; @) = max{A+ L - P, ¢} - ZG(—%X —max{% +L- P, ¢4}
P LiieM Xi _
= Pk Gle) Pk
_ _Zi:ieM)(i
G(¢)
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which does not depend upon ¢y.

(2. 5+L-PF <ObutA+L-PF>0

In this case, we can partition [0, +00) into two intervals [0, A+L—PF] and (A+L—PF, +00).
By a similar argument, we can prove that h(¢x; @) is continuous and weakly decreasing
on [0,+00). More specifically, it is strictly decreasing on [0,A + L — P'] and flat on

(A+ L - PF,+).

3). A+L-PF <0

In this case, h(py; @) = —Z’%’g)x’ is a constant function on [0, +00) so that it is trivially

continuous and weakly decreasing.

In conclusion, across all three cases, (¢ ; ¢) is continuous and weakly decreasing in ¢ on [0, +00).
This completes the proof of (a).

When % > G~1(0.5) - L+PF, % +L—PF > G71(0.5) > 0 holds true. It follows from Case (1)
in the first property that 2(¢y; ¢) with such A is continuous and weakly decreasing in ¢ on [0, +00).
More specifically, it is strictly decreasing on (% +L—PF A+ L - PF] and flat on [0, % +L - PF
and (A + L — PF,+c0). Thus, if we can find a ¢* such that ¢* € (% +L—-PF A+L—-PF]and
h(¢*; ¢*) =0, then h(¢gy; ¢*) > 0if and only if ¢y < ¢*.

Note that

1(¢) = h(¢: ¢)

LiieM Xi A F
=max{A+ L — PF', ¢} - ZEMA _ max{=+ L - PF, ¢}
G(¢) 2
is continuous in ¢ on (0, +co) and
l(A+L—PF):— DisieM Xi <0
G(A+L - PF)
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When % > max{2 Y.y xi» G 1(0.5) — L + PF},

A A ;
l(—+L—PF):—— Zz.zEMXl
2 2 G(5+L-PF
- é _ DiieM Xi
2 G(G7H0.5)
A
2oy
isieM
> 0.

This implies that when § > max{2 ¥;,c xi» G~1(0.5) — L + PF'}, by intermediate value theorem,
there exists a solution ¢* € (% + L — P A+ L — PF] such that h(¢*; ¢*) = I(¢*) = 0. With this
¢*, we have that h(dy; ¢*) > 0if and only if ¢ < ¢*. ¢* is not necessarily unique with a general
cumulative distribution function G; Example C.2.1 below is such an example. This completes the

proof of (b). ]

Example C.2.1. Recall that we want to find a ¢* such that ¢* € (% +L-PF,A+L-PF=Tand

2isieM Xi

l(¢*) = maX{A+L - PF, ¢*} - W

A
—max{5+L—PF, ¢*} =0.
It is equivalent to solving y; (@) = y2(¢) for ¢ € I, or finding the intersection points of two curves

y1(¢) and y»(¢) on I, where

y1(¢) = max{A+ L — PF, ¢} — max{% +L - PF, ¢},

2isieM Xi

y2(¢) = Go)
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SetA=21, L=PF=0,%cyxi=1 and

£ €03
G(P)=1¢-2 ¢e3,2]
1 ¢ e (13, +00)

being piecewise linear. Then, I = (%, 13—3] and

13 13
y1(¢) = max{, ¢} - max{--. ¢},

1

y2(¢) = @)

There are two solutions ¢* = 3 and ¢* = 13—0 satisfying ¢* € I and [(¢*) = 0.

In this example, y,(¢) is decreasing but piecewise convex with a kink. It is possible to further

twist the shape of y,(¢) while keeping it decreasing to generate more intersection points with y (¢)

over I.
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Appendix D: Chapter 3 Proofs for a € [%, 1)

This Appendix includes proofs of all the results stated in Chapter 3 for a € [%, 1). Appendix C
included complete proofs for @ = % The extension to @ € (%, 1) involves additional mathematical
complexity that is developed here. We begin with several supporting lemmas in Appendix D.1, and

use these results to re-derive all the propositions in Appendix D.2.

D.1 Supplementary Lemmas

When a € (%, 1), signals are partially informative. Therefore, the proportion of consumers that
select a given manufacturer depends upon the distribution of manufacturer signals. Lemmas D.1.1
- D.1.3 provide intermediate results that enable us to explicitly compute the proportions for each
manufacturer. These results are necessary for several proofs in Appendix D.2. Additionally, to
determine the equilibrium with a system of transfers, it is necessary to determine the incremental
utility that consumers achieve from full information regarding manufacturer types relative to partial
information. Lemma D.1.4 provides an intermediate result for that purpose, which we rely upon in
the proof of Proposition 3.3.7 in Appendix D.2.

Recall that it is common knowledge that there are exactly m manufacturers of each type. Let r;,
i=1,...,2m, denote the true type of manufacturer i. We assume that every consumer k has prior

distribution that is uniform over the set of possible types
E={(r1,....rom) |1 €{A,B},Vl e M, [{l : ) = A}| =m} .

Lemma D.1.1. Suppose none of the manufacturers adopts the blockchain. Fix a consumer k.
Suppose the signal from manufacturer i is the same as her type, i.e. §;x = tx, and the signal from

manufacturer j is not the same, i.e. §jx # tr. Then, for any signal 7i; € {A,B},Vl € M\ {i, j},
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we have

P(é]i =1k ‘ tk, Gik = tk, G jk # tk, ﬂ {Gix = i’Zk})
LleM\{i,j}

> P(CIJ‘ = Ik ‘tk,éik =1, Gk # t, ﬂ {Gi = fzk})-

l:leM\{i,j}
Moreover, the inequality is strict when a € (%, 1).
Proof. Define the following five auxiliary sets
Eij = {(rl,...,rzm)|(rl,...,rzm)eE, rl-:rj:tk},
E‘i_/T = {(rl,---,r2m)|(rl,-~-,”2m)€Ea ri:tk7rj¢tk}a
El__] = {(r15"'9r2m)|(r15"'$r2m)€E’ rl;étk9r]:tk}a
E; = Eij UEl-JT,

E; = E;UE;.

Denote 7 and 7 as the realizations of G and g i, respectively. Then, 7 = t; and 7 # 1.
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Note that

P(Cli = 1% ‘ te, Gik = tk, G jk # tk, ﬂ {Gix = flk})
11eM\{i,j}

_Plgi =11, N2 LG = Fie} | te)

- PO {Gu = Fix} | te)

 Lr=tene{ABYYIEM\{i)} P(N" g =i}, Vil ddik = Fuc} | 1)

- Yreianyviem PO ar = rid, Ok = Fued | 1)

 Dri=tone{ABYYIEM\ (i} PO LG = Fck | NP Aqr = rib ) PO g = i} | 1)
- Sreianyviem PO dw = Fucd | N2 ar = it )PV {qr = 7} | 1)

.....

Sy PO LG = 7t | N7 {qr = rib )P @ = i} | 1)
..... el T PG = Fuc | qi = 1)

Yt T PG = e | qi = 1)

..... ramyeEs LT (@ =y + (1= @)L,y

Y rormer T (@l gzry + (1= @) Lrery)

Since the denominators of P(q; = tx | tx, Gix = tk> Gjk # ti> (\rzem\(i,j3 14 = Fix}) and P(g; =

te | te, Gik = ti, Gk # lk,mz;leM\{i,j}{Cilk = 7 }) are the same, it suffices to compare their

.....

Let #; denote the type that is different from 7;. There is a one-to-one mapping between two sets

E;; and E7;:

(rla~'-,r2m): (rh""ri—l’tk’ri+1’-~-7rj—1afkarj+l"-"r2m)
= (rl’-~',ri—lafk’rl'+la'"’rj—l,tk’rj+1"'-arzm)

=(r,....15,).

Because 7 =t and 7 # ty, it is easy to see that for any (ry,...,r) € E;;,

2m
]—[P(Cizk = lq=r)=a’ rl P(Gix = Fix | q1 = 11).
=1 lieM\{i,j}
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Similarly, for any (r{,...,7},) € Ef;,

2m
HP(@1k=flk|QI=rl'):(1—0!)2 1—[ P(Gu =ik | g1 =1)).
I=1

L:leM\{i,j}
If (r},...,r}, ) corresponds to (ry,. .., r2y), then
a? 1—[ P(Gu =ik | 1 =11) > (1 —a)? H P(Gu =7 1 g1 =1))
LleM\{i,j} LleM\{i.j}

since @ > % and r; = ry forall I € M\ {i,j}. Note that the inequality is strict when a > %

Combining all these results, we obtain that

2m
Z HP(CM =Fic | g1 =r1)

(r1,...,ram)EE; 1=1
2m 2m

= Z P(Gix =Fix | g1 =r1) + Z ]—[P(CM =7 lqr=r)
(risesr2m)€E; 1=1 (Plveetom)€E; 1=1
om
= Z P(Gik =Fik | g1 = 1)) + Z a? n P(Gik =ik | g1 = r1)
(Flyeees rzm)GE[j =1 (rlv-"erM)eEi] L:leM\{i,j}
2m
> Z P(Gix =Fix | g1 = 11) + Z (1-a)? ]—[ P(Gix = 7k | q1 = 1))
(r1se.r2m)€E;; 1=1 (r{seesrs, JEET; l:leM\{i,j}
211 2m
= Z P(Gu =Fie | qi=r) + Z HP(CM =il qr=r)
(ris.r2m)€E;; 1=1 (rfserh, JEE7; =1

2m
= Z HP(CM=71/< | g1 =r1).

(715 2m)€EE; =1

Note that the inequality in the fourth line is strict if @ € (%, 1) so that the statement of the lemma

holds with a strict inequality in that case. This concludes the proof. 0

Consider the case where none of the manufacturers adopts the blockchain. Consider a generic

consumer k. Recall that i(k) denotes consumer k’s preferred manufacturer, and the utility u;(x)x
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that she receives from purchasing from manufacturer i(k) is given by

ik = Vicor = Pl
2m

= (H— L)P(ql(k) =1 ) Ik, D{qlk = flk}) +L _Pl]\(]k)
=1

We call a signal §;; from manufacturer i favorable if the realization 7;; = ;. Next, we show

that the number of favorable signals [{/ : 7 = #;}| is a sufficient statistic for computing P(q;x) =
te | te, N LGk = i)

Lemma D.1.2. Consider the case where none of the manufacturers adopts the blockchain. Then,

the number of favorable signals |{l : 71, = t; }| is a sufficient statistic for the conditional probability

P(qic) =t | tis NP Gk = Fied), e

2m

P(Cli(k) = 1% ‘ te,| G = f’zk}) =0({l : Fix = 1 })
I=1

for some function 6(-) : {0,...,2m} — [0, 1]. Moreover, 0 < 6, < 1forz=0,1,...,2m, where

0, :=6(z2).

Proof. Let {71 }iem denote the realizations of the signals from the manufacturers. Let z :=
I{l : 71 = t;}| denote the number of favorable signals received by consumer k.
First consider the case where z > 0. In this case, Lemma D.1.1 implies that 7;(x)x = fx. Since

the prior is uniform over the set E, the posterior probability

2m
P(qi(k) = Ig ‘ 1, Q{Cizk = fzk}) = .
= r

.....

.....

.....

where E;xy = {(r1,....72m) | (r1,...,72m) € E,rjx) = tr}. First consider the numerator. We

know that there are exactly m manufacturers with type r; = t;, m manufacturers with type r; # ¢,
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and r;(x) = fx. The summation in the numerator can be equivalently computed by summing over the
possible values for the number of favorable signals x < min{z, m} that come from manufacturers

with type r; = ;. We can define

Dy={(ri,....rom) | {l 11 =Fpe =t} =x)}

as the set of all possible types such that there are x favorable signals coming from manufacturers

with type r; = tx. Then, the summation can be rewritten as

2m min{z,m} 2m
Z ]—[P(Cizk =filq=r)= Z Z HP(CM = |l g =m).
(r1se.s er)EEi(k) =1 x=max{l,z—m} (rl,..,,rgm)eEi(k)ﬂDx =1

Recall that |{l : 7jx = tx}| = z and note that

EigyN Dy ={(r1,....1r2m) | riciy =tk KL i = ti Y =m, {l : r; = Fip = tx }| = x}.

For any (r1,...,7m) € Ei(x) N Dy, we have

Hl:rm ==t} = x,
Hl:rm#t,fe =t} = z-x,
Hl:r=t,Fix £t} = m—x,
{l:r #ty,Fix #ti}| = m—z+x,

and thus [T P(Gix = ik | g1 = r1) = @™>72(1 — @)™ 22, Moreover, it is not hard to get that
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|Eity N Dx| = (21) (*"7%). Thus, the numerator

m-x

2m
n(z) = Z ]—[P(Cﬁk =Fulq=r)

(rl,...,rzm)eE,»(k) =1

min{z,m}

2m
Z Z HP(QM =Fi | qr=r1)

x=max{l,z—m} (r1,....r2m)€E;(x)ND [=1

min{z,m}

Z Z a,m+2x—z(1 _ a,)m—2x+z

x=max{1,z—m} (r ,...,rzm)eE,»(k) ND

min{z,m}
Z |Ei(k) N Dxl .a,m+2x—z(1 _ a,)m—2x+z

x=max{1,z—m}

min{z,m} (

=

x=max{1l,z—m}

z- 1) (2m - Z)am+2x—z(1 _ a,)m—2x+z
x=1/\m-x
is only a function of z.

Next, note that the denominator

2m
Z 1_[ P(Gux = Fix | q1 = r1)

(I’1 ..... rzm)EE =1

2m

2
= Z ﬁP(cjlk =l qr=r)+ Z HP((M =Fi | qr=r1).

(rl,...,rzm)GEi(k) =1 (rl ,,,,, r2m)€E\Ei(k) =1

We already have an expression for the first term. So, consider the second term. Since (ry, . .

E \ Ej), we have that r;) # t;. Using an analysis similar to the one above, we get that

2m
Z HP(sz =Fi | q1=r1)

(r1seer2m)EENE; (1) 1=1

-y

x=max{0,z—m}

min{z—1,m}
( X m—x

Z )( m Z)am+2x—z(1 _ a,)m—2x+z = 172(2).
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Thus, it follows that

2m

o e 11 C
P(qx(k) = I ‘ 1, g {Gix = rzk}) ST m@ 6(z).

This establishes that z is a sufficient statistic. Moreover, since 11 (z) (resp. 72(z)) contains at least
one term and a € [%, 1), n1(z) (resp. n2(z)) is positive. Therefore, 0 < 6, < 1 for all z > 0.

When z = 0, none of the signals consumer k observes is equal to 7. Consumer k will randomly
select a manufacturer from M. Since there are m type A manufacturers and m type B manufacturers,
it is easy to argue that 6y := 6(0) = % € (0,1).

]

Lemma D.1.3. Define w, as the proportion of the consumers who observe 7 favorable signals, for

z=0,1,...,2m. Then,

W, = Z (’;’:) (’;/l)a,mhv—y(l _ a,)m—x+y

x+y=2,0<x,y<m

and ?;”O w, =1, so {wz}gfo constitutes a probability mass function.

Proof. Define w? as the measure of the type A consumers who observe z favorable signals, for

z=0,1,...,2m. Then,

w? = % Z (’:)a"(l - a)m_x(’:)am_y(l - )’

x+y=z,0<x,y<m

1 My [ - m—x+
45 e

x+y=z,0<x,y<m

where x (resp. y) denotes the number of type A (resp. type B) manufacturers that emit type A

signals. The term (7)o (1-a)™ ™~ (’;’) ™Y (1-a)” represents the measure of the type A consumers

who observe x favorable signals from type A manufacturers and y favorable signals from type B
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manufacturers. Similarly, we can get wf and actually wf = w‘z“. Hence,

wZ:w?+wf

— Z (m) (m)a,m+x—y(1 _ a,)m—x+y.
x)\y

x+y=2,0<x,y<m

Given the expression for w, we have that

ZZm W, = 2Zm Z (’;’:) (T)amﬂc—y(l _ a,)m—x+y

z=0 z=0 x+y=2,0<x,y<m
= (Z (m)ax(l — oz)m_x) Z (m)am_y(l - a)’
X y
x=0 y=0
=1.

Lemma D.1.4. The function h(¢y; ¢) = g(1, dx; ¢) — g(0, di; @) has the following properties.
(a). h(gy; @) is continuous, piecewise linear and weakly decreasing in ¢y on [0, +o0).

(b). For all sufficiently large A, there exists ¢* € [0, +00) such that h(¢p*; ¢*) = 0 and h(dy; ¢*) >
0 if and only if ¢ < @¢*. Therefore, by = 1 if and only if ¢, < ¢*.

Proof. By definition,

h(pi; ¢) = g(1, dx; @) — g(0, dx; @)

2isieM Xi

:max{A+L—PF, ¢k}_T¢)

2m
- Z w, - max{0,A + L — P¥, ¢;}.

z=0
Each term of it is continuous in ¢; on [0, +0), so h(¢py; ¢) as a function of ¢ is continuous
on [0,+c0). By Lemma D.1.2, 0 < min 6, < 1. Depending on how large A is, there are

0<z<2m

three cases, each of which we subsequently examine separately: Omir21 6.-A+L-PF >0,
<z<2m
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min 6, -A+L—-PF <0ObutA+L—PF >0,and A+ L — PF < 0. Consider the following three

0<z<2m

cases:

(I). min 6,-A+L-PF'>0

0<z<2m

In this case, we can partition [0, +o0) into three intervals [0, Ornig 6,-A+L - PF,
<z<2m

(0 m1121 0, -A+L—-P',A+L—PF],and (A+ L — PF',+00). h(¢y; ) as a function of ¢y
<z<2m

is constant on the first and last intervals, and piecewise linearly strictly decreasing on the
middle interval. Moreover, h(¢y; ¢) is continuous so that i(¢y; @) is continuous, piecewise

linear and weakly decreasing in general.

When ¢y € [O,Omin 6, A+ L~ PT], h(¢y; @) is given by:
<z

<z<2m

DisieM Xi

h(¢r; ¢) = max{A+L - PF, ¢} - 0

2m
—sz~max{9ZA+L L
z=0

DisieM Xi X F
=(A+L-PF)—-2EM2L_ Ny (0,A+ L - PF)
G

2m Z Yi
1 - w.0 iiieM l’
( Z ) ) G(¢)
which does not depend upon ¢y.

When ¢; € ( min 6, -A+L—PF,A+ L~ PF], h(¢y; @) is given by:

0<z<2m

2m
h(¢r; ) = max{A +L - P", ¢} - LZiem Xi_ sz -max{0.A+ L — PF, ¢}
G) &
:(A+L—PF)——Z’*"€MX" - Z w.(0,A+ L —PF) - Z W bp.
G(¢)
20 A+L—PF> ¢y 20, A+L—PF <¢;,

Note that }.,.9_a+r-pF<g, Wz > 0 when ¢ € (Omir21 0. -A+L—PF',A+L—P"],s0h(¢r; d)
¢ - <z<2m

is piecewise linear and strictly decreasing in ¢y on this interval.
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When ¢ € (A+ L — PF,+00), h(¢y; ¢) is given by:

2m
h(¢i;d) = max{A+ L — PF, ¢} — %ﬂ;’;{’ = ;wz -max{6,A + L — PF, ¢i}
— LisieM Xi _ X
= ¢k G(¢) ZZ:(; WPk
_ _Zi:ieMXi
G(¢) ~

which does not depend upon ¢;. Note that the second line follows from the first because
Lemma D.1.2 implies 6, < 1, and the third line follows from the second because Lemma

Mo, = 1.

D.1.3 implies ;7% w;

(2). min 0, -A+L—-PF <ObutA+L—-PF>0

0<z<2m

In this case, we can partition [0, +00) into two intervals [0, A+L—PF] and (A+L—PF, +00).
By a similar argument, we can prove that (¢ ; ¢) is continuous, piecewise linear and weakly
decreasing on [0, +o0). More specifically, it is strictly decreasing on [0, A + L — P"'] and flat

on (A+ L — PF,+00).

3). A+L-PF <0

In this case, h(py; ¢) = —% is a constant function on [0, +c0) so that it is trivially

continuous, piecewise linear and weakly decreasing.

In conclusion, across all three cases, i (¢y; ¢) is continuous, piecewise linear and weakly decreasing
in ¢ on [0, +00). This completes the proof of (a).

When A > W,Omig 0.-A+L—-PF > G71(0.5) > 0holds true. It follows from Case
0<z<2m ° <z<2m

(1) in Property (a) that 2(¢x; ¢) with such A is continuous, piecewise linear and weakly decreasing

in ¢y on [0, +00). More specifically, it is strictly decreasing on ( min 6,-A+L—PF A+ L - PF]

0<z<2m
and flat on [0, Omil% 0,-A+L—PFland (A+ L — PF,+c0). Thus, if we can find a ¢* such that
<z<Zm
P € (Omi121 0,-A+L - P A+L - P] and h(¢*;¢*) = 0, then h(¢;;¢*) > 0 if and only if
<z<Zm
Pk < ¢°.
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Note that

I(¢) = h(e; )
=g(1,¢;0) — (0, ¢; ¢)

2m
= max{A+ L — P, ¢} - Z#Z)X’ —sz-max{ezA+L—PF, b}
z=0

is continuous in ¢ on (0, +o0) and

Zi:ieM Xi

— < 0.
G(A+L - PF)

I(A+L-PF)=

2 iiemxi G1(0.5)-L+PF
By Lemma D.1.2,0 < max 6, < 1. When A > max{—z”e"“" , G~ O)-L+P 1,
z 1- max 6 min 6
0<z<2m 0 z z
== <z<2m 0<z<2m

[( min GZ-A+L—PF): 1= w0, _ : DisieM Xi
0<z<2m G( min 6,-A+L - PF)
z=0 0<z<2m
2m Z Y

>|1- max 6 wo | A = LM At

( 0<z<2m . ZZ:(; < G(G_1(0.5))
=(1- 6. |A-2
> 0.

2 iiemxi G1(0.5)-L+PF

This implies that when A > max{ T }, by intermediate value theorem, there

gmax 02> min 6
exists a solution ¢* € ( min 6, - A+ L — PY, A+ L — PF] such that h(¢*; ¢*) = [(¢*) = 0. With

0<z<2m

this ¢*, we have that h(¢y; ¢*) > 0 if and only if ¢ < ¢*. This completes the proof of (b). 0

D.2 Main Proofs

Appendix D.2 provides proofs of all propositions stated in the body of Chapter 3 for @ € [%, 1).
These proofs rely on the lemmas provided within Appendix D.1. Moreover, these proofs rely on

model solutions of expected good values, prices and market shares. We derive the endogenous
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values of all such quantities in Proposition D.2.1, which is stated and proved at the beginning of

this section.

Proposition D.2.1. The equilibrium expected good values, prices, and market shares under full

blockchain adoption, partial blockchain adoption, and blockchain non-adoption are as follows.

1. Full Blockchain Adoption: V,f =H forall k € [0, 1], Pf =Pl =W+ cp(l — pay) forall

ieM, le = ﬁG(H— PE) foralli € M, and Uik = H — PF forall k € [0, 1].

2. Partial Blockchain Adoption: V,f = H forall k € [0, 1], Pf = Pi =W+cep(l-py)forall
i € My, Pf = PZ =%+cp(l—py)foralli € Mp, sf = ﬁG(H—Pf)foralli € M, and

ujok =H - Pf;for all k € [0,1].

3. Blockchain Non-Adoption: V,iv = (Z?fo wZGZ) (H—-L)+L forall k € [0,1], PZN =PV =
Y+cep(l—py) forallie M, slN = L ?ZO w,G(6,(H—-L)+L~—PV)foralli € M, and

— 2m

Uik =0, (H—- L)+ L — PN wp. w. forz=0,1,...,2mforall k € [0, 1].
Variables z, 0, and w, are all defined in Appendix D. 1.

Proof. For manufacturer i, once adoption decision a; is made, adoption cost y;a; becomes a sunk

cost and she is now in the subgame of choosing her price P;.

* Full Blockchain Adoption: Consumers know each manufacturer’s type and will select a
manufacturer of her own type, so V,f = H for all k € [0,1]. Type A (resp. type B)
manufacturers are competing for the market consisting of type A (resp. type B) consumers;
we have two Bertrand games for type A and type B manufacturers respectively. Due to price
competition, manufacturer ;i will set P; to her expected cost so that the other manufacturers
of the same type have no chance to undercut to obtain the entire market. Accordingly,
Pf = Pf; =%+cp(l-pyy) foralli € My and Pf = Pg =%+cp(l-pyy) foralli € Mp;
type A (resp. type B) manufacturers split the market consisting of type A (resp. type B)
consumers evenly, s = sS-P(H — PT' > ¢;) = 5-G(H - PF) for all i € M. By definition,

m%( uip = Uik = H — PF forall k € [0, 1].
1€
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* Partial Blockchain Adoption: Since all type A manufacturers adopt the blockchain and
the blockchain is fully revealing, consumers know that a manufacturer with a; = 1 is of
type A. As it is a common knowledge that there are exactly m manufacturers of each type,
the remaining m manufacturers with a; = 0 must be of type B. Accordingly, consumers
know each manufacturer’s type based on manufacturers’ adoption decisions; a; = 1 implies
that manufacturer i is of type A, and a; = 0 implies that manufacturer i is of type B.
Hence, V,f = H for all k € [0, 1]. Again, we have price competitions and the equilibrium
price for manufacturer i in the subgame is equal to her expected cost. It follows that
PF = PIIZ =W +cp(l—py)foralli € My and PP = Pg =W+cp(l-py) foralli € Mp;
type A (resp. type B) manufacturers split the market consisting of type A (resp. type B)
consumers evenly, sf = s‘Z = ﬁG(H - Pi) for alli € M4 and slP = sg = ﬁG(H - Pg)
for all i € Mp. In order for type A (resp. type B) consumers to stick to type A (resp. type B)
manufacturers, an additional condition to be added is H — P’; >L- Pi, which is equivalent
toH—-L > cp(pm— p1). By definition, I;Ié?l.;( Uik = Uik = H— Pﬁ for all type A consumers

and max uix = ik = H - P¥ for all type B consumers.
4SS

* Blockchain Non-Adoption: Consider the competition among the manufacturers of the same
type (either type A or type B). Suppose there exists a symmetric Nash equilibrium. Then,

the price competition implies that the equilibrium price for manufacturer i in the subgame

1

must equal her expected cost. For @ = 3, such an equilibrium exists in the subgame, and the

equilibrium prices are given by PlN =PN:=W+cp(l—py) foralli e M.

However, for a € (%, 1), no such equilibrium exists in the subgame because each manu-
facturer has a unilateral profitable deviation where she raises her price by a sufficiently small
amount. In particular, suppose i raises her price by 6 > 0. Then, if ¢ is sufficiently small,
consumer k prefers manufacturer i to all other manufacturers if and only if §;x = #; and
forall j # i : G # ;. Note that when ¢ is too large, no consumer would purchase from
manufacturer 7; in fact, a crude bound is § < H — L. Moreover, Lemma D.1.3 establishes

that the measure of consumers that prefer manufacturer i to all other manufacturers for a
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sufficiently small price increase is bounded above by 3. Even if all of these consumers

forgo the outside option, the incremental profit from manufacturer i raising her price above

the expected cost is bounded above by g, = ;V—n; -(H - L). Since lim w; = 0, it follows that
m—0o0

lim g, = 0. Thus, the manufacturer’s incremental profit vanishes as m — oo.

m-—0o

Indeed, the non-existence of pure strategy equilibria has been recognized as a major
conceptual difficulty in price-setting models (see Dixon 1987), and one alternative that has
been explored is the notion of approximate equilibria. For example, Dixon (Dixon 1987,
Definition 3, page 47) considers the notion of an g-equilibrium, defined as one in which
each agent is within & of her best payoff, given the actions of the other agents. (In practice
there are some small but positive costs associated with a price adjustment that can justify an
g-equilibrium.) For the price setting problem faced by the manufacturers in our model, we

use this definition of g-equilibrium.

It is clear that our solution is an g-equilibrium in the subgame for all ¢ < g, with

lim &, = 0. In economic terms, a manufacturer’s gain from unilaterally raising her price is

m-—-oo

negligible, particularly in markets with many competitors. Thus, for a € (%, 1), Pl].V = PN =

Y+cp(1—-py)foralli € M are the prices corresponding to an g-equilibrium in the subgame

for e = Wl(gﬂ L) " and this approximate notion of equilibrium becomes exact in the limit (i.e.,

as m — 00).

Since PN = PN are the same for all i € M, sV = s forall i € My and sV = s} for
all i € Mp by the symmetry of the manufacturers of the same type from the consumers’
perspective. Since half of the consumers are of type A and half of them are of type B, by
symmetry, if there are an amount of type A (resp. type B) consumers selecting a type A

manufacturer, then there are the same amount of type B (resp. type A) consumers selecting

N

a type B manufacturer. Thus, s’}

= sg . In the following, we will derive the mathematical

expression for slN .
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Consider a generic consumer k. By definition, consumer k’s information set

Fi=0 (lk, b, {az,va,Cizk}ZeM) -

Note that ¢ is independent of 7; and {a;, va, q1, Gix }1em and has no impact on { Vi, ujx brem»
so we can safely drop it from % in the following discussion. Since the adoption decisions
and the equilibrium prices under blockchain non-adoption are the same for all manufacturers,
the adoption decisions ﬂlz;"l{al = 0} and the prices ﬂlzf’l {va =%+ cp(l - p;p)} do not
provide extra information for consumer k to distinguish between manufacturers. Therefore,
we do not include {a;, va }em into F in the following discussion. To sum up, F is now
simplified to o (tx, {Gix }iem). Treat {Gi }iepm as random variables and suppose that the
signals consumer k observes are {7x };cp, Which are the realizations of {G };ep. For any
realization 7y, P(g; = t; | Fx) can be regarded as a function mapping (7, ..., 2mk) to a
number between [0, 1], namely a probability. Evaluating P(q; = tx | Fx) at t; and {7 }iepms

2m

we get the conditional probability P(g; = #x | tx, (;Z;{qix = Fix})-

From Lemma D.1.2, it follows that
Vitok = (H=L)P(qixy =tx | Fx) + L =07z(H-L)+ L
and
Uik = Vitok — Pf\(]k) =0z(H-L)+L-P",

where Z := |{l : g = tx}| is a random variable representing the number of favorable
signals received by consumer k. Lemma D.1.3 gives the mathematical expression for w, the
proportion of the consumers who observe z favorable signals. Consequently, P(Z = z) = w,

forz=0,1,...,2m, and V¥ = E[Viuy] = (Z§f0 wzez) (H-L)+L.

Of the w, fraction of consumers who observe z favorable signals,a 1 — G(6,(H — L) +
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L — PN) will take the outside option because ¢y > u;x)x = 6.(H — L) + L — PV, and the
remaining will randomly select a manufacturer from the ones that emit favorable signals

to order the product with. Hence, the total sales under blockchain non-adoption lezml sl’.\’ =

?fo w.G(6,(H—L)+L—PN). Since we have already established that the 2m manufacturers

split the entire market evenly, therefore, sfv = ﬁ Zo w.G(0.(H—-L)+L - PV).

]

Proof of Proposition 3.3.1. Recall that G denotes the cumulative distribution function of the outside
option ¢ and supported on [0, +c0). Let p(v) denote the corresponding probability density func-
tion, which is also defined on [0, +c0). Define an auxiliary function f(x) := xG (x)+ /x y p(v)dv.
Since f’(x) = G(x) > 0 for all x > 0, f(x) is strictly increasing in x on [0, +o0). By (3.10) and

Proposition D.2.1, we have that

1
Wi = /0 E[max{max ur, ¢i}] dk
= E[max{H — P", ¢, }]

=E[H - P" | H - P' > ¢, ]JP(H - P > ¢1) +E[¢x | H— P" < ¢ ]P(H - P¥ < ¢y)

=(H-PHGH-PH) + / vp(v)dy

H-P

= f(H - P").
Similarly,

1
Wg = / E[max{max u;z, ¢i}]| dk
0 ieEM

= %E[maX{H - Pﬁ, o]+ %E[max{H - PP, di}]

1 1
= Sf(H = P)+ 2 f(H - Pp)
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and

1
Wg :/ E[max{max u;, ¢x }] dk
0 ieEM

2m
= Z WZE[maX{QZ(H - L) +L - PN’ ¢k}]
z=0

2m
= > wof(6(H-L)+L-PY).
z=0

Lemma D.1.2 and Proposition D.2.1 tell us H > 6,(H — L) + L and PF < Pf; < Pg = PV, so
H-P'>H-P!>H-PL>0.(H-L)+L-P". Itfollows that W& > W5 > WY since f(x)
is strictly increasing. [
Proof of Proposition 3.3.2.

* Manufacturer Prices: By Proposition D.2.1, P < P§ < PN and PF < PL = PV, so

Pf<Pf§Pleoralli€M.

* Expected Good Value: By Lemmas D.1.2 and D.1.3, Zifo w0, < Zifo w, = 1, so
H=H > (2 w.0.) (H L)+ Land v} > Vf > V¥ forall k € [0,1].
* Consumer Demand: Since Pf < PlN and G is increasing, by Lemmas D.1.2 and D.1.3,
| 2
sV = %ZWZG(QZ(H— L)+L-PY)

z=0
2m

1
=5 ZWZG(QZ(H ~L)+L-PV)
m z=0
< — > w,G(H-PF)
2m =
=—G(H-P) )y w,
2m z=0
1
= 5-G(H-P])

=5 .
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Since P < PP and G is increasing, s¥ = ﬁG(H—PlP) < ﬁG(H—Pf) = ﬁG(H—PF) =

si'. Hence, si' > sF > sV forall i € M. If G is strictly increasing, then the strict inequalities

hold, i.e. sf > sf > sfv foralli e M.

]

Proof of Proposition 3.3.3. By Proposition D.2.1, each manufacturer has zero expected profit in
the subgame of choosing price because of price competition, regardless of the level of blockchain
adoption. It follows that Wy = 0 — Y enr Xiai, s0 Wh = = Scn xis Wh = = 3icar, xi, and

Wiy = 0. We can see that Wi, < W} < WP O

Proof of Proposition 3.3.4. By (3.12), Proposition 3.3.1, and Proposition 3.3.3, we have that

wh = wl+wy,
= fH=-P)= ) xi
i:ieM
= f(A+L-P") - ) i
iiieM

P p p
wo o= W+ Wy,

1 1
= SfH-PO+>fH-PD)~ ) xi

i:ieMy
1 1
= Sf(A+L=PD)+5f(A+L~Pp) - D X
iiEMy
N N N
wh o= wlawh
2m

= > wef(0:(H-L)+L=-P")+0
z=0
2m

= > wef(0:A+L-P").

z=0

View L as a fixed parameter and allow A to vary. Since f(x) is strictly increasing, W', W and
W all increase in A. W¥ decreases in 3;.;,cps x; and is strictly smaller than W¥ for sufficiently

large 3";..cps xi- The same argument applies to W¥.
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Fixing adoption costs y;, Vi € M,

F _ ywN 2m
% =G(A+L-Ph —ZWZHZG(QZA+L—PN)

z=0
2m

> G(A+L - PF) —szez 1
z=0

2m
ZG(A+L—PF)—( max QZ)ZWZ

0<z<2m

=G(A+L-PF)- max 6,.

0<z<2m

By Lemma D.1.2, 0 < max 6, < 1. Because max 6, < 1 and limp_;c0 G(A+ L — PF) = 1,

0<z<2m 0<z<2m
B(WF—WN) l _ . .. . . F _ N _
—Ar 23 (1 Oma)2< 6.) > 0 when A is large enough. This implies that lima_, ;.o W wWh =
<z<2m

+00 no matter how large 3';..c,s x: is, meaning that W’ strictly exceeds W for sufficiently large A.
Applying a similar argument, we can also show that W7 strictly exceeds WV for sufficiently large
A.

WE — WV (resp. WP — W¥) is negative for sufficiently high adoption costs and positive for

sufficiently large A, so blockchain adoption has ambiguous effects on global welfare. [

Proof of Proposition 3.3.5. By Proposition D.2.1, a type A manufacturer i (i.e. i € M4) adopts
the blockchain and receives zero expected profit in the subgame of choosing price due to price
competition, i.e. II(1,a-;) = 0, under blockchain adoption (either full or partial). Hence, her
expected profit for adopting the blockchain is O — y; = —y;. However, if she chooses not to adopt
the blockchain, then her expected profit is always non-negative, which is better than —y;. Thus,
with blockchain adoption (either full or partial), manufacturer i has incentive to deviate so there

does not exist an equilibrium. 0

Proof of Proposition 3.3.6. Proposition 3.3.4 tells us that full blockchain adoption is welfare-
enhancing for sufficiently large A. However, by Proposition 3.3.5, there does not exist an equilibrium

with full blockchain adoption. Hence, an adoption failure arises by definition. 0
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Proof of Proposition 3.3.7. Recall that G denotes the cumulative distribution function of the outside

option ¢, of consumer k. We consider the system of transfers where 7; = y; for all i € M, and

K= Z’ge(g))‘i, where ¢ is to be determined. We will first show that for all sufficiently large A, there

exists ¢ such that by = 1 if and only if ¢, < ¢ and thus u, = u({k : by = 1}) = P(¢r < ¢) = G(9).
Since k-, = % -G (P) = Yiiem Xi = 2i-iem Ti» it follows that the system of transfers specified
above is self-financing. Next, we will show that {a; = 1, P; = W+cp (1 — pam) }iem can be sustained
as an equilibrium under such a system of transfers. Thereby, full blockchain adoption arises in
equilibrium and the adoption failure is resolved.

Suppose a; = 1 and P; = P := ¥ + cp(1 — pa,) for all i € M. Consumers are now in

the subgame of making the b; decision. A generic consumer k solves the following optimization

problem:

max g(by, ¢r; ¢) := B’ [max{max u;, dx} — kby | Gil,
by ieM

where consumer k’s information set is given by Gx = o (¢, ¢r, {a;, Pi}iem). When by = 1,
i.e. consumer k has access to the information on the blockchain, the result in Proposition D.2.1

regarding the full adoption case implies that max ui = H ~ P = A+ L — PF. Therefore,
1S

g(1,¢1;¢) = E! [maX{IiIg‘l} Uik, ¢x} — kbi | Gil

2isieM Xi

:maX{A+L—PF, (pk}—w.

When by = 0, consumer k opts to forgo access to the information on the blockchain. The result in

Proposition D.2.1 regarding the non-adoption case implies that Max Uk = 0,(H-L)+L-PF =
4SS

0,A+L— PF where Z := |{l : §;x = tx}| is arandom variable representing the number of favorable
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signals received by consumer k and Z = z w.p. w  forz =0, 1, ..., 2m. Therefore,

2(0, ¢r; ¢) = E° [maX{I}g} Uik, ¢} — kb | Gk

=E’[max{0zA + L — P¥, ¢1} | Gi]

2m

= Z w, - max{6,A + L — P, ¢;}.
z=0

Consumer k chooses to gain access to the information on the blockchain, i.e. b; = 1, if and only if

h(oi:¢) == g(1,d1:0) — g(0, drs ¢) > 0.

By Lemma D.1.4(b), it follows that there exists ¢* € [0,+c0) such that h(¢*;¢*) = 0 and
h(pr; ¢*) > 0 if and only if ¢ < ¢*. Thus, by = 1 if and only if ¢ < ¢* is an optimal decision
rule for all consumers. Since measure u, of the consumers who pay the fee « to gain access to the

information on the blockchain satisfies y, = u({k : by = 1}) = P(¢x < ¢*) = G(¢*), it follows

that the payment collected from the consumers is « - p, = Z’G‘(G(’;)X‘ cG(P") = Diiem Xi = 2iviem Tis
indicating that the system of transfers is self-financing.

Next, we take one step back to the stage where manufacturers make their adoption and pricing
decisions. For manufacturer i, if she adopts the blockchain, then she has no incentive to change her
price from P’ because of price competition. Her expected profit is zero in this case since her price
P; = PT is equal to her expected cost and the transfer 7; = y; just covers her adoption cost y;. If
she does not adopt the blockchain, she no longer has access to the information on the blockchain,
and her expected cost goes up to ¥ + c¢p(1 — p1). Accordingly, in order to obtain non-negative
profit, her price P; > ¥ + cp(1 — p1) > ¥ +cp(1 = poy) = PE. Since Viy < H = Vjy for all j
such that j # i and q; = 1y, it follows that u; = Vi — P; < Vi — PF = u . for all j such that j # i
and g; = 1;. Consequently, no consumer will select manufacturer i. This implies that her expected

profit from not adopting the blockchain is zero as well, so she has no incentive to deviate from

adopting the blockchain. To conclude, manufacturer i has no incentive to deviate from the adoption
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decision a; = 1 and the pricing decision P; = ¥ + cp(1 — pa,). This completes the proof. O
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Appendix E: Chapter 4 Proofs

Proof of Proposition 4.3.1. Define @ = a + 6. Note that a € [%, 1),6 € (0,1 —a]and @ € (%, 1].
Consider a generic consumer. Let {g; : i = 1,...,m} be the set of quality signals she receives
from the m manufacturers.

Under full adoption, P(q; = H,§; = H) =P(q; =L,§; = L) = 5@ and P(q; = H,§;, = L) =

1
2
P(g; = L,G; = H) = 3(1 — @). Therefore, P(§; = H) =P(§; = L) = Y and P(¢; = H | §; = H) =
1-P(q;=L|G=H)=P(q;=L|G=L)=1-P(q;=H|§ =L)=a. Sincea >3 >1-a,

it follows that the consumer will always place an order with a manufacturer with §; = H, if such a

manufacturer exists. Hence, we need to consider the following two cases:

1. §; = Hforsomei € {1,...,m}: This case occurs with probability 1 —0.5™, and in this case,
the consumer places an order with any manufacturer i with §; = H, and receives the expected

quality E[gq; | g;=H] =a(H - L)+ L.

2. gi = Lforalli € {1,...,m}: This case occurs with probability 0.5”, and in this case,
the consumer places an order with any manufacturer, and receives the expected quality

Elgi | gi=L]=(-a)(H-L)+L.

Since all the consumers are identical, the total consumer welfare WgA is equal to the expected

utility of a generic consumer. Thus, the consumer welfare

1
WEA = / E[max B¢ [:]]dk
O 1

[@(1-0.5) + (1 —&)0.5"] (H-L) +L.

The no blockchain or non-adoption of blockchain corresponds to 6 = 0. In this case, the
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consumer welfare W’Cv 4 is given by
WXA = [a(1-0.5") + (1 - @)0.5"] (H- L) + L.

Since g(x) = x(1 = 0.5™) + (1 — x)0.5™ is increasing in terms of x over [0, 1] and § > 0, we

conclude that blockchain always improves consumer welfare. [

Proof of Proposition 4.3.2. Fix an arbitrary manufacturer i. Suppose there is no blockchain or
none of the manufacturers adopts the blockchain. Fix the types of all manufacturers, and fix a
generic consumer, and let {G; : i = 1, ..., m} denote the quality signals that this consumer receives

from the m manufacturers. Define

Bi = 1(g,=n}

0; =E[Bi | qil =P(Gi =H | q;) = alyy—gy + (1 —a)1yy,=1},

where 14 € {0, 1} denotes the indicator of the event A.

Let ZL (resp. ZH) denote the market share manufacturer i can get when g; = L (resp.
qi = H). Thus, the expected welfare of manufacturer i is given by %E ZE - pe‘Zﬁﬂc(Zé) +
1E |z - pe~Zadc(ZH)|. Next, we compute an expression for Z= and ZH.

First, suppose ¢g; = L. Then we have the following two cases.

1. g; = L: This case occurs with probability «, and in this case, manufacturer i is able to attract
market share, if and only if, g; = L, for all j # i, and in this case, manufacturer i shares the
unit demand with all other manufacturers. Thus, the market share ZZ (L) is given by

1

Zy(L) = —
m

[1e@ =L q,->] = [a-ep.

J#L J#

Using the fact that the type of each manufacturer is independently drawn, and B, [1 - 6;] =

0.5, it follows that E,,_[ZX(L)] = &5

i m
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2. g; = H: This case occurs with probability 1 — @, and in this case, manufacturer i shares the

unit demand with all other manufacturers j with §; = H. Thus, the market share ZL(H) is

given by
7 LGi-Lyp( 5 .
[M:+P(Gi=L|q;) {g;=L}p =H|q;) {d;=H)
zkmy =Y j#i P4 q; (4 g,
g-ic{LH}™! 1+ 22 Lg,=n)
1-8; nBj
_ Z [1;(1-6;) ﬂf@}.’
Bie{0,1}m1 L+ 24 Bj

J

Using the fact the types of all manufacturers are drawn independently, E, .[(1-6;) 1=B; Gf'f ] =
0.5, and there are (mlzl) sequences with exactly k signals g; equal to H, it follows that

B, [ZE(H)] = 0.5 20 (") .

Since we consider a continuum of infinitesimal consumers, the probability immediately translates
to fractions, i.e. « fraction of the consumers receives the signal §; = L and 1 — « fraction of the

consumers receive the signal §; = H. Thus, it follows that the market share

Z,

aZ(L) + (1 - a)ZE(H)

a(%ﬂu —9,)) +(1-a) Z

J#i B-i€{0,1}m-1

[ 07 (1= 0))1
L+ 24 B

Using a similar analysis, it follows that the market share Z when g; = H is given by

[T 67 (1-6,)'F
1+Zj:ﬁiﬁj

Zg:(l—a)(%l_[(l—ej))+a/ ﬁ >

j;ti 46{0,1}’"71

187



Thus, the manufacturer welfare is given by

1 1
Wﬁl\ﬁl = m (—E [ZCI; - pe_Z‘L”lc(Zé)] + EE [Zf - pe_Zg/lc(Zg)])

m—1
1)1 1
= m[05" ) (’" )— +05"— —F [O.Spe_zé’lc(zé) +0.5pe~2ate(zH )]
Zi\ &k Jk+1 m

= 0.5" Z (IZ) - 0.5mpE [e‘zﬁ/lc(Zé) + e_Zg/lc(Zf)]
k=0

= 1-0.5mpE [e‘Z(L”lc(Z(I;) + e_Z{Y{Ac(Zf)]

where the last equality follows from the fact that the first term is the sum of all terms in the binomial
series with p = g = %

If @ = 1, then Z! = Z! = L Therefore, the manufacturer welfare is given by
12

2

1
29
whNA =1 - e_% m c(l)

M3 P ml’

Under full adoption, the expected market shares are given by Z 5 and Z 5’ , where @ = @ + ¢, and

the manufacturer welfare is given by

FA
WM,&

1 _ 1 _ S
m (EE [Zé — pe /lc(Zé)] + EE [Zg — pe /lc(Zg)]) - ;Xi

m

_ZXi

i=1

m—1
m m—1 1 ml_ -1 L -1 H
m(O.S ;}( B )k+1+o.5 — E [0.5pe~tc(ZE) +0.5pe™e(ZH)]

1-0.5mpe™E [C(Zé) + C(Zg)] - Z){i
i=1

When @ = 1, i.e. the blockchain is fully-revealing,
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and Z! = L with probability 0.5 ! ("), for k = 0, 1,. — 1. Therefore,

Wi = 1-05mpe™

m—1
1 m—1 1
m—1_[ m—1 .
0.5"e(—-) +0.5 Z( . ) (=)

k=0 i=1
[ m—1 m
1 m—1 1
_ _ m -1 . - . _ X
= 1-0.5"pe m c(m)+2( L )m C(k+1) ZXl
L k=0 =1
= 1-0.5"pe™ m~c(i)+m mk~c(l) —i ;
- 2P m k K| T L
| k=1 i=1
The difference A(1) between the manufacturer welfare under full adoption and no blockchain
is given by
AQ) = WiA - WZA,
’ 2
= 1—05’"eim~c(l)+imk~c(l) —i =1 - eﬂ-m-c(l)
= 4 n £, k X Z Xi p n
- oyt - mef ) 5 (1) bl ) -5
= 0.5 (e e )mc( )+;(k)(e mc(m e "kc k iZ)(l
Jensen’s inequality applied to the convex cost function c, we get kc(%) = c( )+ 2 c(0) >

mc(%). Hence,

= 0% 2 {1) [melie) - #e(5)) - 2
A(O) = pZ(k)( — J]- >

k=1 i=1

< 05 (7) (3] - meld) - v

= p k " " : Xi
k=1 i=1

< 0.

Since A(A) is a continuous function, A(A) is negative for A that is sufficiently small. ]
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Proof of Proposition 4.3.3. By the result of Proposition 4.3.2, under full adoption, the manufacturer

welfare is given by
m
Wiy = 1-05mpe™E [c(z5) +c(ZH)] - Y i
i=1
under non-adoption or no blockchain case, the manufacturer welfare is given by
WAAEZ = 1-0.5mpE [e_ZﬁAC(ZEI;) + e_Zg/lc(Zf) .

Hence, the difference in the manufacturer welfare under full adoption and no blockchain is given

by

A(Q) Wﬁf‘& - Wy

(1= 05mpeB [c(2h) + e(Z]) - (1 - 0.5mpE [ Zite(zE) + e Zihe(zt]) - 3
i=1

0.5mp (E [e_ZCL’ﬂc(Zé) + e_zf’uc(Zf)] - e E [C(ZC%) + c(Zg)]) - i){i.

i=1

Since a < 1, there exist Zg min and Zg.max such that 0 < zg.min < Z%, ZH < 74 max < 1. Also, we
have 0 < Z(% , Zg < 1. Suppose ¢(zq.min) > 0. Since 1 —z4 max > 0 and the reputation cost function

¢ is increasing, we have that for all sufficiently large A, the first term in the expression for A(A1)

0.5mp (]E [e“zéﬂc(ZC%) + e_Zg/lc(Zg)] - [C(Zé) + C(Zgl)])
2 mp (e_zn’mm‘/lc(za,min) - e_/lc(l))
— mpe—/l (e(l—Za,max)/lC(Za/’min) _ C(l))

> 0.

Thus, it follows that there exists a Ao such that A(1p) > 0, blockchain improves manufacturer

welfare, when the total adoption cost 3. | x; is sufficiently small.
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Note that lim) 100 A(1) = = 2", x; < 0 and A(A4) is continuous on [0, +c0). This implies that

max,>9 A(4d) = A(4dg) > 0, is attained by some intermediate value of A. ]

Proof of Proposition 4.3.4. From the expressions for consumer welfare in Proposition 4.3.1 and

manufacturer welfare in Proposition 4.3.2, it follows that, under full adoption, the total welfare

WiA = ([@(1-0.5") + (1 - @)0.5™] (H-L) + L)

m
+ (1 —0.5mpe™E [c(Zé) + C(Zg)] - ZX;‘);
i=1
under non-adoption or no blockchain case, the total welfare

WA = ([a(1-0.5") + (1 —@)0.5"] (H- L) + L)

+ (1 —0.5mpE [e'Z‘L*’lc(Zé) + e-Zﬁwzg')] )

Both W; and W,, are increasing and linear in the product quality dispersion H — L, so they diverge
with the product quality dispersion.

The change in welfare
Ay = WA —wh4
= (1 - 0.5mpe™E [C(Z(I;) + c(Zf)]) - (1 - 0.5mpE [e_ZfL?Ac(Zé) + e_Zguc(Zg)])
m
+Ha@—-a)(1-05""YH-L) - ZX,-
i=1
= 0.5mp (E [e‘zé/lc(Zé) + e_Zg/lc(Zf)] ] [C(Zé;) + c(Zg)])
m
+5(1-0.5"Y(H - L) - ZXf-
i=1
When H — L is sufficiently large, Ay > 0, which indicates that the global welfare under blockchain

adoption strictly exceeds the global welfare without blockchain for sufficiently high product quality

dispersion; when >, y; is sufficiently large, Ay < 0, which indicates that the global welfare under
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blockchain adoption is strictly smaller than the global welfare without blockchain for sufficiently

high adoption costs. O

Proof of Proposition 4.3.5. Fix an arbitrary manufacturer i. Suppose g; = L and all other manu-
facturers play the adoption strategy g3. First, suppose manufacturer i adopts the blockchain, i.e.

a; = 1. By the result of Proposition 4.3.2, the expected payoff of manufacturer i is
B, [s:(1. g3(q20)) - pe—/l[é‘i(l,g3(q7i))+2k¢i g3(qk)sk]C(Si(1,g3(C[—i)))]_)(i = E[2L - pete(ZE)]-xi.

Next, suppose manufacturer i does not adopt the blockchain, i.e. a; = 0. Let ZgB denote the market
share manufacturer i can get in this case. Fix the types of all manufacturers, and fix a generic
consumer, and let {g; : i = 1,...,m} denote the quality signals that this consumer receives from

the m manufacturers. Then we have the following two cases.

1. g; = L: This case occurs with probability @. Since all other manufacturers adopt the

blockchain, the posterior quality for all manufacturer j # i is given by

Bl laj=1.4;=L]=(1-&)(H~L)+L,

Elgjlaj=1,4;=H]=a(H-L)+L.
Since manufacturer i’s expected quality E[g; | @; =0,§; = L] = (1 —a)(H — L) + L satisfies
Elgjlaj=1,4;=L] <Elg;|a;=0,4;=L] <E|g;|a;=1,G; = H],

it follows that manufacturer i receives market share, if and only if, g; = L for all j # i, and in

. . . . B ~
this case, she receives the entire unit demand. Thus, the market share Zg (L) =11;xP(g; =

L|qj) =11 (1-86;).

2. g; = H: This case occurs with probability 1 — @. Since all other manufacturers adopt the
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blockchain, an argument similar to the case when §; = L, establishes that
Elgjlaj=1,4;=L] <Elgi|a;=0,§;=L]=a(H-L)+L <E[g;|a;=1,G; =H].

Thus, manufacturer i receives market share, if and only if, §; = L for all j # i, and in

this case, she receives the entire unit demand. Thus, the expected market share ZgB (H) =

[1;%P(G; =L1qg;) =T1=(1-06)).

Since a fraction of the consumers receive the signal §; = L, and 1 — « fraction of the consumers

receive the signal §; = H, it follows that

CB CB CB
Z;7 =aZ;"(L)+ (1 —a)Z;"(H)

[ Ja-op. (E.1)

J#

where 6; = @ and 1 — @ with equal probability, the expected payoft of manufacturer i is
By 5100, 83(g-)) = pe 00D (50, g3(g-)) | = B| 257 - peZee(zEP)]

In order for (f; = g3, ..., fiu = g3) to be a Bayesian Nash equilibrium, manufacturer i should prefer

a; =g3(L) =1toa; =0, i.e. we must have

By [5i(1,g3(g-0) = pe 0wl B @nl o (5,1, g3(g-0) | - 10

=E|[Z; - pe™'e(Zp)] - xi

>E [ZgB - pe_ZgB’lc(ZgB)]

=By, |$1(0,g3(9-0) = pe ™ 0D e(5:(0, g3(q-0)) |
This inequality holds provided

B _CB
xi <E [Zé — pe~te(ZE |-E [ZgB —pe Zate(ZEP)|.
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Next, suppose ¢; = H and all other manufacturers play strategy g3. From an analysis similar

to the one used above, it follows that in order for (f; = g3, ..., fiux = g3) to be a Bayesian Nash

equilibrium, manufacturer i should prefer a; = g3(H) = 1 to a; = 0, i.e. we must have

By, [Si(l,g3(61—i)) - Pe_l[si(l’ga(q‘i))+z"*igS(qk)sk]C(Si(1,83((J—i)))] - Xi
=E [Zg - pe_/lc(ZgI)] - Xi
CB ALY CB
>E [Z& —pe “a “c(Z; )]
=By, [51(0,g3(q-)) = pe 0D (5,0, g3(4-)) |
This inequality holds provided
— _7CB
xi<E [Zg — pe Ac(Zg)] -E [ZgB — peZa ’lc(Z(gB) .

Since @ > 0.5, Zgl > Zé holds for each w. Suppose x — pe~c(x) is increasing for x € [0, 1], it

follows that

(E [Zg — pe_ﬂc(Zg)] -E [ZgB - pe‘zgg’lc(ZgB)])
- (B[2E - pete(zh)] - B |58 - peZie(zEP) )

=E [(Zg — pe~te(zl)) - (L - pe_/lc(Z({;))] > 0.
Thus, (f1 = g3, ---, fim = g3) is a Bayesian Nash equilibrium provided that

max y; < min (B (2} - pe~te(z))] - B|Z5" - pe 7 e(zE")).

1<i<m

— _7CB
E [Zg — pe Ac(Zg)] -E [ZgB — pe Zs ’lc(ZgB)] },

— _7CB
=E [Zé - pe ’lc(Zé)] -E [Z(gB — peZa /lc(ZgB)] ,

where the tighter upper bound is from the low-quality situation.
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In the rest of this proof, we show that the Bayesian Nash equilibrium above is actually a
sequential equilibrium. We denote the set of manufacturers by M and the set of consumers by C.
The strategy space for manufacturer i is O'l-M (t) € {0, 1} denote the action of manufacturer i when
her type is ¢.

The information set Ag for a generic consumer £ is given by

AS =1{(a™ = (ar, ... am) @' = (G1,- - Gm))|ai € {0,1},G; € {L,H},i = 1,...,m}. (E:2)

The strategy o for consumer k is a mapping from AS to {1,...,m}, where ol (a]',q}") €
{1,...,m} denotes the manufacturer from whom the consumer purchases.
In terms of this new notation, the Bayesian Nash equilibrium obtained above, can be written as

follows. For all manufacturersi € {1,...,m},
O'l-M(H) = O'l-M(L) =1.
Define

Iy ={ila; =1,G; = H},
I ={ila; =0,g; = H},
13 = {i|ai = O, qu = L},

14 = {i|a,- = 1,q~i = L},

al’ldj() = mln{] : Ij * 0} SinceE[q,- | a; = 1,671' = H] > E[ql | a; = O,q~l’ = H] > E[q, | a; =
0,g; = L] > Elg; | ai = 1,§; = L], the consumer strategy O'kc(a’l",cj’ln) is to uniformly choose a
manufacturer ig € /;,, and place an order with manufacturer .

Next, we define the associated beliefs for the manufacturers and the consumers. The belief
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space B for any consumer k is the 2"-dimensional simplex

B¢ {pER m>02pqm—l}

Since the consumers use prior beliefs when manufacturers do not adopt the blockchain, the posterior
distribution
al{qz:qz‘} +(1- a)l{qi;tzii}’ a; =0,

P(qi | Gi»ai) =
&l{qz:qz‘} +(1- &)l{qﬁtq}}, a; =1,

and, for (af', §7) € A$, the belief u$ (a, §"") € BE is given by the posterior distribution

m
g @l ahgy = | [Pl Givad
i=1

over the true types of the manufacturers given the information (af', §|"). Note that the consumer
strategy O'kC is Bayes” optimal with respect to this posterior belief ¢ e
We establish that o is sequentially rational given u. Let the manufacturer policy O'.M (1) be

Bernoulli(1 — ) fort € {H, L}, and let strategy 0' " for consumer k be ¢ C foralln > 1.

.
Then 0" — o as n — oo.
For each of the manufacturer i, trivially lim,_,o ,ulM’" = :“zM' Since P(q; = H) =P(¢q;=L) = %,

and the manufacturer policy is independent of her type, Bayes’s Law implies that
C, ~ ~
" (al, @) = pg (), gy

for (a', 47" € AC and n > 1. Thus, we have that lim,_, uk = u . It follows that u"* — u as

n — oo. This completes the proof. [l

Proof of Proposition 4.3.6. Fix an arbitrary manufacturer i. Suppose ¢g; = L and all other manu-

facturers play the adoption strategy g3. First, suppose manufacturer i adopts the blockchain, i.e.
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a; = 1. From Proposition 4.3.2, the expected payoft of manufacturer i is
By, |si(1.g3(g—)) — petlsitlaa(a-) i g3(qk)sk]C(Si(1,gs(CI—i)))]—Xi =E[Z; - pe™'e(Z))]-xi-

Next, suppose manufacturer i does not adopt the blockchain, i.e. a; = 0. Since consumers
believe that a manufacturer not adopting the blockchain is of low quality, all consumers believe that
manufacturer i quality is L. For all the other manufacturers j #iis (1 —a)(H - L)+ Lif §; =L,

and @(H — L) + L if §; = H. We have to consider the following two cases:

1. 6 < 1—-a,ie. @ < 1: In this case, the expected quality of manufacturer j # i is greater
than L regardless of the signal §;, therefore, manufacturer i will never be considered by the

consumers and the payoft of manufacturer i is 0.

2. 6 =1~-a,ie. & = 1: Here the blockchain is fully revealing, and §; = ¢g; with probability 1.
Manufacturer i is able to attract market share, if and only if, §; = L, for all j # i, and in this
case, manufacturer i shares the unit demand with all other manufacturers. And, the market

CB

share for manufacturer i is % where ZgB is defined in (E.1), and the expected payoff of

manufacturer 7 is

CB ~CB 7CB
_Za_ &

—— — pe” (=) |
m m

E, . |5i(0,83(q-)) — pe” 108D (50, gs(CI—i)))] =E

In order for (f1 = g3, ..., f;x = g3) to be a Bayesian Nash equilibrium, manufacturer i should prefer

a; =g3(L) =1toa; =0, i.e. we must have

Eq, [sl-u, g3(q-1) — pe~lsitbea@ Ziiss@asd o (5,(1, g3(g-))) | - i

=E [z - pe'c(ZH)] - xis
CB ~CB ZCB
< )] |

& pe T e(
m

> 15=1-0) B ;

=By, [5:(0.83(q-)) = pe 8D (50, 83(4-)) |
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This inequality holds provided

ZCB zc8 - 7CB
xi <E [Zé —pe_’lc(Zé)] —1(s=1-) B | —— — pe” " “c( ;;1 ).

Suppose g; = H and all other manufacturers play the strategy g3. From an analysis similar to the

one used above, in order for ( f; = g3, ..., f;iu = g3) to be a Bayesian Nash equilibrium, manufacturer
i should prefer a; = g3(H) = 1 to a; = 0, i.e. must have

Eq., [Si(l, g3(q-)) — pe At Zuis@sd ¢ (5,1, g3(g-))) | - xi

=E [z} - pec(Z)] - xi,
ZCB

¢ 2B 7CB
> 15o1-B | —— — pe” 7 te(—) |,
m

m

=B, [5:(0.83(q-)) = pe 8D (50, g3(4-)) | .

This inequality holds provided

CB

H A 7H a ng/l chB
xi <E [Z& - pe “c(Z; )] —15-1-0yE o —pe m “c( - )] .

Suppose x — pe~c(x) is increasing for x € [0, 1]. Since & > 0.5, ZZ > ZZL, and it follows that

E|(ZE - pe~c(ZH)| > EZE - pe~c(ZL)]. Hence, (fi = g3, ..., fu = g3) is a Bayesian Nash
equilibrium provided that

122;)}31)(5 < min {]E [Zé - pe_/lc(Zé)] JE [Zg - pe_’lc(Zg)]}

ZCB

¢ VA
~1so1-jB | =2 — pe” T te (=)
m m
zEh A
=B[Z5 - pee(Zp)] = Vpmt-wB | = penle(——) |,

where the tighter upper bound is from the low-quality situation.
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Using the notation in Proposition 4.3.5, the Bayesian Nash equilibrium above can be written
as follows. The manufacturer strategy O'iM (r) = 1 forall t € {H, L}, the consumer information
set Ag is given by (E.2), and each consumer randomizes over all manufacturers with the highest
posterior quality. These two terms together with ,ulM are identical to the corresponding terms in
Proposition 4.3.5.

The consumer beliefs ,ug are different. Since the consumers assume that the consumers are of

type L when they do not adopt the blockchain, the posterior distribution over types is given by

Lig=1y a; =0,
P(qi | Gira:) =
alig=gy + (1 = D) g24y, ai=1.

The equilibrium can be supported as a sequential equilibrium by defining 0'l.M "(H) ~ Bernoulli(1—
n—lz), o-l.M’"(L) ~ Bernoulli(1 — ,%), and O'kC’” = O'kC. Note that ratio of the P(a; =0 | ¢; = L) /P(a; =

0|gi=H)=n—> o0asn — oo. O
Proof of Corollary 4.3.7.

(I) Here the consumer beliefs CB1 hold. Suppose 6 = 1 — @, i.e. @ = 1, and the blockchain is

fully revealing. In this case,
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and ZICB = leL. In this case, for sufficiently large A or sufficiently small p,

E [Zé - pe_’lc(Zé)] -E [ZgB - pe_ZgB’lc(ZgB)]
— _7CB
=E [ZIL — pe Ac(ZlL)] -E [ZICB —pe 4 ﬂc(ZfB)] ,
1 1
=0.5"! (— - pe_ﬂc(—)) —0.5m"! (1 - pe_’lc(l)) ,
m m
-1 1
= _0.5m 1T L 0.5m et (c(l) - c(—)) ,
m m
1

~ 0511
m

< 0.
Since the adoption costs y; > 0, it follows from Proposition 4.3.5 that there is no full
blockchain adoption equilibrium for this parameter setting.
(IT) Here the consumer beliefs CB2 holds. We have to consider two cases:

1. 6 =1—-a,ie. @ =1 and the blockchain is fully revealing. In this case,

ZCB . .
and ‘7 = ZlL. In this case, since p, 4 > 0,

—

L -1 L i _ 1 ~
E[Z& - pe C(Zgy)] —1{5:1_Q}E %—pe m C(%)

CB ~CB 7CB ]

CB ~CB 7CB

_ A
=E [ZIL - pe ﬂc(ZlL)] -E ]7 —pe m ﬂc(]T)

9

=E [p (e_ZM — e"l) c(Zl)]
=0.5""1p (e_% - e_A) c(%)

> 0.
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2. 6 < 1—-a,ie. @ <1, and the blockchain is not fully revealing. There exist zg min and

Zg,max Such that 0 < Zgmin < ZX < zgmax < 1. Since x — pe~!c(x) is increasing,

L_ pete(ZL zg® oz, Z8F
2lat iz -tz - pe e )

=E [ZIL - pe‘ﬂc(ZlL)] ,
2> Zg,min — pe_/lc(zd,min),
>0 - pec(0),
=0.
Set)_( = min {O.Sm_lp(e_% - e"l)c(%), Z&,min —pe_’lc(z@’min)} > (. Then Proposition 4.3.6

implies that a full blockchain adoption equilibrium arises if max<;j<;, y; < X

]

Proof of Proposition 4.3.8. Under CB1, Proposition 4.3.4 and Proposition 4.3.5 imply that an

adoption failure arises when

m
xi <0.5mp (E [e_Z‘L’AC(Zé) + e_Z‘WC(Zg)] —eElc(z7) + C(Zg)])
i=1

+6(1-05""1H-L),

and

max y; > E [Zé - pe_/lc(ZC{;)] -E [ZgB - pe_ZgB’lc(ZgB) .

1<i<m

Holding everything else constant, for sufficiently high adoption costs {y; : i = 1,...,m}, the
second inequality holds. Fixing y;’s such that the second inequality holds, for sufficiently large

product quality dispersion H — L, the first inequality holds since § > 0 and 1 — 0.5"~! > 0.
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Under CB2, Proposition 4.3.4 and Proposition 4.3.6 imply that an adoption failure arises when

i)ﬁ < 0.5mp (E [e_zé/lc(Zé) + e_Zg/lc(Z(Ij)] —eE [c(Z({;) + C(ZC{;I)])
i=1

+6(1-0.5""1H-L),

and
CB ~CB 7CB
L ~A,.(7L & A St
max i > E|Z5 - pe™'c(Z3)] - 1i5=1-0)E —y Pe c( - )| -
The rest of the proof is similar to that for CB1. U

Proof of Proposition 4.3.9. Under CB1, Proposition 4.3.4 and Proposition 4.3.5 imply that an

adoption failure arises when

m
> xi < 0.5mp (E [e_ZfL”lc(ZC];) + e-Zé’ﬂc(zfj)] — e E [e(Z5) + (2! ])
i=1

+6(1-0.5""Y(H-1L),

and
— _7CB
max i > |2}~ pee(z])] ~B 25"~ pe " ez .
_ m—1 _ .
The transfers t; = JU0S )WL) ), reduce the manufacturer adoption costs to )(;ra“Sfer =

m

xi — t;. For sufficiently large product quality dispersion H — L,
— _7CB
max X;ransfer :Xiransfer <E [Zé — pe AC(Z(%)] -E [ZgB — pe Z; /IC(ZgB) )

; @
1<i<m

Therefore, from Proposition 4.3.5 we have that a full blockchain adoption equilibrium arises. From
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Proposition 4.3.1, we have that the consumer welfare when they adopt the blockchain

E'[max Ei[qi]] — k = ([@(1 = 0.5™) + (1 —&)0.5"| (H- L)+ L) — «
= ([a(1-0.5") +(1-a)0.5"] (H-L)+L),

= 2 [max By [q,1],

1.e. the welfare gain is 0, and paying « for the access is weakly incentive compatible for the
consumers. Thus, the system of transfers successfully overcomes the adoption failure. A similar

proof can be applied to establish the argument under CB2. U
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Appendix F: Chapter 5 Proofs

Proof of Proposition 5.2.1.

I. Given ¥ and n, defined in (5.5) and (5.6), the effort choice for each vendor, ¢*, is a solution

for the following fixed-point problem:

e’ =argmax V(¥,n,e;,e")

eje[O,l]
n— ej
= argmax (1 — p(e")) k. (1-p(e))) - ¥- ?J
ejE[O,l]

n—1 1 (]
=argmax (e*) 7 - e; ¥- .
ee[0.1] ‘ 2

. . . . . . 1 . n—1 2 .
The objective is a quadratic function in terms of ejz. (e, (e)7 - ¥ -x - %) and its

. . . . 1 n-l1 .
unconstrained maximum is attained at e;. = (e*) 27 - ¥. Therefore, the effort choice e* =

min{(e*)""! - W2 1}.

Whenn =1, e* = min{‘Pz, 1}. When n =2, ¢* = min{e* - [ 23 1}; if ¥ < 1, the only
solution is e* = 0, and if ¥ > 1, two solutions are e¢* = 1 and ¢* = 0. When n > 2,
e* =min{(e*)"1 - W2 1};if ¥ < 1, the only solution is e* = 0, and if ¥ > 1, two solutions

are ¢* = Y~2 and e* = 0 coming from solving ¢* = (¢*)"~! - ¥2 and the other solution is
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e* = 1. To conclude, we have that

P2 if¥ <landn=1
0 if¥P<landn > 1
e’ (¥.n) =11 if¥>landn=1-
lor0 ifW>1landn=2
lor® 72 or0 if¥>1landn>2

II. With P and s, defined in (5.7) and (5.8), the number of vendors n* and the price ¥* the

manufacturer offers the vendors are given by:

(P*,n") = argmax M(P,s,¥,n)

¥>0,neN,
. n (P=W)-s)'7
= arg max (1 —pl(e (‘P,n))) .
W>0,neN, 1= Y
n (P-P)1
= argmax (e*(¥,n))2 - Q
¥>0,neN, 1= Y

The last equality indicates that ¥* and n* do not depend upon the consumer demand s.

If the manufacturer chooses a ¥ < 1, then ¢* (W, n) = 0 for any n > 1. Thus, in this case,

n*=1and

. Y. (P-¥)
W, := arg max
wel0,1) -y

|5 ifP<2-y

1= iftP>2-y

If the manufacturer chooses a ¥ > 1, then the value of ¢* (¥, n) is ambiguous by the result

of part I. However, there always exists a n such that e* (W, n) = 1 attains the maximum. The
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manufacturer will select such a n as her n*. Consequently,

* (P_ \P)l_y
¥, = argmax ——
P>1 -y

=1.

Finally, the manufacturer chooses between | and ‘P, to maximize her expected utility.
IfP>2-y, then ¥ =¥] =¥ =1. If P < 1, choosing ¥] results in a negative expected

utility, so ¥* = ¥}, If 1 < P <2 — v, by the definition of ¥ and ¥,

T?(P—Wﬁ“7>1.UL_UF7:(P—T9“7
-y 1-y -y

Hence, the expected utility of choosing ¥} is greater than that of choosing ¥, meaning

P = ‘Pik To conclude, we have that

£ ifP<2-vy
¥ (p)=1""

1 ifP>2-y

and

1 ifP<2—7y
n*(P) =

ambiguous if P >2—vy

In part IV, we will see that the equilibrium price for consumers, P*, is less than 2 — vy, so we

actually do not need to deal with the ambiguous case.
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III. By Bayes’ theorem, P(q¢ = g | Gx) = . It follows that

E[Vi | vi,tr, Gil =Elvi - (Z(g=1t0) = I(q # 1)) | vi» 1> G ]
=V - (2'P(Q=Ik | tks Gi) — 1)
vi - 2a—-1) if g =1t

—vi-Ra—-1) if gy #tx

For P given by (5.9), consumer k’s expected payoff for purchasing from the manufacturer is:

n*(P)
C(P, vt @) = (1= p(e"(P))) - BIVk = P | v, 14, G

n*(P)

=(e"(P)) 2

(E[Vk | vk, tk, Gk] = P),

where e*(P) = e*(¥Y*(P),n*(P)). Consumer k purchases from the manufacturer if and only
if C(P, vy, tr,Grx) > 0, which is equivalent to E[Vy | v, t, x| > P. Note that when G # t¢,
E[Vi | vistr,Gr] = —vi - RQa— 1) < 0 < P and thus consumer k& will take her outside
option. Therefore, consumer k purchases from the manufacturer if and only if §; = #; and

E[Vi | vio tkr Gkl = vi - 2= 1) > P.

By the model setting, half of the consumers are of type A and half of the consumers are

of type B, and the manufacturer knows her type ¢g. Thus, the consumer demand

S*(P)=%'P(Cik=z4ICI)'P(Vk'(M—l)>P)+%'P(Cik=BICI)'P(Vk'(20—1)>P)

Type A Consumers’ Demand Type B Consumers’ Demand

:%-P(vk-(Za—1)>P)

1 P
- . 1——,0}.
2 max{ (2a — DH
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IV. By (5.12), the manufacturer anticipates all future actions and sets her price for consumers,

P*, such that:

P* = argmax M(P)
P>0

= arg max M(P, s*(P), ¥*(P),n"(P))
P>0

o (- e)-se)
| -
o (E-wen @)

=argmax (e"(P)) 2 - ,
P>0 -y

= ar%gax (1 - p(e*(P)))

where ¢*(P) = ¢*(W*(P), n*(P)).
Define
1-
cn (PP s p)

P} = argmax (e"(P))
0<P<2—y -y

and

1-y
e ((P=¥(P)-s5°(P))
P’ .= argmax (e*(P)) 2 - .
P>2—y 1 - Y

[\

2
If P <2 -7, then ¥*(P) = %,n*(P) =1,and e*(P) = (%) by part I and part II. Hence,

1y
P 1 P
((P_z_).i.max{l_W’O})

P| = arg max

0<P<2—y « =Y -y
1-vy)7 P 1-y
= argmax 1( v) — P77 (1——)
0<P<(a-DH 2 V(2 —y)=Y (2a - 1)H

Note that the second line follows from the first because (2 — 1)H < 1 < 2 — vy and

max{l - ﬁ,O} = 0 when P € [(2a — 1)H,2 — y). The objective is a unimodal
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function and the corresponding first order condition tells us that its maximum is attained at
P = 32__—2’;(2a/ — 1)H, which is in the interval [0, (2a — 1)H). Therefore, we can conclude
that P} = 32__—277(2a — 1)H and the corresponding maximum is positive. If P > 2 — vy, then

¥*(P) =1 and (e*(P))" P) = 1 by part I and part IT. Hence,

1 P =y
. ((P—l)zmaX{l—m,O})
P, = arg max .
1—
P>2—y Y
Note that (2 — 1)H < 1 < 2 —y and max {1 - ﬁ,o} — 0 when P > 2 — y. Thus, the

objective is always zero. In conclusion, the manufacturer chooses P* = P} = 32__—277 2a-1)H

to maximize her expected utility.

]

Proof of Corollary 5.2.2. By Proposition 5.2.1, solutions for all equilibrium actions in the absence

of blockchain are given by:

* _ % £\ _ (2&’—1)1‘]2
=P =557
. v o (a-1H
Y'=¥Y(P)= ——,
n*=n"(P") =1,

-y

*: *P* -
=5 (P =
P =2 - H

= a— )

3-2y
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Proof of Proposition 5.2.3.
I. When ¥ and n are given by (5.15) and (5.16), the vendor effort choice e** solves:

e™ = arg max (VB(‘P, nej,e”
€j€[0,1]

e-
=argmax (1 — p(e;)) - ¥ - L
eel0.1] 2

Nl—=

=argmaxe; ¥ —

€j
e;e[0.1] 2°

~

1
is attained at e?

L 2
The objective is a quadratic function in terms of ejz. (i.e., Yx—7%). The constrained maximum
J

= min{¥, 1}, so the effort choice ¢** = min{¥?2, 1}. To sum up, we have
that

P2 oty <1
e (¥,n) =

1 if¥Y>1

II. For P and s given by (5.17) and (5.18), the number of vendors n** to whom the manufacturer

makes an offer and the offer price ¥** are given by:

(P*,n™) = arg max MB(P, s, P, n)
¥>0,neN,

= arg max E[U((P— w). - Ns)] — X
¥>0,neN, "

where Ny ~ Binomial(n, 1 — p(e™(W¥))) with ¢**(¥) := ™ (¥, 1) = ™ (¥, n).

Define X, := (P -¥) -7 -Nyand c :=E[X,] =(P-Y) -5 (e**(‘I’))%. By strong law
of large numbers, Xo = c. Since U is strictly concave on R, for given ¥ and any finite n,

E[U(X,)] < U(E[X,]) = U(c) = E[U(X)] holds by Jensen’s inequality. Thus, n = oo is a
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dominant strategy and n** = oo, which is independent of V. It follows that

P = argmax E[U(Xw)] — x

¥>0

= arg max U((P -¥)-s- (e**(‘l’))%) - X
¥>0

= argmax (P - ¥) - (e**(‘P))%
¥>0

=argmax (P - ¥) - min{¥, 1}

¥>0
£ iftP<2
1 ifP>2

Note that the third line follows from the second because U is strictly increasing, and the

fourth line holds true due to the result of part I. To sum up, we have that

ifP<2
lP**(P): ,

itP>2

1l

—

n**(P) = oo.
III. The argument to get s**(P) is very similar to what we did in Proposition 5.2.1 part III; the

only difference here is that we need to replace @ with a + ¢ in the proof of Proposition 5.2.1

part III. Consequently, we get that s**(P) = % - max {1 - m, 0}-
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IV. By (5.22) and the results of part I, part II and part III,

P** := argmax MZ(P)

P>0

= argmax MZ(P, s (P), ¥**(P), n**(P))
P>0

_ - s (P)

= ar%g(l)ax E[U((P - ¥Y*(P)) - e (P) ~Ns)] -X

= argmax U((P = 9" (P)) - 5™ (P) - (" (P))}) - x
P>0

= argmax (P — ¥ (P)) - s (P) - (¢ (P))?
P>0

P
2(a+06) - DH’

P 1 P
= arg max (P - min{z, 1}) '+ Tmax {1 - 0} -min{z, 1},

P>0

where Ny ~ Binomial(n**(P), 1 — p(e**(P))) and e**(P) := ™ (¥**(P)) = e (¥**(P), 1).

Note thatif P > 2, then 1— <l1-

(2(a+5p)_1)H < (2(a/+§)—l)H < 1-2 < Obecause (2(a+0)—1)H <

1. Consequently, in this case, max {1 - m, O} = 0 and the objective is always zero.

It immediately follows that

P 1 P P
P =ar maX(P—min -1 )-—-max{l— ,O}-min -1
vepez 1) (2(a +06) - DH 21
arg ma Pl (1 P ) P
— X — -« — - — - —_
Epitn ) (2(a+0) - DH) 2

The objective is a unimodal function and the corresponding first order condition tells us that
its maximum is attained at P = %(2(& + ) — 1)H, which is in the interval [0, 2). Therefore,

P =22(a+6) - 1)H.
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Proof of Corollary 5.2.4. By Proposition 5.2.3, solutions for all equilibrium actions when blockchain

is adopted are given by:

(2(a +6) — )H\2
)
(2(a+6) - 1)H

3 :

b

AN =

P = %(2@ +6) — DH.

Proof of Proposition 5.2.5. By Proposition 5.2.1 part IV,

o (d=ym7 2=y (1 _ p =y
M(P)_zl—y(z_y)%y P (1 (2a—1)H) ’P:P*

_ -y
- 21-7(3 = 2y)3-2y

[(2e — 1)H]*7.

By Proposition 5.2.3 part IV,

2
MPZ(P™) = U(% ' (1 C2(a +§) - I)H)) _X‘PzP**

[2(a+6) - DH]*>
(1—y)541~

Define

Q := E[U(IT*)] - E[U(IT")]

= (MP(P™) + x) = M(P")

(Qa+0) = DHP> (1=

(1 - ’}/)541_7 B 21—7(3 _ 27)3_27 [(20' - 1)H]2_7,
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Then, the manufacturer adopts the blockchain, i.e., a = 1, if and only if Q > y. Hence,a = 1 (Q >
)(). [

Proof of Proposition 5.3.1. By Proposition5.2.5,Q = [(2(?;_5;)_514)]{112-27 - 2'—(;(_3):)21;)2:‘27 [(2a-DH]*™.

In order to show that Q > 0, it suffices to show that the ratio of two terms is greater than 1, i.e.,

[2(a+8)-1)H]*™>
(o5 _[C+o) —DHP> G-
Qo - DHPY  [Qa=DHPT 27 (1-y)

- . —2v)32r
Define an auxiliary function [ (y) := In (%) =3-2y)In(3-2y)-(1-y)In27-(2-
2y)In(1 - y). Then, I/(y) = -2In(3 - 2y) +2In(1 = y) +In27 = 2In (1 - @) +In 27, which
is decreasing in y on (0, 1). Define y* := %5 Then, I{(y) > 0 when y < y* and [{(y) <0
when y > y*. Hence, /| (7y) is strictly increasing on (0, y*) and strictly decreasing on (y*,1). As

limy o+ [1(y) = limy1- [1(y) = 0, [1 () is thereby positive on (0, 1). Combining all the above,

we have that

[(2(@+6) - DH]>™>  (3-2y)>> _ (2(a/+6) - 1)2—2@ 1 i s 1 1.0
[2a - 1)H]*>Y 2717 (1 — y)22% 20 -1 (2a - 1)H)” ’
which completes the proof. ]

Proof of Proposition 5.3.2. By Corollary 5.2.2,

n*
IT" = (P*— ¥*) - 5* - nlj
j=1

(1-v)?

= m@a— I)HII,

(2a-1)H

where /; ~ Bernoulli(1 — p(e*)) = Bernoulli ( 372

) are i.i.d. Bernoulli random variables. By
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Corollary 5.2.4,

N;s

skok

H** — (P** _ \P**) . S** .

[(2(a +6) — 1)H]?
54

S

by strong law of large numbers, where Ny ~ Binomial(n**, 1—p(e**)) = Binomial (n** W)

Given the above results, we are ready to prove Proposition 5.3.2.

*

1. Itis easy to see that n** = c0 > 1 = n™.

2. IT** is a constant whereas IT* is a nondegenerate random variable, so Var[I[I*] = 0 <

Var[IT*].

3. Note that IT** is a constant and Q = E[U(IT*)] — E[U(IT")] = UIT**) — E[U(IT")], so
X =Q-0=U(E[IT*]) —E[U(IT*)]. Since U is strictly concave, ¥ > 0 holds by Jensen’s

inequality. Moreover,

L =U(E[T]) -E[UITY)]
-y (1-y)'
S 27 (3-2y) 2177 (3 = 2y)3%
_ (- N[ Qe - )H)ZY (1 ~ ((2a - 1)H)7)

[(2a - HH]*™ - [(2a - DH]*™

21-7(3 = 2y)3-3 3-2y

— 0

asy — 0.

O
Proof of Proposition 5.3.3. By the proof of Proposition 5.3.2, we know that IT* = 28:3’;2 2a -
DH - Iy and T = 2@HDHE - herefore, B[ITY] = 28322)3[(2@ ~ 1)H]? and E[IT*] =

[(2(a+8)—1)H]?
34 :
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1. Note that

E[IT] _ (2(a/ +6) — 1)2 C(3-2y)°
E[11*] 2 — 1 27(1 —y)?
(3-2y)°
27(1 - y)?

= o)

The auxiliary function > (y) = In (%) = 3In(3-2y)~In27-21In(1-y). Then, I5(y) =

m > 0 and thus /5(y) is strictly increasing in y on (0,1). As lim,_,o+ l2(y) = 0,
I>(y) > 0 holds for all y € (0,1). Consequently, 1%[[%*:]] > 2 > 0 = | and E[IT™] >

E[IT*]. Since U is strictly increasing, @ > 0O follows.

2. We have that

E[IT*] I (2(a+5)—1)2. (3-2y)3

1m =
v,0—0% E[H*] v,0—0* 20 — 1 27(1 —’)/)2
_ (2a—1)2 33
" \2a-1/ 27-12
=1.
Thus,
. : U(E[IT™]) .
lim ®= 1 —— 2 _1|UE[I
i y,alfw(U(E[H*]) (D
, E[IT*]\ -y
=1 ( ) _ 1| vEnT
%(;an( Eun )U( ()
, E[I1*]\ -7 ,
=1 ) 1)1 E[IT*
(y,tSlin0+(E[H*] ) y,élglOJfU( [ ])
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3. For fixed y > 0,

BE[IT*] . (2(a+6)-1\2 (3-2y)3
im ———— = lim ( )
o—0+ E[IT*]  ¢—0*

20-1 ) 27(1-7)?
_ (3-2y)°
S 27(1-y)*

It has been shown in part 1 that 2(73 (_12_77))32 > 1 forall y € (0, 1). Thus, limg_,p+ % > 1.

4. For fixed 6 > 0,

E[IT™] 20@+6)-1\2 (3-2y)3
0+ B[] _y%( 20— 1 ) 27(1-y)2
_ (2(a/+6) - 1)2
2 -1

> 1.

]

Hkk 2

Proof of Proposition 5.3.4. By the proof of Proposition 5.3.3, we know that %[[fﬁ*]] _ (2(%?)1—1) _
3-2y)3

2(7(1_yy))2' = fu(y) - gn(e,9).

1. That fri(y) > 1 has been proved in the proof of Proposition 5.3.3. Moreover, % =
2y(3-2y)*
27(1=y)3 > 0.

2. Itis easy to see that grj(a, §) > 1. Moreover, 65%“ = 204_1 (1+ 25—‘51) > 0.

Proof of Proposition 5.3.5. By Corollaries 5.2.2 and 5.2.4,

s 3 -2y
P*  2(a+06)-1 6-4y

= : = : 5).
P 2a-1  6-3y fr(y) - gp(a,6)
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-lklb-’

‘-{
Il

=
(=9
Il

(o)

=

1. Forally € (0,1)and ¢ € (0,1 —«], fs(7v) > 1 and thus s** > s*. Whena =

P < P*. Whena=3,y=1,6=1P"> P~

NN

2. We have that f;(y) > 1 and "fv = 55y > 0, but fp(y) < land dfP = —55%7 <0.

3. For all a € [%, 1) and 6 € (0,1 — ], it is easy to see that gp(a,d6) > 1. Moreover,

ogp _ 2
25 = 321 > 0.

O]
Proof of Proposition 5.4.1. By (5.30) and Corollaries 5.2.2 and 5.2.4, we have that
W*_ 1 — *”*LP*_e_**
v=(1-pe) =)
(s
B 2
1 -
—[(2 1)H]?
= 3G e - DA
and
kk kk e** *kk
= ((1=p(e)) - ¥ =) s
_ (lP**)Z gt
B 2
3 [2(a+90) - 1)H]2
B 108
Kok 2 3
Thus, ‘:,VV = (2((;;{)1—1) . Sazf}),; When a = %,7 = %,5 = 6—14, W' < Wy When a = % y = %,5 =
OJ

1 *3% *
1 WV > WV'

Proof of Proposition 5.4.2. By Corollaries 5.2.2 and 5.2.4, \Il;, = % . % = fy(y)-gv(a, o).

I.Whena:%,)/:%é 64,‘P**<‘P* Whencx—%,y: 5:%‘1’**>‘P*.

NI'—‘

2. Itis easy to see that fig(y) < 1. Moreover, % = —% <0.

3. Itis easy to see that gy (@, o) > 1. Moreover, 656‘“ = m%l > 0.
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Proof of Proposition 5.4.3. By Corollaries 5.2.2 and 5.2.4, we have that

P 1

—_= — = h
pE ]
=—=h(0),
5 =5 = h(O)
e* P2 1
—_ = — = = h 2,
— = = — = (h(0))%.
= () == O
Moreover, Z—fy’ = ﬁ > 0. OJ

Proof of Proposition 5.4.4. By (5.32) and Corollaries 5.2.2 and 5.2.4, we have that

1
We=(1-p(e)" - %/0 E[(vi - 2a = 1) = P*)I (vk - (2a = 1) > P*)] dk

v (Qa-DH-P)

"2 2Q2a-1)H
_ (1-y)? 2
“aGmy

and

1
W= (1-p(e™)) - % ' /0 E[(vi - (2(@+8) = 1) = P7)I (vic - 2 +6) = 1) > P™")] dk

_we ((2(a+6) - )H - P)?

2 22(a+6) - )H
_[(2(a+6) - 1)H]?
B 108 '

W (2(a+6)-1\2  (3-2y)3
Thus, W% - ( (Czl;_)l ) ' 2(7(1—yy))2 = fwe (¥) - gwe (@, 6).

1. That fw.(y) > 1 has been proved in the proof of Proposition 5.3.3. It is obvious that

gwe(a@,0) > 1. Consequently, ?{,—C > 1 and thus W5 > W[.
C
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dfwe _ 2y(3-2y)?
= Ty 0

Ogwe _ 4 26
55 = a7 +57) > 0.
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