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Abstract

The rapid advancement and adoption of blockchain technology have fundamen-

tally transformed various aspects of digital interaction, leading to the emergence

of novel governance frameworks that challenge traditional centralized models. At

the forefront of this transformation are decentralized autonomous organizations

(DAOs) and an array of other governance structures applied in both permissionless

and permissioned blockchain environments. Unlike conventional organizations

that rely on hierarchical authority, DAOs within permissionless systems strive

to operate through decentralized networks where decision-making power is dis-

tributed among all members, facilitated by smart contracts and governance tokens.

In parallel, permissioned blockchain applications, often employed by consortia

or enterprises, experiment with more structured membership and delegated

authority, blending decentralized principles with selective participation to maintain

compliance, accountability, and operational efficiency.

These governance mechanisms, whether in DAOs or permissioned networks, are

envisioned to enhance transparency, inclusivity, and autonomy. Yet, despite their

idealistic promises, practical implementations have revealed significant challenges.

Within DAOs, governance tokens intended to promote equitable decision-making

often lead to power concentration and stakeholder inequality. Moreover, vul-

nerabilities in smart contract design and the absence of robust accountability

frameworks have produced notable failures. In permissioned contexts, while

governance structures can mitigate some of these issues through established roles

and clearer recourse mechanisms, complexities arise in balancing decentralized

ideals with enterprise-grade stability and oversight.

This thesis critically examines the foundational principles of blockchain-based

governance—spanning from permissionless DAOs to permissioned consor-

tia—alongside their operational realities and limitations. It explores the effective-

ness of governance tokens and the vulnerabilities undermining participatory ide-

als. It further examines whether emerging innovations, such as quadratic voting,

market-based, and NFT-based voting mechanisms, mitigate any of the identified

issues.
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I Introduction

1 Motivation

Since its creation by Satoshi Nakamoto [61], blockchain technology has been investi-

gated for applications in numerous industries well beyond its initial role in powering

the cryptocurrency Bitcoin. Some of the technology’s fundamental attributes (trans-

parency, immutability, and security) [105], combined with the use of smart contracts

(self-executing code that automatically enforces predefined rules without intermedi-

aries) [2] first implemented at scale on the Ethereum blockchain [17], have resonated

with organizations [7, 41, 70, 79], developers [23], and policymakers [30, 52, 80] seek-

ing new ways to structure digital systems. Over the years, the technology shifted

from the sole domain of trustless, permissionless networks, such as those in Bitcoin

or Ethereum, into the domains of enterprises and traditional financial institutions. As a

result, blockchain implementations can be broadly separated into two categories: per-

missionless blockchains, which are open to anyone without formal entry barriers, and

permissioned blockchains, which require authorization to join and participate [105].

These distinctions carry significant implications for the nature of blockchain applica-

tions. In a permissionless setting, applications include, among others, decentralized

finance (DeFi) protocols [1, 99] and non-fungible token (NFT) marketplaces [64], where

the guiding ethos is to minimize central authorities and intermediaries, thereby reduc-

ing central control and fees [100, 101]. Conversely, permissioned blockchains, often

employed by industry consortia or large enterprises, focus on use cases that demand

more transparent accountability and regulatory compliance [87] with predictable and
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Chapter I: Introduction

better performance [48]. Some of these include supply chain tracking [47], financial

asset tokenization [70], and digital identities [83].

Whether it occurs in a permissionless or permissioned setting, decision-making pro-

cesses in blockchain systems must determine how changes are proposed, voted, and

executed [85, 104]. Governance, in this context, encompasses an array of mechanisms,

from updating protocol rules and utilizing treasury funds to managing infrastructure

costs and settling disputes [57]. Notably, blockchain governance aspires to deviate from

traditional top-down or corporate models of organizational oversight and seeks to em-

body values such as decentralization, transparency, and equitable participation [59]. In

theory, every stakeholder should have a voice in shaping the protocol’s evolution.

The concept of decentralized autonomous organizations (DAOs) epitomizes this ambi-

tion in permissionless blockchains. DAOs are designed to operate without centralized

leadership, relying instead on smart contracts to enforce governance decisions [100]. In

theory, DAOs promise a level of inclusivity and autonomy that goes beyond the tradi-

tional organizational hierarchy [81]. Governance within these entities mainly leverages

native tokens that grant voting power (governance tokens) proportional to token hold-

ings [11, 22]. This approach ostensibly ensures that all participants have an opportunity

to influence outcomes, with the decision-making process being transparent and reliant

on token-based participation by design [57, 81].

However, practice reveals substantial deviations from these ideals. Power dynamics

within DAOs often skew towards large token holdersRP2-[11], RP3-[10] [44, 46, 55], mir-

roring the inequality found in conventional corporate boards dominated by key share-

holders. Rather than achieving true decentralization, many DAOs witness the emer-

gence of unofficial leadership cliques that hold disproportionate power over decision-

making. Vulnerabilities in the underlying smart contract code [26] further complicate

governance processes, introducing the risk of hacks that can undermine user trust.

Thus, while the architecture of DAOs differs from traditional governance frameworks,

the real-world outcomes frequently replicate the concentration of influence and strategic

manipulation that decentralized principles were meant to avoid while simultaneously

introducing novel risks such as smart contract vulnerabilities.

In the permissioned sphere, participants in governance are known entities—regulated

financial institutions, corporate partners, government agencies, etc.—and the gover-

2



Chapter I: Introduction

nance structures can embed contractual obligations and legally enforceable agreements

[104]. This setting allows for more conventional recourse mechanisms and transparent

accountability, with decision-making mostly occurring through structured committees,

weighted voting processes that consider stakeholder size or investment, or designated

roles with clearly defined responsibilities [7]. These measures can help maintain net-

work stability and compliance with relevant regulations.

Nonetheless, integrating a decentralized ethos into such settings is challenging. The

requirement for trust and cooperation among known parties can constrain the degree

of openness and bottom-up influence, often leading to quasi-decentralized or hybrid

models [30, 77]. While permissioned models might avoid some of the security and

coordination pitfalls of their permissionless counterparts, they often sacrifice the full

extent of decentralization envisioned by early blockchain proponents [56].

As a result, in both permissionless and permissioned contexts, a gap persists between

the narrative of blockchain governance and the reality of its operations. Despite ini-

tial enthusiasm and ongoing experimentation, neither environment has fully realized

a truly equitable, transparent, and resilient governance model. Emerging innovations,

such as quadratic voting, market-based, and NFT-based voting mechanisms, attempt

to mitigate token-based inequities and align incentives more closely with community

values. Yet even these mechanisms are subject to implementation hurdles, strategic ma-

nipulations, or misaligned incentives that limit their effectiveness.

The purpose of this work is to critically examine the foundational principles and pur-

ported benefits of blockchain governance and to contrast them with the outcomes ob-

served in reality. By scrutinizing both permissionless DAOs and permissioned con-

sortia, the thesis aims to illuminate not just the theoretical potential but the practical

limitations of these frameworks. Through this examination, it seeks to provide insights

into why blockchain governance often fails to live up to its promises.

2 Thesis Structure

The thesis relies on five research publications, as summarized in Table I.1. For clarity,

these research publications will be referred to as "RP" throughout the remainder of this

thesis. The thesis is organized into four main sections, followed by a concluding section

3



Chapter I: Introduction

that synthesizes the findings and outlines avenues for future research and an Appendix

which provides a comprehensive overview of the publications included in the disserta-

tion, contribution statements and the full text of the research papers referenced in the

dissertation.

Table I.1: Overview of research publications.

RP# Title Role1

RP1 What Blocks My Blockchain’s Throughput? Develop-
ing a Generalizable Approach for Identifying Bottle-
necks in Permissioned Blockchains

SP

RP2 Decentralised Finance’s timocratic governance: The
distribution and exercise of tokenised voting rights

JP

RP3 DeFi, Not So Decentralized: The Measured Distribu-
tion of Voting Rights

JP

RP4 Pricing dynamics and herding behaviour of NFTs JP
RP5 Agent-Based Model of Initial Token Allocations: Sim-

ulating Distributions post Fair Launch
NP

1 SP = Single Primary Author, JP = Joint Primary Author, NP = Non-Primary Author.

Section I highlighted the core tension in blockchain governance between the aspiration

toward decentralization, inclusivity, and transparency versus the reality of entrenched

power dynamics, strategic manipulation, and technological vulnerabilities. Section II

examines permissionless governance and how DAOs, despite their decentralized ethos,

often fall short, with large token holders exerting disproportionate influence and se-

curity vulnerabilities introducing new forms of risk. Section III analyses permissioned

governance, exploring governance structures in closed consortium chains. It analyzes

how authority and decision-making become more legally and contractually defined,

potentially ensuring stability and compliance yet restricting the degree of openness

and bottom-up participation. Section IV looks into emerging innovations in gover-

nance mechanisms that aim to close the gap between decentralized ideals and practical

outcomes. Finally, Section V summarizes key findings, reflecting on the trade-offs in

blockchain governance.
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II Governance in Permissionless

Blockchains

1 Core Principles & Governance Process

The concept of permissionless governance within blockchain ecosystems is deeply

rooted in the early experiments that aimed to test the feasibility of decentralized

decision-making. The most influential example was “The DAO,” [97], which was

launched on the Ethereum network in 2016. Despite its premature failure caused by a

critical smart contract vulnerability that allowed malicious actors to siphon funds [20],

The DAO remains a pivotal moment in blockchain history. It served as a large-scale,

real-world attempt at decentralized governance, demonstrating both the potential and

the challenges of such frameworks [57]. The DAO’s core ideas continue to shape many

subsequent projects, particularly within the DeFi space, where the emphasis remains on

dismantling hierarchical structures in favor of trust-minimized collaboration.

Even after the failure of The DAO, four of its core principles still guide the governance

mechanisms of DAOs [57, 96]. Specifically:

• Decentralized Authority: Rather than centralizing control in a single leader or

committee, DAOs distribute decision-making power among token holders or

members. This structure aims to reduce the risk of unilateral decisions and in-

crease the collective accountability of the organization.

• Open Participation: DAOs allow anyone who meets certain criteria to create pro-

posals and cast votes. This inclusivity aims to broaden the range of perspectives

and expertise within the DAO, strengthening the rigor of governance.
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Chapter II: Governance in Permissionless Blockchains

• Transparent Processes: DAOs employ publicly accessible records of governance

activities, where every proposal, vote, and outcome is visible to all participants. By

maintaining clear, auditable records, community members can effectively validate

decisions and enhance accountability.

• Smart Contract-Based Autonomy: At the core of DAOs are smart contracts that

encode the rules and execute decisions, minimizing reliance on intermediaries.

This technological backbone promotes consistency and trust by ensuring that gov-

ernance mechanisms function exactly as programmed.

In practice, DAOs adopt varying governance models to operationalize their principles,

which can be broadly categorized into two main approaches [59, 74]. In on-chain gover-

nance, all processes—including proposal submissions, voting, and execution—are fully

automated and executed via smart contracts on the blockchain, ensuring transparency

and minimizing the need for human intervention. Conversely, off-chain governance al-

lows steps, such as proposing and voting, to occur outside the blockchain, reducing

complexity and transaction fees, with execution managed manually by designated de-

velopers or community members. While both approaches aim to uphold the core prin-

ciples, they differ in their reliance on automation. Regardless of the governance model,

the functioning of every DAO can be distilled into three stages—proposal1, voting, and

execution [54, 85]. Each stage, in theory, aims to integrate the four core principles, en-

suring alignment with the vision of DAOs.

1.1. Proposal

The proposal process is at the core of decentralized governance mechanisms in DAOs,

serving as the primary method for community members to introduce changes and sug-

gest improvements [22, 57]. In most protocols, this phase begins in an off-chain gov-

ernance forum or in a platform like Telegram or Discord, where, in keeping with the

principle of open participation, any community member, at least in principle, can put

forth a proposal [74]. The forum then fosters transparent processes by enabling any-

one to review, discuss, and refine the proposal. This inclusivity ensures that even those
1Some scholars, such as [26], further subdivide the proposal stage into distinct phases like delibera-

tion and proposal. Despite this nuanced categorization, the fundamental properties of the stage remain
consistent.
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Chapter II: Governance in Permissionless Blockchains

without significant technical expertise can shape the DAO’s direction, thereby reinforc-

ing the principle of decentralized authority as decision-making power is distributed

across the community rather than held by a select few [91].

The proposal stage serves as a counterbalance to traditional, centralized power struc-

tures by encouraging community input to shape the project’s evolution. The open ex-

change, in theory, refines proposals and allows ideas to originate from every corner of

the community rather than a select few [96].

1.2. Voting

In the voting phase, proposals that gain sufficient preliminary support are submitted for

a formal vote. Reflecting the principle of decentralized authority, governance decisions

are placed directly in the hands of DAO members who own governance tokens [100].

Each token holder has the opportunity to vote for or against a proposal, ensuring that no

single entity can unilaterally dictate outcomes [25]. Governance tokens, which typically

grant voting power proportional to the number of tokens held, can be acquired through

decentralized or centralized exchanges. This accessibility underscores the principle of

open participation, as anyone who holds these tokens can become an active participant

in the governance process [25].

This approach aims to be both transparent and meritocratic, as it ensures that those who

have invested in the governance token can directly influence its future [59]. The logic

underpinning this system is that token holders are incentivized to vote in a way that

promotes the long-term success of the project since acting against the best interests of

the protocol could harm the value of the token and, consequently, their investments.

Additionally, many DAOs establish a quorum [73] requirement to ensure that decisions

are made with meaningful community participation, preventing a small minority from

unilaterally guiding the project’s future.

The principle of transparent processes is central to this phase, with vote results im-

mutably recorded on the blockchain. This ensures that every decision is auditable and

accessible to all community members, enhancing trust in the governance process [25].

Some protocols further extend inclusivity by allowing token holders to delegate their

votes to other members (e.g., [14]). Delegates, typically individuals or organizations

7



Chapter II: Governance in Permissionless Blockchains

with specialized expertise or a deeper understanding of the issues at hand, can repre-

sent the voting power of less active or less informed participants.

1.3. Execution

Once a proposal successfully passes the voting phase, it moves into the execution stage,

where the decided changes are implemented according to the DAOs established rules

[81]. Depending on the nature of the proposal, execution can be highly automated or

may require more manual intervention [74].

In cases where the proposal involves on-chain parameters—such as adjusting inter-

est rates in a lending protocol— smart contract-based autonomy typically takes center

stage, with smart contracts handling the execution automatically, applying the agreed-

upon changes without the need for human intermediaries [100]. This automated ap-

proach upholds decentralized authority by preventing any single actor from modi-

fying the outcome unilaterally and ensures transparent processes through immutable

blockchain records of the changes made.

However, not all proposals can be executed purely by code. Some changes may require

off-chain actions, such as initiating partnerships, allocating treasury funds, or integrat-

ing new features that must be developed and tested by the protocol’s core contribu-

tors [74]. To preserve decentralized authority even in these scenarios, many DAOs use

multi-signature (multisig) [71] wallets, distributing responsibility among multiple par-

ticipants.

To safeguard the integrity of the execution process, DAOs often implement protective

measures to prevent malicious proposals, rash decisions, or sudden changes that could

jeopardize the protocol. One widely used safeguard is the implementation of time-

locks [72]—a delay between the final approval of a proposal and its execution. This

waiting period allows the community to review decisions, address potential oversights,

and, if necessary, nullify proposals [101], thereby reinforcing transparent processes and

community oversight before implementation.

8
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2 Practical Challenges

While the foundational principles of DAOs are compelling in theory, real-world imple-

mentations often diverge significantly [91, 100]. Each DAO adapts these principles to

suit its specific needs, resulting in a wide array of governance models. Beyond theoret-

ical ideals, practical constraints such as varying technical requirements and regulatory

considerations lead to differing implementations across projects [57].

The thesis concentrates on DeFi protocols because the stakes for secure and robust gov-

ernance are particularly high in financial applications. Some of these platforms man-

age assets valued in the tens of billions of dollars [18], making governance failures not

merely academic concerns but genuine threats to user funds and platforms. However,

because the DeFi ecosystem features an ever-expanding range of protocols, a fully com-

prehensive examination remains infeasible. Instead, we draw insights from prominent

projects—that are widely adopted, backed by substantial capital, or frequently refer-

enced in academic literature. Despite their distinct technical architectures and commu-

nity dynamics, all these protocols strive to uphold the four core principles of DAOs

outlined in the previous section [57, 101].

Nevertheless, the gap between theory and practice becomes evident when scrutinizing

each step of the governance process of DAOs. Their governance models face challenges

that undercut each principle. The following subsections focus on the three governance

stages to explore how these issues manifest in practical implementations.

2.1. Proposal

Even though DAOs are designed in principle to enable any community member to sub-

mit new ideas through the proposal mechanism, in practice, this process is often re-

stricted by various criteria. For instance, some protocols require holding or being dele-

gated a substantial number of governance tokens to submit a proposal [14]. While this

can deter frivolous or “spam” proposals, it also risks concentrating power in the hands

of those who can afford large token positions or have strong connections with major

token holders, ultimately undermining the principle of decentralized authority. By ef-

fectively pricing out smaller holders, such thresholds also constrain open participation,

reducing the breadth and diversity of potential contributors.

9
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For example, in Uniswap, the largest decentralized exchange (DEX) in the DeFi space

by trading volume and total value locked (TVL) [19], the proposal mechanism exem-

plifies this issue. To submit a proposal, a user must be delegated 1,000,000 governance

tokens [14]—equivalent to 0.1% of the token supply and approximately $15 million as

of December 9th, 2024. This high threshold effectively excludes smaller token holders

from submitting proposals.

A related issue arises in DAOs where anyone can technically put forth a proposal, but

only those originated by the core team become “binding” or advance to the next phase.

This approach addresses the valid concern of preventing unvetted proposals from caus-

ing disruptions, yet it can reinforce a quasi-hierarchical structure in which community-

driven proposals remain purely advisory. Thus, even when transparency is ensured

by publicly displaying and discussing proposals, a dual-track system effectively con-

solidates final authority in the hands of a few. This imbalance dilutes decentralized au-

thority by allowing core developers or a select committee to determine which proposals

move forward to the voting stage. A notable example of this mechanism is SushiSwap

[94], another DEX, where in recent years, proposals not initiated by a member of the

core developer team have been systematically excluded from advancing to the voting

stage [95], regardless of the community support they may garner during the proposal

phase.

2.2. Voting

Even though DAOs conceptually place governance power in the hands of all token

holders, large stake concentrations often lead to a high concentration of voting power

[44, 55],RP2-[11], RP3-[10]. A few so-called “whales”—individuals or entities with dis-

proportionately large holdings or influence—can dominate the outcome of crucial deci-

sions, thereby undercutting the principle of decentralized authority. Moreover, due to

the pseudonymity of the blockchain, it is often impossible to determine with certainty

whether large token holdings belong to a single whale or are distributed across multiple

entities RP2-[11], further complicating governance dynamics. Although voting remains

technically open to all, the outsized voting power of top stakeholders effectively side-

lines smaller participants, undermining open participation.

10
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In RP2-[11], an analysis of governance token distribution across nine of the largest DeFi

protocols utilized four metrics (Gini Coefficient, Normalized Shannon Entropy, Normal-

ized Euclidean Distance, and Jensen-Shannon Divergenc)—to evaluate centralization.

The findings revealed that, over time, the distribution of voting rights became heavily

centralized in every examined protocol (Figure II.1). In some cases, the majority of votes

were controlled by as few as five addresses, and in all instances, these addresses repre-

sented less than 1% of the total number of governance token holders (Figure II.2). This

meant that in every examined case, fewer than 1% of users could effectively determine

the outcome of the voting process.

(a) Gini (b) 1-NSE

(c) NED (d) JSD

Figure II.1: Levels of centralization of nine different DeFi protocols according to four metrics. Higher
values indicate higher levels of centralization (c.f. RP2-[11]).

11
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Figure II.2: Minimum number of addresses required to control more than 50 % of the governance tokens
(c.f. RP2-[11]).

The study further found that a significant portion—and in some cases, the majority—of

the initial allocation of governance tokens was concentrated among investors or the

project’s core team. For example, nearly 80% of the initial allocation of governance

tokens for UMA was controlled by these groups. As a result, the investors and founders

retained substantial control over the DeFi project from the very beginning, preventing

it from ever achieving true decentralization. This persistent concentration of power

fundamentally undercuts the principle of decentralized authority.

In an effort to counteract centralization, some projects have experimented with “fair

launch” token distributions, aiming to distribute initial governance token supplies more

evenly among participants RP2-[11]. The term "fair launch" serves as an umbrella con-

cept, signifying a project’s intention to allocate tokens as equitably as possible. How-

ever, it does not correspond to a single, standardized method of distribution. For ex-

ample, in the case of Yearn.Finance, the term referred to governance token rewards dis-

tributed in exchange for liquidity provision in certain DEXes [103]. More recently, in the

12
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case of ORE, the fair launch approach is tied to a form of crypto mining, where tokens

are mined based on the computational power participants are able to allocate [63].

However, RP2-[11] and RP3-[10] suggest that the fair launch approach of Yearn.Finance

merely delays, rather than eliminates, the reemergence of voting power concentration.

To explore whether any fair launch scenario could effectively reduce or alleviate cen-

tralization in governance token distribution, RP5-[27] employed an agent-based model

(ABM) to simulate theoretical scenarios where the initial distribution of tokens is per-

fectly even among users. The results revealed that even under these idealized condi-

tions, centralization inevitably reemerges over time. The only observable benefit of a

perfectly even initial distribution was a delay in the onset of centralization. Overall, the

findings suggest that, in the long run, fair launch strategies are unable to prevent cen-

tralization. Any benefits they provide are short-lived and do not fundamentally address

the underlying dynamics that lead to concentrated governance power.

Voter apathy further exacerbates these challenges, as many token holders neither en-

gage in discussions nor cast ballots. As a result, the pool of active voters shrinks over

time, amplifying the influence of the few who do participate and further eroding the

principle of decentralized authority. In RP2-[11], an analysis of voter apathy during

the voting stage of DAOs revealed that voter participation consistently diminishes over

time in all examined DeFi protocols. In most cases, just a few months after a project’s

launch, participation rates drop to less than 1%, with some projects experiencing rates

well below 0.1% (Figure II.3).
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Figure II.3: Governance participation rates. Each point corresponds to a proposal (c.f. RP2-[11]).

2.3. Execution

Although smart contracts theoretically enable smart contract-based autonomy by au-

tomating proposal outcomes, flawed or malicious code can cause irreparable harm to

a DAO [26]. A notorious example of such risks is the early Yam protocol. An error

in the protocol’s execution code led to the unintended minting of a large number of

governance tokens, causing significant inflation in the token supply. As a consequence,

subsequent proposals could no longer achieve quorum, rendering the voting process

ineffective and halting the implementation of any changes. This left the Yam protocol

in a state of perpetual stagnation, effectively destroying the DAO [102]. While extreme

mishaps like this are less likely today thanks to improved development practices and

code audits, the Yam incident underscores how code-level mistakes can swiftly and irre-

vocably undermine decentralized authority by placing disproportionate control in the

hands of a flawed contract.
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A parallel concern arises when DAOs rely on a developer team to implement the final

stage, effectively shifting the last part of execution away from automated processes.

In such cases, smart contract-based autonomy takes a back seat to human oversight,

and DAO participants must trust that the developers have neither altered the code nor

deviated from the proposal’s original intent [74]. While this approach may reduce the

immediate risk of catastrophic code errors, it undercuts the principles of decentralized

authority and transparent processes by granting a select group the power to finalize,

edit, or delay proposed changes—moving control away from the broader community.

An example of the risks associated with this approach is the case of Aragon DAO. Token

holders criticized the Aragon Association for underutilizing its treasury and failing to

achieve its stated goals. In response, they proposed transferring control of the treasury

to token governance and initiating a buyback program to redistribute value to token

holders. Although the DAO voted in favor of decentralizing treasury management, the

Aragon Association refused to implement the proposed changes. Instead, when faced

with mounting pressure from token holders, the Association dismissed the proposals as

a "coordinated attack." Furthermore, it banned dissenting voices from its communica-

tion platforms and retained control over the treasury [8].
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III Governance in Permissioned

Blockchains

1 Core Principles & Governance Process

In contrast to the open, permissionless nature of DAOs designed for public blockchains,

permissioned blockchains operate under more stringent membership controls [79, 104].

That is, only authorized entities are allowed to participate in the network. These net-

works are often deployed in government, supply chain, or enterprise contexts, where

organizations are required to preserve legal mandates and regulatory compliance[7, 98].

In addition, permissioned blockchains typically offer advantages such as superior per-

formance compared to permissionless blockchains [48, 89], easier issue identification

and adjustment RP1-[65], and enhanced interoperability with existing systems. Though

their architectures differ substantially from DAOs, permissioned blockchains still pur-

sue similar yet different end goals: secure collaboration, streamlined decision-making,

and enhanced data integrity among multiple stakeholders [98]. In practice, the gov-

ernance of permissioned blockchains revolves around clearly defined roles, detailed

membership criteria, and a balance of on-chain and off-chain procedures to ensure com-

pliance with consortium-level agreements [7].

Drawing on insights from blockchain consortia in the private sector [70, 104], as well as

the public sector [79], four interrelated governance principles can be identified:

• Selective Access Control: In permissioned blockchains, each node is operated

only by approved participants, who may hold legal or contractual obligations to

the consortium. This “permission layer” maintains a strict separation of respon-
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sibilities [79]. The core idea is to retain benefits of a distributed ledger—such as

immutability and shared data—while limiting access to those that meet explicit

compliance requirements.

• Role-Based Transparency: Instead of having fully public transaction logs, per-

missioned networks often implement granular, role-based views of the ledger [7].

Participants see only the data relevant to their legally mandated tasks [104]. This

approach preserves the principle of privacy-by-design in contexts like regulated

industries or federal agencies, aligning with compliance norms such as the GDPR

[79].

• Formalized Consortium Governance: Unlike permissionless DAOs, where token

holders can be mostly unknown, permissioned blockchains typically operate un-

der off-chain legal agreements or memoranda of understanding that specify the

rights and obligations of each consortium member [7, 98]. This formal structure,

often overseen by a steering committee or governance board, is critical for multi-

stakeholder collaboration in contexts such as supply chains or federal agencies.

• Adjustable On-Chain Logic: Although many operational rules remain off-chain,

permissioned blockchains still use smart contracts to automate certain cross-

organizational processes and reduce administrative overhead [66, 90]. Crucially,

these smart contracts can be selectively upgraded to adapt to regulatory shifts or

new business requirements.

In principle, the governance of a permissioned blockchain unfolds in three interlocked

stages: Admission, which defines who is allowed to join the network; Decision-Making

and Voting, where updates to smart contracts or policy are proposed and voted on by

consortium members; and Execution, wherein approved proposals are implemented

and continuously evaluated [79, 104].

1.1. Admission

Admission processes in permissioned blockchains aim to ensure that new participants

meet necessary technical, regulatory, and business criteria. In many networks, prospec-

tive members must sign a consortium agreement or be vetted by existing members [98].
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This approach stands in contrast to the open participation of public DAOs, where any-

one can join. Here, decision-making authority is grounded in organization-level identity

[7].

This selective access control fosters compliance with legal or corporate mandates. For

example, a consortium might grant partial node privileges to a subcontractor whose role

is strictly limited to verifying certain data. Additionally, role-based access can ensure

each stakeholder only sees data germane to their function, aligning with the principle

of “separation of competencies” in federally structured systems [9].

1.2. Decision-Making & Voting

After the admission stage, permissioned blockchain members collectively propose, de-

bate, and vote on system upgrades or changes to smart contracts [79]. Yet, unlike DAOs,

the forum for these discussions is often an off-chain consortium meeting or steering com-

mittee, which then coordinates on-chain votes. Typically, one or more committees com-

posed of authorized representatives from each participating organization hold signifi-

cant sway—mirroring the hierarchical structure of the real-world organizations [104].

While permissioned blockchains generally use software-based “voting modules” to fi-

nalize decisions, the threshold of approval and the distribution of voting rights are

predefined in the consortium contract [7]. Some consortiums adopt “weighted voting,”

where an organization’s stake or size determines its influence. Others opt for equal

voting for all nodes, reflecting a “federal” spirit of shared governance [9]. To maintain

role-based transparency, meeting minutes, proposals, and final ballots may be added

as hashes to the blockchain, ensuring tamper-resistance and establishing an auditable

record [90].

1.3. Execution

Approved proposals transition to an implementation phase, where designated develop-

ers or authorized maintainers update smart contracts or modify node software [79]. At

this stage, formalized consortium governance may require two-factor or multi-signature

validations from multiple participant organizations [98]. The code changes can then be
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rolled out to all network nodes, ensuring consistency and avoiding single points of failure

[66].

The guiding principle of adjustable on-chain logic allows these implementations to be

updated or reversed if they conflict with new regulations or if security vulnerabilities

emerge [7]. Finally, many consortia have permanent working groups or compliance

teams tasked with monitoring the network, generating audits, and ensuring that real-

world laws or new internal policies are reflected on-chain.

2 Practical Challenges

While the above principles and processes illustrate how permissioned blockchains are

intended to function, real-world deployments often encounter obstacles.

2.1. Admission

Despite strict membership screening being central to selective access control, real con-

sortia can find it hard to define uniform admission rules that satisfy each participant’s

legal and business requirements. Some organizations (e.g., a federal office) may be man-

dated by law to keep certain data fully siloed, making them hesitant to join a shared

ledger [7]. Others, particularly large corporations, may demand special privileges such

as the ability to veto proposals that threaten their competitive advantage. This fragmen-

tation leads to multi-tier membership regimes, where “core” members enjoy expanded

rights while “associate” members are granted minimal privileges [79]. In theory, this

structure upholds federalist ideals of mutual respect for distinct roles, but in practice can

become a quasi-hierarchical arrangement where certain members can reject new appli-

cations unilaterally [9, 79].

Moreover, in federally organized government contexts, local laws or data-protection

statutes can prohibit certain agencies from sharing data outside their jurisdiction [9].

While permissioned blockchains claim to mitigate these concerns through robust role-

based privacy, the administrative overhead to ensure each jurisdiction’s compliance is

steep, creating a labyrinth of admission protocols [7].
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2.2. Decision-Making & Voting

Off-chain power dynamics can undercut nominally “egalitarian” voting. Although the

consortium contract may stipulate a balanced allocation of votes, larger or more influ-

ential members can exert sway through financial leverage or political agreements [9].

In effect, a few lead stakeholders guide strategic choices, diminishing the principle of

formalized consortium governance based on collective decision-making.

Compounding this, “one node, one vote” rarely reflects real-world realities. For in-

stance, if a state-level agency invests considerable resources in the network, it may ar-

gue for a stronger vote. Alternatively, a smaller municipality might fear overshadowing

and be reluctant to adopt the system [104]. Formalizing these power imbalances in an

off-chain contract can help, but as a result, dominant nodes effectively set the agenda

[79]. The hierarchical influence that creeps in mirrors the “whale problem” in DAOs,

although it manifests through legal or bureaucratic means rather than token holdings.

2.3. Execution

While permissioned blockchains do automate certain cross-organizational tasks, many

critical updates rely heavily on human gatekeepers—committees, consortium boards,

or developer teams chosen off-chain [98]. This partial reliance on human intervention

can introduce single points of failure, undermining the principle of distributed decision-

making [7]. Malicious or incompetent gatekeepers might push through code that favors

one member or fails to comply with specific laws, leaving other participants little re-

course but to litigate off-chain.

Technical pitfalls can also arise if the code in the chain’s smart contracts is complex or

poorly audited, vulnerabilities can go unnoticed until exploited [90]. Because many

consortia integrate smart contracts with legacy systems, updating the chain might

break existing workflows or violate local data-sharing protocols. Overextended multi-

signature processes, while preventing unilateral changes, can also slow down urgent

patches—especially in large consortia with many signers.

Lastly, privacy compliance adds another layer of complication. Members with distinct

legal obligations must verify that on-chain data is either anonymized or accessible only

to authorized participants [79]. If the privacy logic is not meticulously encoded into
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each layer of smart contracts, data can unintentionally be exposed to unauthorized par-

ties.
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IV Innovations in Governance

Mechanisms

Many of the shortcomings of blockchain governance are widely recognized by both

practitioners and scholars. Over the years, numerous mechanisms have been proposed

to address persistent issues. Although these mechanisms have achieved varying levels

of success, they collectively underscore a broader effort to reconcile the original ide-

als with the operational realities of blockchain projects. The following sections focus

on three prominent mechanisms, focusing on how each seeks to resolve specific weak-

nesses in blockchain governance.

1 Quadratic Voting

One of the earliest proposed solutions to address the concentration of power in token-

based governance is quadratic voting [68, 69]. Unlike the conventional “one token, one

vote” mechanism, quadratic voting allocates voting power based on the square root of

the number of tokens held. This diminishing returns approach limits the influence of

large token holders. For instance, a user holding 100 governance tokens would receive

only 10 votes under quadratic voting, compared to the 100 votes granted in a traditional

system. By reducing the disproportionate impact of “whale” addresses, quadratic vot-

ing aims to strengthen the principle of decentralized authority. A notable example

of its implementation is Synthetix RP2-[11], a decentralized derivatives platform that

leverages quadratic voting for protocol upgrades and parameter changes.

Despite its potential to mitigate power imbalances, quadratic voting is not without its

challenges. Probably the most critical vulnerability is its lack of Sybil resistance RP2-
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[11]. Because the system allocates votes based on individual addresses, adversaries can

exploit it by splitting their token holdings across multiple wallets. For example, a user

holding 100 tokens could distribute them across 10 wallets, each containing 10 tokens.

Under quadratic voting, each wallet would receive 3.16 votes, granting the adversary a

total of approximately 31.6 votes. This manipulation—commonly referred to as a Sybil

attack—undermines the system’s intent to limit the influence of large stakeholders.

Quadratic voting offers a compelling framework for more balanced governance, but in

practice, it introduces new challenges even as it seeks to address existing issues. This

underscores the persistent tension between theoretical solutions and their practical im-

plementation in the pursuit of decentralized governance.

2 NFT-Based Voting

An alternative governance model has been explored in the past [24, 62], leveraging NFTs

rather than solely relying on fungible tokens. In this framework, each eligible partici-

pant holds a unique NFT that grants specific voting rights and serves as a dynamic rep-

utation system, capturing user actions and engagement. By anchoring votes to distinct

NFTs, the model aims to go beyond the simplistic logic that more tokens necessarily

equate to more votes, instead placing value on trust, accountability, and community

involvement.

NFT-based voting bolsters decentralized authority by assigning each participant a

unique identity, potentially mitigating the dominance of “whales” who accumulate

large amounts of fungible tokens. Additionally, since these NFTs can reflect a user’s

contributions or specific roles, the model supports open participation by recognizing

forms of engagement overlooked in purely token-based systems. In principle, this flex-

ible structure allows for weighted voting rules that factor in variables such as seniority,

expertise, or reputation—rather than relying exclusively on financial stake.

Despite these advantages, NFT-based voting introduces its own set of challenges. RP4-

[35] indicates that herding behavior is especially pronounced in NFT markets, lead-

ing to sharp inequalities and a concentration of market influence. This tendency raises

concerns that NFT-based voting, if not carefully structured, might replicate the same

concentration dynamics it aims to address. For instance, if governance NFTs are freely
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transferable, they can be traded on secondary markets, allowing well-funded actors to

replicate the concentration issues seen in fungible token models. Conversely, making

them non-transferable (often called “soulbound” [92]) may strengthen Sybil resistance

and avoid vote-buying but raises broader questions about user autonomy—particularly

how to handle membership exits, revocations, or status changes. Even soulbound NFTs

do not fully eliminate the threat of multiple identities, as adversaries can gradually

build reputations across different addresses. Additionally, because the identity of the

NFT owner often remains unknown, adversaries may exploit a “one-off” opportunity

by building up trust over time, and at the end cast a harmful vote that personally ben-

efits them, and then vanishing with minimal accountability. Consequently, the model

still grapples with Sybil attacks and fair distribution, undercutting the ideals of decen-

tralized authority and open participation in practice.

In theory, NFT-based governance offers a richer, context-driven approach to decision-

making by incorporating more granular measures of trust and contribution. However,

finding the right balance between transferability, Sybil resistance, and member auton-

omy remains a complex endeavor.

3 Market-Based Voting

Decentralized communities also explore market-based voting systems as an alternative

to traditional token-based governance. These experiments often draw upon the con-

cept of futarchy [45], which proposes that decisions should be made by prediction mar-

kets—functioning similarly to betting markets—rather than through direct majority

votes. The primary objective of futarchy is to align stakeholder incentives with accurate

forecasting where by speculating on the outcomes of proposed policies, participants are

theoretically encouraged to reveal which course of action they genuinely believe will

best serve the organization’s goals.

In non-blockchain contexts, futarchy has been proposed as a means to enhance decision-

making in corporate governance and public policy [45] by leveraging market forces to

aggregate diverse information. Proponents argue that when individuals bet on policy

outcomes, rather than simply casting votes based on their personal beliefs, they gain a

financial stake in the accuracy of their forecasts. According to futarchy advocates, this
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setup provides a more dependable indicator of authentic preferences because individ-

uals have a direct economic incentive to choose—and profit from—the most advanta-

geous proposals.

For blockchain-based organizations, futarchy’s appeal lies in its potential to replace the

rigid “one token, one vote” paradigm with a more flexible mechanism that rewards

participants who actively back their convictions [21, 60]. Rather than tying voting power

to the tokens one already holds, futarchy relies on how many tokens participants are

willing to buy or sell in support of specific outcomes. If a participant believes strongly in

a particular proposal, they can place larger bets on it, thereby increasing their influence

on the eventual decision.

In principle, futarchy upholds the principle of decentralized authority by favoring in-

formed, proactive engagement over passive token ownership. Rather than defaulting

to the largest token holders, any stakeholder who is confident in a proposal’s merits can

buy tokens on its likely success, thereby amplifying their governance influence. This

design fosters a more meritocratic model of decision-making in which those who thor-

oughly assess policies gain proportional influence, instead of individuals who merely

hold significant token balances. Moreover, since anyone can join the prediction mar-

ket and bet according to their convictions, futarchy ostensibly supports the principle of

open participation.

In reality, however, futarchy can reintroduce many of the same centralization issues it

aims to counteract. Wealthy users may place disproportionately large bets, effectively

sidelining smaller participants and replicating the power imbalances seen in other vot-

ing mechanisms. Additionally, complex market factors—such as speculative bubbles

and price manipulation—can distort market signals, rendering final outcomes less rep-

resentative of genuine community consensus. The need for liquidity also poses a bar-

rier to entry, as individuals lacking sufficient capital often hesitate to participate, thus

narrowing the scope of open participation. Arbitrageurs may further exploit price dif-

ferences between the prediction market and the underlying token market purely for

profit, contradicting the premise that futarchy participants prioritize accurate forecasts.

Finally, prediction markets are vulnerable to strategic manipulation—such as coordi-

nated betting—raising additional questions about the extent to which futarchy fosters a

truly fair and decentralized governance.
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V Conclusion

1 Summary

The thesis set out to scrutinize the discrepancy between the theoretical aspirations of

blockchain governance and the practical realities in which these systems operate, exam-

ining both permissionless and permissioned contexts. In permissionless settings, DAOs

were hailed as the epitome of decentralized decision-making, designed to uphold core

principles like open participation, transparent processes, and decentralized authority.

In theory, self-executing smart contracts would reduce the reliance on centralized in-

termediaries, and token-based voting would empower token-holders to collaboratively

shape the trajectory of decentralized protocols. Yet, numerous cases reveal the persis-

tence and reinforcement of hierarchical power dynamics, where a small cluster of influ-

ential token holders, wields disproportionate influence. Voter apathy adds to this con-

centration by allowing a small minority of engaged actors to steer protocol outcomes

unilaterally. Beyond power concentration, practical execution challenges have arisen,

including code vulnerabilities that can immobilize entire projects. Off-chain coordi-

nation and human oversight, meant to mitigate these risks, paradoxically reintroduce

forms of centralized control.

In permissioned blockchains, governance mechanisms were found to be more formal-

ized, reflecting real-world organizational structures and regulatory constraints. Their

governance processes rely on contracts, committees, and hierarchical decision-making

bodies that incorporate legal and business mandates, thus trading off some decentral-

ization to maintain compliance, privacy, and accountability. Although permissioned

networks do simplify the resolution of disputes and provide legal recourse, they repli-
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cate many of the oligarchic patterns seen in permissionless systems. Prominent mem-

bers—such as large corporations or government agencies—often hold veto power, while

smaller partners or new entrants are relegated to less influential roles. Consequently,

despite employing distributed ledger technology, many consortia revert to traditional

top-down hierarchies.

The gaps between theoretical ideals and operational realities have prompted a range of

innovations. Quadratic voting, NFT-based voting, and futarchy-based approaches each

offer ways to address power imbalances and enhance the quality of collective decisions.

Yet these approaches come with their own set of vulnerabilities. Collectively, these solu-

tions illustrate the unresolved tension between limiting undue influence and preserving

open participation, as well as the difficulty of simultaneously achieving both efficiency

and inclusiveness.

Overall, the thesis finds that while blockchains and DAOs bring novel governance pos-

sibilities, they have yet to fully deliver on their ideals. Real-world applications con-

sistently run into issues of power asymmetry, voter disinterest, technical fragility, and

re-centralization. Although these challenges do not negate the potential of blockchain

technology, they underscore the pressing need for more nuanced, context-specific gov-

ernance designs that can adapt to varying stakeholder requirements.

2 Limitations and outlook

Although this work offers a critique of how blockchain governance falls short of its

theoretical aspirations, it centers predominantly on instances where implementation

problems prevent the realization of these ideals. An equally important—but less ex-

plored—avenue lies in evaluating whether the prevailing governance designs them-

selves are fit for purpose. In other words, beyond finding that systems fail to meet

ideals, one must also examine whether those ideals and the corresponding designs are

aligned with the diverse operational needs of different protocols.

The current one-size-fits-all approach to DAOs governance attempts to impose univer-

sal governance model for every conceivable scenario, treating all proposals equally re-

gardless of their complexity, urgency, or risk profile. This slow-moving decision-making

processes may be well suited for substantial strategic changes or treasury allocations,

27



Chapter V: Conclusion

but can be ill-suited for situations demanding rapid responses. For instance, many DeFi

platforms must tweak interest rates or implement security updates on short notice to

protect user assets. Forcing every decision through a slow governance cycle, in which

discussions and voting can take days if not weeks, can leave protocols exposed to hacks

or market volatilities. Similarly, short-term operational tasks rarely necessitate the same

level of deliberation as major policy shifts. The monolithic governance model often ap-

plied in DAOs fails to differentiate between such scenarios, leading to substantial de-

lays.

Another factor that warrants more scrutiny is the reinforcing tension between timocratic

decision-making (as identified in RP2-[11]) and the reality of execution. While voting

outcomes may reflect the preferences of large token holders, practical implementation

of these decisions frequently resides with a small team of core developers—who func-

tion, in effect, as (benevolent) dictators. Users must trust these developers to adhere

faithfully to governance decisions, raising questions about how “decentralized” these

systems truly are. While the trust in experienced developers can foster network stabil-

ity and ensure timely upgrades, it conflicts with the premise that permissionless gover-

nance should bypass centralized custodians of authority.

In sum, these limitations highlight that the thesis tackled only part of the puzzle by

focusing on implementation pitfalls. The broader question of whether current designs

are conceptually sound for all use cases remains open. Addressing this question will

likely involve devising more adaptive governance models that can align the necessary

speed and expertise for specific proposals with the principles that underpin the broader

blockchain ethos. Without such a deeper analysis of design principles, blockchain gov-

ernance risks stagnating in a realm where both its ideals and real-world practices remain

perpetually out of sync.

3 Recognition of previous and related work

Research thrives through collaboration, drawing on shared insights and exchanges

among experts in various fields. Reflecting this spirit, this thesis builds on a broad body

of work to analyze blockchain governance and decentralized decision-making. The in-

herent complexity of blockchain technology necessitates a holistic approach, examining
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both its foundational concepts and practical applications to fully grasp its opportuni-

ties and constraints. While the core of this work relies on research specifically focused

on blockchain governance, it also draws from a multitude of studies that address the

broader blockchain landscape, ensuring a comprehensive understanding of this evolv-

ing domain.

Specifically, this work relies on a set of works that focuses on the fundamentals of

blockchain technology, smart contracts, tokenization, and DeFi. For the technical as-

pect of the blockchain technology, the thesis relies on [3, 38, 39, 82, 86], for the influence

of smart contracts on blockchain-based consortia and workflows on [4, 5, 36, 40, 75], and

for the evolving landscape of token economies, ICOs, and DeFi protocols on [12, 13, 15,

16, 42, 51, 78, 84, 88, 93]. Collectively, these works offer a foundation for understanding

the intersections of decentralized architectures and shifting power structures, which are

core ideas that shape this thesis.

Additionally, the thesis leverages contributions that examine the implications of

blockchain technology within public-sector and identity-driven contexts. These include

studies on blockchain-enabled cross-organizational processes, governmental services,

and GDPR-related matters [6, 28, 29, 31, 32, 33, 34, 37, 43, 49, 50, 53, 58, 67, 76]. While

they largely address specialized use cases, these references collectively demonstrate

how blockchain’s governance features, data protection requirements, and stakeholder

engagement practices permeate a variety of sectors, further underscoring the broader

relevance of decentralized decision-making explored in this thesis.
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Abstract

Permissioned blockchains have been proposed
for various use cases where a certain degree
of decentralization is necessary yet enterprise IT
requirements must be met. However, their throughput
remains considerably lower than that of established
centralized systems. Previous studies that address
permissioned blockchains’ performance remain
blockchain-specific, lacking a generalizable approach
for locating and understanding bottlenecks. This paper
presents a unified, graphical method for identifying
bottlenecks in permissioned blockchains. We augment
the DLPS – an open-source benchmarking tool – with
graphical evaluation functionalities and use them to
identify performance bottlenecks of Hyperledger Fabric
and Quorum, two widely used permissioned blockchains
with distinct architectural designs. Our work provides
researchers and practitioners with a toolkit, guidelines
on blockchain performance data analytics, and insights
that assist with the bottleneck identification and
improvement of permissioned blockchains.

Keywords: Blockchain, Distributed Ledger,
Performance Evaluation, Hyperledger Fabric, Quorum

1. Introduction

Since its inception by Nakamoto (2008), blockchain
technology has been explored across various industries
far beyond its use in the cryptocurrency Bitcoin.
Researchers and practitioners have analyzed its potential
in a variety of applications where a neutral platform is
desirable (Sedlmeir et al., 2022b), such as supply chain
management (Queiroz et al., 2020) and the streamlining
of cross-organizational workflows (Fridgen et al., 2018).
Organizations looking to implement blockchain-based

information systems often opt for permissioned
blockchains as they restrict participation in consensus,
reduce data visibility and latency, and allow for better
throughput. However, transitioning projects based
on permissioned blockchains from pilot stages to
business applications still presents many technical
challenges (Toufaily et al., 2021). One major obstacle
is the technology’s inferior performance compared to
established centralized systems, stemming from the
resource-intensive nature of replication and consensus
(Sedlmeir et al., 2022a). As a result, a substantial part
of research focuses on examining the performance
characteristics of permissioned blockchains (Fan
et al., 2020). Blockchain benchmarking research
has primarily examined high-level performance
indicators such as throughput, with less emphasis
on identifying performance-limiting factors. While
assessing throughput is useful for comparing different
blockchains and assessing deployment parameters
(Guggenberger et al., 2022), it provides limited insights
into crucial aspects like node resource utilization, which
are usually reported only as aggregated data (Fan et al.,
2020), offering a limited understanding of the inner
workings of blockchain performance.

This paper addresses this shortcoming by analyzing
resource-related metrics of blockchain nodes and their
impact on throughput in a systematic and graphical
way, providing a general approach that can be used to
detect bottlenecks. We survey related work to ground
our method and then conduct exploratory data analysis
(EDA) to determine the performance bottlenecks of
Hyperledger Fabric (Fabric) and Quorum, using an
extended version of the distributed ledger performance
scan (DLPS) (Sedlmeir et al., 2021).
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2. Background

2.1. Hyperledger Fabric

Fabric has become one of the industry’s leading
permissioned blockchains (Guggenberger et al., 2022),
known for its unique architecture that provides ample
opportunities for finetuning performance (Androulaki
et al., 2018). In Fabric, nodes are grouped into
organizations, and a node can take at least one of
the roles of a peer node (peer) or an orderer node
(orderer) (Androulaki et al., 2018). Peers maintain
an append-only ledger and a corresponding running
aggregate (state), whereas orderers create and broadcast
blocks. Fabric relies on the execute-order-validate
paradigm that involves three phases. In the Execution
Phase, a client sends a signed transaction proposal to
the peers. Peers simulate the transaction, i.e., they
run the required smart contract (“chaincode”) on their
current version of the state without updating it. Peers
then respond to the client with a signed endorsement
containing the peer’s digital certificate, the transaction’s
read-write set, and the simulation outcome (Androulaki
et al., 2019). During the Ordering Phase, and once a
client has collected sufficient endorsements according
to a chaincode’s policy, it packs them into a transaction
and forwards it to the ordering service. Orderers use
a consensus protocol, such as RAFT (Ongaro et al.,
2014), to sort transactions, group them into a batch
(“block”), and sign this block without evaluating the
transactions’ validities. Subsequently, they broadcast
the block to a subset of peers (to one anchor peer
per organization) for validation. In the Validation
Phase, upon receiving a block – either directly from
an orderer or via a fellow peer – a peer validates the
included transactions in three steps (Thakkar et al.,
2018). First, through parallel verification, validation
system chaincode (VSCC) ensures transactions have
the required endorsements and consistent execution
results. Next, valid transactions undergo multi version
concurrency control (MVCC) – a sequential check of
whether the simulations were conducted on compatible
ledger versions by comparing the respective read-write
sets. Finally, each peer commits the transaction to their
local ledger (including a flag for its validity) and – if
both checks have passed – updates its state accordingly.

2.2. Quorum

Quorum is another blockchain that has emerged as
a significant player among the industry’s permissioned
blockchains because of its similarity to the public
Ethereum blockchain. Unlike Fabric, Quorum relies
on the order-execute paradigm. It supports four

different consensus mechanisms, including RAFT. In
the Ordering Phase, clients send signed transactions
to the nodes, which perform preliminary validations
(e.g., correct nonce, syntax, and signatures). Verified
transactions are shared with other nodes via a gossip
protocol and added to their unconfirmed transaction
pools (“mempool”). The RAFT leader sorts and batches
valid transactions from its mempool, compiles them into
a block, and disseminates the block to follower nodes.
Followers attach the received block to their ledger and
send acceptance messages to the leader. After receiving
acceptance messages from the majority of nodes, the
block becomes the new head of the blockchain (“2-phase
commit”). During the Execution Phase, each node
then updates its state deterministically according to each
included transaction.

2.3. Distributed Ledger Performance Scan

The DLPS is an open-source, end-to-end
benchmarking framework where users can define
specifications for various blockchain and client
network configurations using a single configuration
file (Sedlmeir et al., 2021). We simplified its complex
deployment process by dockerizing both the deployment
and experiment handlers and extended its graphical
capabilities for analyzing performance and resource
utilization data.1 The benchmarking follows a recursive
localization of maximum throughput by gradually
increasing the request rate to determine the network’s
maximum throughput. The first run starts by sending
(asynchronous) requests at a base rate. The DLPS
measures each component’s (e.g., nodes, clients)
resource utilization, as well as the average request
frequency (freq) and response frequency (fresp), of
successful transactions by collecting request and
response timestamps from all clients. To achieve this,
the DLPS leverages system monitoring tools available
by the operating system, such as vmstat, mpstat,
sar, and ping, to gather comprehensive performance
metrics on CPU usage, memory, network activity, and
I/O operations. If fresp does not deviate from freq by
more than a given threshold, the next run increases freq.
Otherwise, a certain number of retries is performed.
If fresp fails to get close to freq also in the retries, the
ramp-up sequence is terminated and the maximum
throughput is set to the highest average fresp in any
of the runs of the previous ramp-up sequence. After
the experiment, the DLPS stores fine-granular data in
CSV format for further analysis and generates summary
figures for illustrative purposes.

1The source code and higher resolution figures are available at:
https://github.com/orepapas/What_Blocks_My_Blo
ckchains_Throughput_Data.
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3. Related work

To gain an overview of the academic literature on
bottleneck identification in permissioned blockchains,
we conducted a systematic literature review. We used
the broad search string (blockchain OR “distributed
ledger technology”) AND (performance OR throughput
OR latency) AND (benchmarking OR measurement
OR evaluation OR analysis) on Google Scholar,
ACM Digital Library, IEEE Xplore, and arXiv.
Our search yielded 4,248 results. After manually
reviewing titles and abstracts and removing duplicates,
57 publications remained. For these, we performed a
full-text screening and excluded articles that did not
provide empirical results on blockchain performance.
Additionally, we excluded papers that lacked insights
into potential bottlenecks, such as papers focusing on
comparisons of different configurations or comparisons
between different blockchains. For Fabric, we
excluded research on v0.6 since it still used the
order-execute architecture. We ended up with six
relevant publications.

In Fabric v1.0, Androulaki et al. (2018) identify
the validation phase and, in particular, the VSCC as
a major bottleneck. Thakkar et al. (2018) find three
major bottlenecks of v1.0, which are related to the
validation phase and were addressed in subsequent
Fabric versions. Ruan et al. (2020), using Fabric v1.3,
also point to the validation phase as the bottleneck,
especially when many unserializable transactions are
included in the ledger. Wang et al. (2020) find that
in v1.4, the VSCC remains the bottleneck due to
limited parallelization. For the same version, Chacko
et al. (2021) trace transaction failures to systemic
issues, with the validation phase being the bottleneck.
Specifically, MVCC read conflicts result in transaction
failure, necessitating a return to the execution phase for
a new round of endorsements and endorsement policy
failures, which significantly slow down the VSCC and
transaction processing. We could not find research
focusing on identifying bottlenecks in Fabric v2.0 or
higher. For Quorum, Mazzoni et al. (2021) posit
that a potential bottleneck lies with the node’s remote
procedure call (RPC) server buffers being capped
at 128KB. While this limitation suggests a maximum
transaction size of 128KB, it is improbable to be the
main bottleneck, as average transaction sizes are only
a few hundred bytes.

4. Method and Results

We developed our approach by analyzing the
experiments of the papers mentioned in Section 3, using

the DLPS to collect data, and EDA (Chatfield, 1986)
to identify bottlenecks. We collected extensive data
on factors influencing node performance, ensuring a
comprehensive overview of resource utilization. After
cleaning and validating the data, we used EDA to
detect performance irregularities. We then examined
the relevant metrics to determine potential root
causes. We divided our analysis into two major
parts. The first part identifies potential bottlenecks
by analyzing the different node resources that can
impact blockchain performance. In the second part,
we examine the relationship between these candidates
and the blockchain’s throughput in varying degrees
of resolution, such as different time windows and
component selections.

Since many enterprise applications have focused
on Fabric and Quorum, and Section 3 indicates that
their bottleneck analysis is intricate, we detail our
bottleneck identification method for both blockchains.
We selected an experiment for Fabric v2.0, based on
the findings of (Guggenberger et al., 2022) to determine
a configuration that seems robust under modifications
and extended it to Quorum v23.4. For Fabric, the
network configuration comprised 16 clients, 8 peers,
and 4 orderers, with four organizations comprised of
four clients, two peers and one orderer each. The
Quorum configuration consisted of 16 clients and
8 nodes. In both configurations, we selected RAFT
as consensus mechanism due to its minimal overhead,
as previous publications suggest that consensus is not
the bottleneck in this case (Guggenberger et al., 2022;
Mazzoni et al., 2021). We conducted the experiment
on the AWS cloud platform (Amazon EC2), where each
node was configured in an independent EC2 instance
allocated with 16 vCPUs, 64 GB of RAM, and 1 Gbps of
bandwidth running Ubuntu Server 18.04 LTS (HVM) –
a typical configuration for enterprise blockchain nodes.

4.1. Fabric: Resource utilization

The initial analysis focuses on the impact of
incremental increases in request rate on the resource
utilization of each node. We plot data points for each
node every second during a 14-second period within a
20-second experiment, excluding the first and last three
seconds to avoid distortions related to the discontinuity
of freq (Figure 1). This approach aims to uncover
trends and correlations between resource usage and
increased freq. We directly see that Fabric peers’ central
processing unit (CPU) and network utilization exhibit
clear plateaus, indicating they could be bottlenecks.
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Figure 1: Fabric – Nodes’ key resource utilizations.
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Figure 2: Fabric – CPU utilization of all cores.

4.1.1. CPU The analysis begins by examining the
average CPU utilization across a 14-second period.
We observe that the linear relationship between the
request rate and CPU utilization of peers breaks down
at freq≈1600 s−1, indicating a potential saturation point
or limitation in CPU capacity. Looking into the CPU
usage across individual cores (Figure 2) reveals a limited
utilization for orderers and clients that is not plateauing
at higher request rates. Focusing on peers, we observe
a significant variance in CPU utilization, ranging from
25 % to 80 % at higher request rates. This variability
suggests an uneven distribution of resources, with some
peers bearing a heavier workload than others or an
imbalanced allocation of tasks within some peers’ cores.
First, we investigate the CPU utilization per peer in
Figure 3a, which indicates an equitable distribution of
computational resources among the peers, with peer 5
falling behind slightly. Analyzing the mean CPU
utilization of individual cores for a single peer (peer 0
in this case) in Figure 3b reveals that this also is not
the cause of the high fluctuations in CPU usage since
all cores show similar utilization. Because of the
inconclusive results of both possible explanations, our
analysis progresses to evaluate the temporal evolution
of CPU usage across individual cores at the highest
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(b) Mean utilization of peer 0 per
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Figure 3: Fabric – peer CPU utilizations.
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Figure 4: Fabric – Peer 0 CPU utilization for freq=1600 s−1.

freq before the utilization plateaus (Figure 4). This
freq represents the peak stress on the network before
any performance degradation. Here, we observe that
individual cores’ CPU utilization can fluctuate as much
as 30 % within a single run. We are unable to deduce the
reasons behind these fluctuations from CPU utilization
data alone. However, as these fluctuations balance out
over time according to the narrowly distributed mean
CPU utilization, they are likely not the reason for the
plateau. It is worth noting that Figure 3 indicates
that average CPU usage plateaus at around 50 % across
all cores on all peers, an improvement over previous
Fabric versions. However, in scenarios utilizing a higher
number of vCPUs (16 in our case), Fabric v2.0 still
demonstrates a mediocre mean utilization, leaving room
for further improvement (see also Thakkar et al. (2018)).

4.1.2. Network The network-related analysis
begins by looking into the mean network utilization,
distinguishing between inbound and outbound traffic
for the different types of nodes. Orderers’ traffic
does not plateau at high request rates, suggesting
the ordering service is not the bottleneck (Figure 5a).
Notably, orderer 0 broadcasts a disproportionate amount
of traffic compared to the rest, which indicates that
orderer 0 is the RAFT leader and, as a result, has the
additional task of broadcasting new blocks to each
following orderer. Detailed traffic analysis allows its
decomposition into individual components, such as the
traffic generated by block propagation. According to
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Figure 5: Fabric – orderer mean network utilization (outbound
traffic as continuous and inbound traffic as dashed lines).

Fabric’s architecture, the outbound traffic of follower
orderers predominantly consists of sending blocks to the
peers. From Figure 5a, and in line with expectations,
consistency of inbound and outbound traffic of the
followers is observed: followers receive each block
once from the leader, and each orderer forwards a
received block only once to an anchor peer. On the
other hand, when comparing followers’ outbound traffic
with the leader’s outbound traffic (Figure 5b), the ratio
consistently stands around four, as the RAFT leader
sends each block to each follower (three in our case) and
to one peer. Our analysis excludes traffic generated by
consensus-related messages, such as appended entries
and heartbeat, because it is difficult to distinguish
them from block propagation traffic. Nonetheless,
the consensus-related messages generate significantly
less traffic compared to block dissemination, making
the outbound traffic of follower orderers a viable
approximation for traffic related to block propagation.
Regarding peers (Figure 6), we see that inbound traffic
scales linearly with freq for all of them, indicating it
is not a bottleneck. Concerning outbound traffic, we
observe that it plateaus for some peers while remaining
unaffected for others (Figure 6a). Thus, we classify
the peers into two main clusters, color-coded as blue
and orange. We infer that blue peers act as the gossip
leaders of their respective organizations, each with one
follower.

The primary distinction in outbound traffic among
the two types of peers stems from block propagation
between them. To confirm that blue peers are
gossip leaders, we deduct the traffic associated with
block propagation (as obtained from the ordering
service analysis) from the outbound traffic of blue
peers (Figure 6b). The resulting traffic is relatively
uniform, which is in line with our hypothesis that
the blue peers are the gossip leaders. Furthermore,
we observe a significant overlap in outbound traffic
among peers, particularly at lower request frequencies,
with some discrepancies at higher rates. This is
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Figure 6: Fabric – peer mean network utilization (outbound
traffic as continuous and inbound traffic as dashed lines).
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Figure 7: Fabric – Client mean network utilization (outbound
traffic as continuous and inbound traffic as dashed lines).

expected, as traffic from consensus-related messages
increases at higher request rates, making our outbound
traffic approximation less accurate. Peer outbound
traffic consists of sending requested endorsements and
transaction confirmations back to clients. Since the peer
outbound traffic plateaus at high freq, it suggests that
these components are potential bottlenecks.

We focus on client traffic to pinpoint the specific
bottleneck (Figure 7). The inbound traffic of clients,
which drops at higher request rates, is generated by the
same components as peers’ outbound traffic, leaving us
with the same potential bottlenecks. Client outbound
traffic includes transaction proposals submitted to peers
and endorsed transactions sent to the orderers. Since
the traffic does not plateau, it suggests that these are
not the bottleneck. Overall, the traffic from endorsed
transactions sent to the ordering service and blocks sent
to peers never plateaus, indicating that the execution
and ordering phases are not the bottleneck. Since the
endorsements that peers send back to the clients come in
between the execution and ordering phases, they are also
not the bottleneck. This leaves transaction confirmations
from peers to clients, sent after the validation phase, as
the likely candidate for a bottleneck. In other words, the
validation phase seems to remain the bottleneck even in
Fabric v2.0.

4.1.3. Memory & Hard Drive Starting with
memory usage, from Figure 1, we observe that all node
types exhibit non-plateauing usage levels, suggesting
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Figure 8: Fabric – Rolling mean of throughput with different
window sizes.

that memory constraints are not the bottleneck. For
hard drive utilization, only peers’ usage appears to
plateau. However, peers’ I/O operations (such as ledger
updates or block processing) occur during or after the
validation phase, which does not provide new insights.
Additionally, with the peak utilization at approximately
2 %, it is evident that hard drive usage is far from
reaching capacity. This indicates that constraints lie
within a different component, which in turn limits
hard drive utilization. As mentioned in Section 2, the
validation phase is comprised of three steps: VSCC,
MVCC, and each peer updating its state. As the peers’
hard drive utilization is minimal, this leaves only VSCC
and MVCC as the potential bottlenecks.

4.2. Fabric: Throughput

We start by gaining an overview of how the request
rate affects throughput. This is achieved by plotting
the throughput as a rolling mean across two window
sizes (Figure 8). Using a one-second window, each
data point is plotted individually, revealing significant
fluctuations in throughput beyond, freq=1200 s−1, with
fluctuations in fresp reaching up to 1000 s−1. We increase
the window size to three seconds to observe the overall
network performance trend. We selected this interval
as it matches the average time it takes for a transaction
to be committed to the blockchain under high request
rates (see also Guggenberger et al. (2022)). This is
significant because queuing effects become prominent at
elevated freq, and opting for a shorter time window could
underestimate throughput. We see that, on average, the
system keeps up with the request rate until reaching
approximately freq=1600 s−1.

Next, we explore the correlation between Fabric’s
throughput and the components and resources
highlighted as potential bottlenecks in the first
part of the analysis, namely peer CPU utilization and
peer network traffic. Figure 9 plots the two resources
against the network’s throughput using the three-second
window. For CPU usage, we observe an initial linear

Figure 9: Fabric – Throughput against key resources.
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Figure 10: Fabric – Throughput per peer.

increase with throughput until the characteristic plateau.
Additionally, we observe that the instability in CPU
utilization starts at around fresp=1200 s−1, which is
also the point at which the correlation between freq and
fresp starts breaking down (Figure 8a). Consequently,
CPU usage correlates more closely with fresp than
freq. Similarly, although network traffic increases with
throughput, it does so at a lower rate and begins to
exhibit instability at fresp=600 s−1 already, where the
throughput still manages to keep up with freq.

Next, we examine the throughput of individual peers
(Figure 10). We observe that every peer contributes
similarly to throughput, with minor variations at high
freq. Given the significant differences in network traffic
between gossip leaders and followers, network traffic is
likely not a significant factor in determining throughput.
If it were, we would expect noticeable differences in
throughput between gossip leaders and followers. Thus,
peer CPU utilization appears to be the primary factor
behind the leveling off of throughput. The crucial role
of peer CPU utilization is in line with our conclusion
in Section 4.1 that VSCC and MVCC are the only
candidates for bottlenecks in Fabric as both depend on
peer CPU. However, given that the checks in MVCC
are sequential and Figure 4 shows similar mean core
utilization for peers, it is unlikely that MVCC is the
bottleneck. This leaves VSCC as the only bottleneck
candidate. This hypothesis is further supported by
the fact that the validations executed in VSCC are
parallelized, and we have noted that the parallelization
capacity of Fabric is limited.
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Figure 11: Quorum – Key resource utilization for different
request rates freq.

4.3. Quorum: Resource utilization

Our benchmarking experiment for Quorum increases
the request rate in increments of 100 requests per
second. The Quorum bottleneck analysis based on
this series of measurements also starts by gaining
an overview of the four resources in relation to freq
(Figure 11). Similar to the Fabric case, it is apparent
that CPU and network utilization are closely correlated
with the request rate. Memory and hard drive usage are
limited, with I/O operations exhibiting high fluctuations
but generally showing less than 1 % usage. Across
all resources, client utilization appears to be minimal,
and it is either unaffected or grows linearly with the
request rate. Therefore, we again focus on the resource
utilization of nodes.

4.3.1. CPU We begin the node CPU analysis by
examining the utilization across all cores, where – as
for the case of Fabric – we note significant fluctuations
among the cores of the nodes as request rates increase
(Figure 12). Examining the mean node CPU utilization
(Figure 13a), we see that nodes can be grouped into three
distinct categories. Node 0 (green) exhibits the highest
utilization, indicating it is the RAFT leader, which
is responsible for additional operations in consensus,
such as transaction ordering and block composition.
Nodes 1, 2, and 3 (blue) display slightly lower utilization
levels, as their role in consensus is receiving and
pre-validating transactions. The remaining nodes
(orange) exhibit significantly lower CPU usage as
they do not have additional responsibilities beyond
appending blocks to their local ledgers and applying
them to their state.

Examining the utilization per core of node 0
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Figure 12: Quorum – CPU utilization of all cores.

(Figure 13b), we observe that one core (core 15) bears a
higher workload across all request rates. This is because,
except pre-validation, all other tasks of the leader are
executed sequentially, leading to a disproportionate
strain on one core. Following this observation, we
examine the temporal evolution of CPU usage across
individual cores at freq=2300 s−1 (Figure 14). Here, we
see fluctuations by as much as 20 % for the RAFT leader
and followers, with disparities of up to 10 % between
individual cores when excluding core 15 for node 0.
The main difference between the mean utilization of
node 0 and nodes 1, 2, and 3 comes only from core 15.
These results suggest that parallel processing in Quorum
is even more limited than in Fabric, with average
core usage not exceeding 40 % and specific leader
tasks overburdening one core. The CPU utilization of
nodes 0, 1, 2, and 3 reaches a plateau at freq=2400 s−1.
Additionally, we notice the first break in the linear
relationship between CPU usage and the request rate at
freq=1800 s−1. While this does not necessarily indicate a
bottleneck, it could provide clues for identifying factors
behind the decline in CPU utilization. From Figure 13a,
we infer that node 0 and nodes 1, 2, and 3 have
similar behavior after reaching a plateau. Therefore,
transaction ordering and block building, the main unique
operations performed by the leader, are likely not the
bottlenecks. Examining Figure 13b, we see a rapid
decline in the utilization of core 15 at high request rates.
Considering that the remaining sequential operations,
such as transaction ordering and block propagation,
require minimal CPU resources, this sharp drop cannot
be justified, and it appears that another component limits
CPU utilization.

4.3.2. Network Focusing on mean network
utilization (Figure 15), we can categorize the nodes
into three groups. Due to the complexity of Quorum
network traffic, we cannot accurately decompose it into
individual components, so we rely on the architectural
design to identify bottlenecks. Starting with the blue
nodes, outbound traffic levels off at freq=2400 s−1 while
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Figure 13: Quorum – Mean CPU utilization.
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Figure 14: Quorum – CPU utilization for freq=2300 s−1.

signs of plateauing in their inbound traffic appear at
freq=1800 s−1. The inbound traffic primarily consists
of transactions received either directly from clients
or through gossip and blocks from the leader, while
outbound traffic originates from the dissemination of
pre-validated transactions. This suggests that these
operations are the limiting factors at their respective
request rates. While we see similar patterns for the
orange nodes, the patterns of the leader are essentially
the opposite of those of other nodes. The inbound
traffic is comprised of all the transactions that are
broadcasted to the network and reach the leader through
gossip or directly from the clients, and plateaus at
freq=2400 s−1. The outbound traffic involves mainly
block dissemination to the other nodes and plateaus
at freq=1800 s−1. Since their inbound traffic plateaus
at freq=2400 s−1, the leader likely keeps receiving the
transactions from the blue nodes normally up until
that point, leaving us only with block dissemination as
the main bottleneck at freq=1800 s−1 and transaction
propagation as the main issue for freq=2400 s−1.

Considering our CPU utilization findings, we posit
that the rapid drop in CPU utilization for core 15 at
freq=2400 s−1 (Figure 13b) is caused by the leader not
receiving enough transactions from the other nodes. At
freq=1800 s−1, the decline could be attributed to either
the block propagation or one of the processes preceding
it, such as transaction pre-validation and adding the
block to the chain. Considering that appending the
block to a node’s local ledger is not CPU intensive,
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Figure 15: Quorum – Node mean network utilization
(outbound traffic as continuous and inbound traffic as dashed
lines).

the primary issues likely lie with block propagation
or pre-validation. Using the same line of reasoning
for freq=2400 s−1, the bottleneck appears to be either
transaction propagation or pre-validation, as it is the
only operation that precedes propagation.

4.3.3. Memory & Hard Drive Starting with
memory utilization, we see consistent behavior across
all nodes, with no signs of plateauing (Figure 11).
As such, memory does not seem to contribute to
performance degradation. Despite observing significant
peaks in hard drive utilization (Figure 11), the mean
utilization remains mostly below 1 %, indicating it is
not a constraining factor. The large fluctuations are
probably related to the writing of the block into each
node’s database, but since it is improbable that it leads
to a bottleneck, we do not examine it further.

4.4. Quorum: Throughput

Analyzing the correlation between fresp and
freq, we see that even for the one-second window
size, throughput remains stable but starts to exhibit
higher fluctuations at freq=1800 s−1. Examining the
three-second window, throughput plateaus at around
fresp=2100 s−1, significantly lower than the maximum
request rate. This suggests that the overall performance
of the blockchain started to decline before reaching the
highest request rate. This indicates that the performance
degradation noted at freq=1800 s−1 for both CPU and
network utilization may be more critical in identifying
the bottleneck.

Examining throughput against the CPU and network
utilization (Figure 17), we see similar patterns. Both
resources keep up with throughput initially and
experience higher fluctuations around fresp=1800 s−1.
Beyond this point, differences in throughput between
request rates become less pronounced (even close
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Figure 16: Quorum – Rolling mean of throughput with
different window sizes.

Figure 17: Quorum – Throughput against key resources.

to indistinguishable near fresp=2100 s−1). Given
these similar patterns, we search for a potential
common source behind the blockchain’s performance
degradation. Since block and validated transaction
propagation are network-related, if they were the
bottleneck, they would mainly impact network traffic,
and, as a result, they are less likely to be the bottleneck.

This observation leaves only transaction
pre-validation as the possible constraining factor,
which impacts both CPU and network traffic when
nodes are not receiving enough transactions. According
to Figure 11, network utilization of clients increases
linearly with the request rate, which suggests they
send the proper number of transactions to the nodes.
Examining further the interaction of nodes with
the incoming transactions, we look into the number of
rejected transactions (Figure 18a). Rejected transactions
are those that nodes decline to propagate, leading to
clients receiving nearly immediate (within 50 ms)
notifications of transaction failure. Initially, the count
of rejected transactions is minimal but begins to surge
at freq=1800 s−1, culminating in approximately 7000
rejections by freq=2500 s−1. This corresponds to a
rejection rate of 20 %, prompting further investigation
into the underlying causes.

In Quorum, transactions are categorized as either
executable or non-executable. Executable transactions
can be immediately included in a block, while
non-executable transactions are out of nonce order
and must wait for preceding transactions with lower
nonce to execute first. Clients are limited to keeping
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(b) Number of transactions in the
pool per client.

Figure 18: Quorum – Transaction metrics.

16 executable and 500 non-executable transactions in
the pool at any given time. Figure 18b illustrates
that at freq=1800 s−1, the number of transactions in
the pool from six clients begins to exhibit instability,
diverging from the previous linear relationship with the
request rate, and most clients diverge at freq=2400 s−1.
This pattern, along with the fact that the number
of client transactions in the pool never exceeds 500,
suggests that clients are reaching the limit of executable
transactions in the pool, leading to more rejections.
This hypothesis is further supported by the number
of rejected transactions, which increases sharply at
freq=1800,s−1, coinciding with the initial reduction
in CPU and network utilization and the subsequent
plateau at freq=2400,s−1. This indicates that the main
bottleneck for Quorum is the clients’ limit of executable
transactions in the pool.

5. Conclusion

This paper introduces a general illustrative method
for blockchain bottleneck identification, demonstrated
through an analysis of a 12-node Fabric network and an
8-node Quorum network. Our method leverages EDA
to analyze blockchain performance metrics, highlighting
their specific characteristics and bottlenecks. By
employing a combination of proportional analysis and
the study of plateau-shaped trends in resource utilization
versus transaction metrics, we uncover performance
anomalies. This approach allows us to narrow down
the reasons for bottlenecks by comparing the correlation
between data trends, the request rates (freq), and
response rates (fresp).

For Fabric, we identify the validation phase as the
main bottleneck, even for v2.0, with VSCC being the
most likely component behind the bottleneck. We were
also able to showcase the average moderate degree of
parallelization within Fabric, which leaves ample room
for improvement. In this sense, our findings align
with previous studies (see Section 3). For Quorum,
we posit that the bottleneck stems from the restriction
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on the number of executable transactions a client can
have in the transaction pool, leading to many rejections.
Additionally, our findings illustrate Quorum’s relatively
limited capacity for parallel processing.
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A B S T R A C T   

Ethereum’s public distributed ledger can issue tokenised voting rights that are tradable on crypto-asset ex
changes by potentially anyone. Ethereum thus enables global, unincorporated associations to conduct gover
nance experiments. Such experiments are crucial to Decentralised Finance (DeFi). DeFi is a nascent field of 
unlicensed, unregulated, and non-custodial financial services that utilise public distributed ledgers and crypto- 
assets rather than corporate structures and sovereign currencies. The inaugural Bloomberg Galaxy DeFi Index, 
launched in August 2021, included nine Ethereum-based projects – non-custodial exchanges as well as lending 
and derivatives platforms. Each project is governed, at least in part, by unregistered holders of tokenised voting 
rights (also known as governance tokens). Token-holders typically vote for or against coders’ improvement pro
posals that pertain to anything from the allocation of treasury funds to a collateral’s risk parameters. DeFi’s 
governance thus depends on the distribution and exercise of tokenised voting rights. Since archetypal DeFi 
projects are not managed by companies or public institutions, not much is known about DeFi’s governance. 
Regulators and law-makers from the United States recently asked if DeFi’s governance entails a new class of 
“shadowy” elites. In response, we conducted an exploratory multiple-case study that focused on the tokenised 
voting rights issued by the nine projects from Bloomberg’s inaugural Galaxy DeFi index. Our mixed methods 
approach drew on Ethereum-based data about the distribution, trading, staking, and delegation of voting rights 
tokens, as well as project documentation and archival records. We discovered that DeFi projects’ voting rights are 
highly concentrated, and the exercise of these rights is very low. Our theoretical contribution is a philosophical 
intervention: minority rule, not “democracy”, is the probable outcome of token-tradable voting rights and a lack 
of applicable anti-concentration laws. We interpret DeFi’s minority rule as timocratic.   

1. Introduction 

If the global financial system’s governing elites are responsible for 
the crisis of 2007–2008, what we need is a new form of community- 
based governance – an alternative to both public institutions and pri
vate companies. This is a claim espoused by proponents of blockchain 
and Decentralised Finance (DeFi) [1–3]. DeFi projects are typically 
governed by coders together with unregistered holders of tokenised 
voting rights (also known as governance tokens) [4]. Coders issue a 
diverse array of improvement proposals that are subjected to voting 
rounds. Votes are cast by the token-holders. DeFi’s tokenised voting 
rights can be bought and sold in a peer-to-peer manner or via 

crypto-asset exchanges. Anyone on Earth can henceforth purchase a 
right to vote, at a price determined by the global market. The mantra is 
not one person, one vote; individuals are free to purchase multiple voting 
rights and accumulate power over time, without needing to register their 
legal identity information. 

Unlike shareholders’ voting rights, issued by registered companies, 
DeFi’s tokenised voting rights are typically issued by global entities that 
are unincorporated and non-liable [5,6]. Blockchain developers refer to 
these ambiguous global entities as Decentralised Autonomous Organi
sations (DAOs). DeFi’s tokenised voting rights, issued by DAOs, are 
supposed to offer a more democratic and inclusive alternative to 
corporate governance [7–9]. According to Pandian et al. [9], 
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“governance tokens ensure DeFi’s democratic and decentralised gover
nance”; but early empirical research reveals highly concentrated voting 
rights and an absence of applicable anti-concentration laws [10,11]. 
This tension between “democracy” and concentrated governance power 
piqued our curiosity. 

The nascent field of DeFi mostly consists of unlicensed, unregulated, 
and non-custodial financial services that exist thanks to public distrib
uted ledgers like the Ethereum Mainnet [6,12–15]. In January 2021, a 
non-custodial crypto-asset exchange named Uniswap became the first 
DeFi project to reach a total trading volume of USD $100 billion. In 
response to interest from investors and financial analysts, Bloomberg 
launched the Galaxy DeFi Index in August 2021. The DeFi projects from 
Bloomberg’s index are not governed by private companies or public 
institutions. Each project is Ethereum-based, and each project is gov
erned (at least in part) by a DAO. 

In other words, the DeFi projects from Bloomberg’s index involve 
unregistered token-holders’ voting rights, not registered shareholders’ 
voting rights. Unlike shares, voting rights tokens are not legal contracts, 
and they do not entitle holders to a share of a registered company’s 
profits [6]. A community of voting rights token-holders – a DAO [16] – is 
not typically positioned as a juridical person [5]. The distinctions are 
clear. 

In the context of DeFi’s governance, decentralised specifically denotes 
independence from regulators, registered companies, and investor 
registration processes [6,10,13]. Hence the Democratic Senator Eliz
abeth Warren [17] referred to DeFi as “the Wild West of our financial 
system”. The Financial Action Task Force (FATF), the Chair of the United 
States Securities and Exchange Commission (SEC), and Professor Ken
neth Rogoff from Harvard University issued similar remarks [18–21]. 
According to Warren, DeFi replaces an old form of centralised control – 
the traditional financial system – with a new form of centralised control 
that is shadowy and unregistered [22]. She therefore associates DeFi not 
with a uniform, democratic distribution of power and resources but 
rather with “new concentration risks” [23; p. 3]. The Republican House 
Majority Whip, Tom Emmer [24], advanced an opposing view. Ac
cording to him, de-centralised finance “shifts economic power from 
centralised institutions back into the hands of the people”. The tension is 
obvious: DeFi is oligarchic according to Warren, and it is democratic 
according to Emmer. 

Early socio-technical studies about DeFi’s governance support War
ren’s assertion [10,11,14,25]. The new concentration risks and oligar
chic governance structures are broadly labelled “Fake-DeFi” [26] and 
“the illusion of decentralisation” [27]. Barbereau et al. [10] studied the 
tokenised voting rights issued by five Ethereum-based DeFi projects: 
Uniswap, Maker, SushiSwap, Yearn Finance, and UMA. The authors 
discovered that, for all five cases, the distributions of tokenised voting 
rights are highly concentrated. Their study did not, however, examine 
the actual exercise of voting rights. In response to this notable gap and 
DeFi’s contested democratic/oligarchic governance, we formulated three 
research questions.  

1. How distributed (or, rather, concentrated) are DeFi’s tokenised 
voting rights?  

2. What portion of DeFi’s token-holders actually exercise their voting 
rights?  

3. What are the entitlements and the initial distribution strategies that 
pertain to DeFi’s voting rights tokens? 

DeFi’s token-holder governance is a novel topic that cannot be sub
sumed under the well-known categories of corporate governance or 
State governance. It also cannot be subsumed under the blockchain re
searchers’ esoteric category of off-chain governance [28–31] – specif
ically, the governance of an entire distributed ledger by parties such as 
the Bitcoin Core Developers and the Ethereum Foundation. 

Motivated by the topic’s novelty as well as the tension between 
“democracy” and concentrated power, we conducted an exploratory, 

longitudinal, multiple-case study [32–34]. The nine cases we selected 
are all Ethereum-based, non-custodial DeFi projects that include toke
nised voting rights: Uniswap, Aave, Maker, Compound, SushiSwap, 
Synthetix, Yearn Finance, 0x, and UMA. As noted, these cases are all 
included in Bloomberg’s inaugural Galaxy DeFi Index. 

We quantitatively examined the “physical” artefact [34], namely the 
Ethereum Mainnet’s ledger, which records all transactions that deter
mine the possession and delegation of tokenised voting rights. We 
employed statistical methods to determine for each case: (a) the level of 
decentrality (uniformity) achieved by the token distribution strategy 
over time, and (b) how often voting rights are exercised over time. We 
also sourced qualitative data – project documentation, white-papers, 
and grey literature – to derive knowledge about voting rights tokens’ 
entitlements and distribution strategies. 

The article is primarily addressed to the critical sub-field of Infor
mation Systems research, which focuses on power relations instead of 
common theories about technology acceptance or transaction costs 
[35–37]. Hence the study’s main subject is voting power, and its cases are 
all hosted on an information system (Ethereum). The article is also 
addressed to critical, interdisciplinary researchers that study 
socio-technical topics [4,38,39]. Our theoretical discussion is a philo
sophical intervention [40,41]: in response to platitudes about DeFi’s 
“democratic” governance, we depict it instead as timocratic [42]. This is 
because the DeFi cases we examined each exhibit minority rule (spe
cifically, concentrated voting rights and low participation rates in voting 
rounds), “shadowy” unregistered entities, and large crypto-asset trea
suries. The theoretical contribution is novel for two additional reasons: 
(1) it does not entertain the false equivalence between corporate 
governance and DeFi’s DAO-based governance (see Ref. [43]), and (2) it 
does not opportunistically import theories from New Institutional Eco
nomics, apply them to DAOs, and assume that technology principally 
causes or determines institutional structures (see Refs. [44–46]). Our 
treatment of DeFi’s governance as unorthodox and “novel” follows 
Vergne [47; p. 18]: he held that “theories premised on a manager- or 
shareholder-centric view are of limited usefulness” when it comes to 
understanding governance by DAOs. 

2. Background 

The governance of Decentralised Finance (DeFi), as the name de
notes, is tied to decentralisation – a topic that is irreducibly political, 
legal, and technical [39,48]. Decentralisation is an equivocal, polyse
mous, and often confusing word that is frequently used by crypto-asset 
developers and researchers [49,50]. The word variably denotes 
socio-political ideals [28], the elusion of centralised authorities and 
detachment from legal legitimacy [5,38,44], and the technical features 
of distributed computing systems [51]. DeFi’s governance by DAOs is 
linked to each of these points; therefore a nuanced understanding of 
decentralisation is required. 

Bitcoin’s blockchain network is an exemplar of decentralisation [52]. 
So, too, is the Ethereum Mainnet [2] – the predominant host of DeFi 
projects. Bitcoin’s native crypto-currency, BTC, is the fastest asset in 
history to reach a $1 trillion market capitalisation [53]. It achieved this 
feat with no legal entity attached to it as a manager or majority owner. 
Bitcoin transactions are not registered on central servers; the Bitcoin 
network is instead distributed across a global computing grid that con
sists of voluntary participants [54]. Because the Bitcoin network is not 
wholly grounded in any particular jurisdiction, it entails challenges for 
regulators [55,56]. The Bitcoin network is, in the legal parlance, an 
“unincorporated distributed ledger system” [6; p. 13]. The network can 
alternatively be described as a distributed financial market infrastruc
ture (dFMI), since it can operate autonomously and it does not rely on 
conventional financial market infrastructures (FMIs) such as central 
banks, auditors, or intermediary payment systems [57]. 

Decentralisation is often treated as a synonym for distribution, but this 
is not always appropriate. There is no necessary link, for instance, 
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between socio-political ideals of decentralisation (qua democratisation 
or egalitarianism) and an actualised, uniform distribution of capital 
(BTC) and governance power within the Bitcoin network [58–60]. As 
Kostakis and Giotitsas [52; p. 437] put it, “in theory you have equipo
tential individuals (that is, everyone can potentially participate in a 
project), but in practice what one gets is concentrated capital and cen
tralised governance.” The 2015 block-size debate (and subsequent revi
sion to the Bitcoin protocol) revealed the governance power that is 
concentrated among the Bitcoin Core Developers and the Lead Devel
oper [28,60]. 

The Ethereum Mainnet, inspired by the Bitcoin network, launched in 
2015. Ethereum introduced a Turing-complete program execution layer 
– the Ethereum Virtual Machine (EVM) – on top of a blockchain layer, 
together with a native crypto-currency (ETH). The EVM can execute 
persistent scripts – so-called smart contracts or computerised transaction 
protocols [61,62]. Developers can use smart contracts to create DAOs 
[63] or other types of decentralised governance protocols [64]. Hassan 
and De Filippi [16; p. 2] defined a DAO as “a blockchain-based system 
that enables people to coordinate and govern themselves, mediated by a 
set of self-executing rules deployed on a public blockchain, and whose 
governance is decentralised”. 

This new form of governance by DAOs received attention in 2020, 
thanks to DeFi projects like Compound, SushiSwap, and Uniswap [12, 
13,15]. In the legal parlance, DAO-based governance is non-liable, sim
ply because a DAO is not a liable legal entity [6,13]. DeFi projects that 
are non-custodial and governed by non-liable DAOs are thus distinct 
from custodial crypto-asset exchanges and lending platforms that are 
owned by liable companies like Coinbase and Celsius [15]. DeFi projects 
governed by non-liable DAOs are virtually free from applicable law and 
regulation. Proponents note that this reduces compliance costs [65]; 
whereas legal scholars claim that DeFi projects can potentially “under
mine traditional forms of accountability and erode the effectiveness of 
traditional financial regulation and enforcement” [6; p. 1]. 

Regulators and law-makers deploy similar, critical rhetoric about 
DeFi’s unorthodox governance [19,66,67]. Japan’s FinTech Innovation 
Hub [68], for example, labelled DeFi a threat to the ability of the 
Financial Services Agency (FSA) to enforce existing regulations. 
Commissioner Dan Berkovitz from the United States Commodity Futures 
Trading Commission (CFTC) warned that DeFi could become a massive, 
“unregulated shadow financial market” [69]. In spite of regulators’ and 
law-makers’ concerns, the market capitalisation of DeFi’s voting rights 
tokens (and consequently the tokens’ prices) increased dramatically 
from 2020 to early 2021 (Fig. 1). 

DeFi’s voting rights tokens allow holders to vote for or against a 
diverse array of improvement proposals. Improvement proposals pertain 
to a project’s rules, parameters, or features [4,70]. Ethereum-based 
voting rights tokens are typically ERC-20 format; so, like other ERC-20 
tokens, they can be traded on non-custodial exchanges like Uniswap 

and SushiSwap or on custodial exchanges like Coinbase and Binance. 
Some DeFi projects allow token-holders to delegate their voting power 
to other wallet addresses. The delegation of voting power can be 
reversed by the original token-holder at any point. 

DeFi’s token-holder governance is a compelling research topic, 
especially following the concerns expressed by regulators and law- 
makers about DeFi’s concentration risks and its new class of unregis
tered, “shadowy” elites [22]. These concerns contradict common, 
pre-theoretical assumptions about decentralised governance as demo
cratic, inclusive, or empowering [2,9,24]. 

DeFi’s token-holder governance is a novel topic as well. Klimon [71] 
reviewed governance options for organisational structures that histori
cally preceded DAOs, such as unincorporated associations, trusts, trade 
associations, and other membership organisations. “Membership”, 
wrote Klimon [71; p. 8], “is essentially the right to vote for the governing 
body”. In contrast to DAOs, conventional membership organisations do 
not involve a global community of token-holders; but more importantly, 
they usually involve registered voting rights that are not purchased for 
speculative reasons. This reinforces the distinction made by regulators 
and law-makers: DeFi’s voting rights are unorthodox, because they are 
tradable and unregistered, and their distribution is not confined to any 
particular jurisdiction. 

Since our study focuses on DeFi’s tokenised voting rights, it is distinct 
from prior research that measured the concentration of wealth or the 
concentration of mining power in the Bitcoin and Ethereum networks 
(see Refs. [51,58,72,73]). The closest precedent text is a conference 
paper by Barbereau et al. [10].1 As noted, Barbereau et al. [10] studied 
five out of nine cases that Bloomberg eventually chose for their inau
gural Galaxy DeFi Index: Uniswap, Maker, SushiSwap, Yearn Finance, 
and UMA. The authors used multiple statistical metrics to analyse the 
five cases’ distributions of tokenised voting rights; but they did not, we 
repeat, examine the exercise of voting rights over time. 

Our contribution is unique, since we studied all nine cases from 
Bloomberg’s inaugural Galaxy DeFi Index, and we examined both the 
concentration and exercise of tokenised voting rights. Following Bar
bereau et al. [10], we chose a complementary array of statistical metrics 
(or, simply put, we did not exclusively rely on the Gini coefficient), a 
combination of qualitative and quantitative sources [74,75], and a 
longitudinal multiple-case study design [34]. 

3. Methods 

Since DeFi’s governance is a novel topic for critical, socio-technical 
research [6,12,13,76], we designed an exploratory multiple-case study 
[32,33,77]. To account for the distribution and exercise of tokenised 
voting rights over time, our multiple-case study is longitudinal [34]. Our 
total data set spans a period of 1,466 days. It draws on both quantitative 
and qualitative sources to comprehensively address our three research 
questions [74]. 

To reach a representative sample of our target site, we created a list 
of 25 tokens from the field of DeFi, sorted by market capitalisation. From 
this list, we selected cases that satisfy three conditions: (1) the token is 
issued exclusively in Ethereum’s ERC-20 format, (2) the token attributes 
voting rights (or, more specifically, the token denominates voting units), 
and (3) the project that issued the token is governed by a DAO (at least in 
part). The first criterion excludes voting rights tokens that are issued on 
blockchains other than Ethereum, namely Terra Luna, BNB Chain, and 
THORChain. These blockchains are not as widely adopted as Ethereum, 
so we excluded them. The second criterion excludes crypto-assets like 
tokenised collateral and stable-coins; hence it allows us to focus on 
tokenised voting rights. The third criterion excludes only Nexus Mutual. 
Nexus Mutual is primarily governed by a registered company, and its 

Fig. 1. Prices of voting rights tokens, together with BTC and ETH (data 
retrieved from CoinGecko on 13 August 2021). 

1 The secondary precedent texts are pre-prints by Sun and Stasinakis [11], 
Jensen et al. [25], and Nadler and Schär [14]. 
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tokenised voting rights uphold the principle of one person, one vote. 
Nexus Mutual’s token-holders are required to register and complete a 
Know Your Customer (KYC) check. We excluded Nexus Mutual because 
of its proximity to conventional, corporate governance and its registered 
voting rights. 

Table 1 presents the case selection. Nine cases qualified (highlighted 
in grey): Uniswap, Aave (formerly named ETHLend), Maker, Compound, 
SushiSwap, Synthetix (formerly named Havven), Yearn Finance, 0x, and 
UMA. Incidentally, the inaugural version of Bloomberg’s Galaxy DeFi 
Index consists of these same nine cases.2 

3.1. Data collection 

There are six typical evidence sources for case studies: interviews, 
documentation, direct observations, participant observations, archival 
records, and “physical” artefacts [34]. We collected data from three 
typical sources: documentation, archival records, and a “physical” 
artefact. This allowed us to triangulate findings [75]. 

Documentation provides knowledge about the particular entitle
ments of each case’s voting rights tokens and each case’s token distri
bution strategy. This knowledge is required to address our third research 
question. Documentation also provides details about each case’s 
improvement proposals [4]. We retrieved documentation from the 
cases’ websites and file repositories (GitBook). Some of our cases have 
changed and developed significantly since their date of inception; hence 
we also considered archival records. Archival records allowed us to 
gauge the differences between project versions. 

We retrieved documentation and archival records via a structured, 
two-stage process. First, in a scouting phase, we mapped out the avail
able data sources for various, open-source DeFi projects: blogs, forums, 
developer repositories (GitHub), and Wikis. We evaluated these sources 
based on the number of available documents, descriptive richness, and 
technical depth. In the second stage, we selected the qualitative data 
sources that describe the project’s governance. 

Our third source of evidence is a “physical” artefact that is common 
to all nine cases: Ethereum’s public ledger. Previous studies treated 
public ledgers as “physical” artefacts: for example, research dedicated to 
blockchains’ throughput, fees, and transaction volumes [78–80], Bitcoin 
miners [81], and the performance of Uniswap’s Automated Market 
Maker (AMM) protocol [82]. Additional examples include: studies about 
the feasibility of de-anonymisation [83,84], transaction front-running 
[85,86], and blockchain performance or improvement opportunities 
[87,88]. 

Ethereum’s public ledger records a variety of transactions that 
pertain to each case’s voting rights tokens, from their creation and initial 
distribution to buying, selling, and staking. Ethereum’s public ledger is 
thus an eligible and crucial data source for our multiple-case study [34]. 
We used Dune’s analytics platform and Structured Query Language to 
extract data from Ethereum’s public ledger. Table 2 presents the quan
titative data collection. 

3.2. Data preparation 

Following the data extraction process, we used Etherscan to identify 
relevant token-holders’ wallet addresses and to prepare our quantitative 
data sets. The quantitative data sets help us answer our first two research 
questions, since they account for: (1) the distribution of voting rights 
over time, and (2) the exercise of voting rights over time (Fig. 2). 

Gochhayat et al. [51] refer to statistical analyses of token distribu
tions as assessments of decentrality. We retrieved all the Ethereum wallet 

addresses that hold relevant, tokenised voting units at 24-hour intervals. 
For the cases that allow wallet addresses to deposit tokens in smart 
contracts (e.g., SushiSwap’s MasterChef staking contract) but retain 
their voting power, we traced these tokens back to the original holders’ 
addresses. 

We discovered that wallets controlled by custodial crypto-asset ex
changes and lending platforms like Binance and Celsius hold a signifi
cant portion of our nine cases’ voting rights tokens. These parties did not 
exercise any of their voting rights during our analysis period; but it is 
worth noting that, on 19 October 2022, Binance accidently delegated a 
substantial number of Uniswap voting rights [89]. The accident 
demonstrated that Binance at least has the technical capacity to delegate 
voting power, if not the political or professional will to do so. For the 
sake of a comparison, we created a second data set that excludes wallets 
controlled by custodial exchanges and lending platforms. This second 
data set accounts for a hypothetical scenario in which companies like 
Binance and Celsius preserve the current trend and choose to not exer
cise or delegate their voting rights. We excluded the following addresses 
from both data sets. 

1. We excluded automata’s smart contract addresses. Although auto
mata’s smart contract addresses can hold voting rights tokens and 
potentially participate in governance processes [90], we did not 
observe this in our nine cases. Hence we do not consider the auto
mata’s smart contract addresses relevant to our study.  

2. We excluded wallet addresses that hold tokenised voting units (or 
portions of voting units) valued at less than $1. These wallet ad
dresses very rarely participate in governance processes. This is not 
surprising, given the fact that the transaction fees required to exer
cise votes are frequently greater than $10.  

3. We excluded addresses like 0x000…0000. These addresses are used 
to burn tokens, which renders tokens inaccessible and unable to 
attribute voting rights. We identified these addresses using the public 
labels from Etherscan. 

We created a sum of the voting units held by all these excluded ad
dresses, then we subtracted this sum from the overall token supply. For 
the first data set, we also bundled together addresses that have the same 
well-known controller (e.g., a custodial crypto-asset exchange or 
lending platform). The first data set yields the upper boundary for each 
case’s decentrality. (Appendix B provides a mathematical proof of this 
argument.) It assumes that addresses not controlled by known entities 
(like crypto-asset exchanges) are controlled by unique individuals. (This 
assumption may not be correct, of course, because unregistered in
dividuals can control more than one wallet address.) 

Our second research question requires us to examine the exercise of 
voting rights over time. We considered on-chain voting activity as well 
as activity that occurs via off-chain voting mechanisms like Snapshot. 
We excluded activity that pertains to minor improvement proposals, 
such as proposals that do not have binding effects. To examine the 
voting activity provoked by major improvement proposals, we retrieved 
every wallet address that cast at least one vote. We excluded wallet 
addresses that only voted for or against anomalous improvement pro
posals that were cancelled in the middle of the designated voting period. 
Unsurprisingly, cancellations correspond to extremely low rates of 
exercised voting rights. We excluded this data, so that it would not 
distort our perception of the token-holders’ normal participation rates. 

To account for projects that permit the delegation of voting rights, 
we created a third data set to represent the delegates’ active participa
tion plus a fourth data set to represent the delegators’ passive partici
pation. For the third data set, the exercised voting power is treated as if it 
were held by the delegates’ addresses. For the fourth data set, the 
exercised voting power is treated as if it were held by the delegators’ 
addresses. The third data set also represents the active participation of 
token-holders from projects that do not permit the delegation of voting 
rights. 

2 We almost included Bancor’s BNT token and SushiSwap’s xSUSHI token in 
our case selection; but strictly speaking, these tokens do not denominate voting 
units. The respective voting units are denominated by two different tokens: 
vBNT and SUSHI. 
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To reiterate, we created four data sets. The first and second data sets 
represent wallet addresses that hold voting rights tokens; the third and 
fourth data sets represent wallet addresses that exercise voting rights. 
We retrieved a total of 1,527,643 distinct addresses. 

3.3. Data analysis 

Data about voting rights tokens are irreducibly social and technical, 
electoral and financial; hence we used a mixed methods approach to 
analyse our three sources [74,77]. For the documentation and archival 
records, we used qualitative analysis techniques; and for the “physical” 
artefact, we used multiple statistical measures to assess decentrality and 
governance participation. We coded the project documentation and 
archival records by following the two-stage process proposed by Miles 
et al. [91]. During the initial stage, we considered each case’s docu
mentation separately and assigned codes using the software MAXQDA 
[92]. As a group of researchers, we regularly reviewed the emerging 
concepts and ensured consistency in the coding system [93]. During the 
second stage, we clustered codes and assigned them to higher level 
themes that emerged contingently via data collection (inductive coding) 
or else pertained to an existing hypothesis (deductive coding). Since our 
study is not normative, we did not interpret the cases’ improvement 
proposals and judge whether or not they successfully uphold stake
holders’ values. 

To analyse the “physical” artefact and examine decentrality for our 
first and second data sets, we selected statistical measures from two 
categories: (1) dimensionless dispersion measures, and (2) distance 
measures. We identified the possible candidates following a review of 
key texts [94–100]. These texts provide a list of multiple measures and 
their properties. 

We first eliminated the measures that do not apply to our first and 
second data sets. The coefficient of variation was excluded, for example, 
because our data sets have heavy outliers. From families of measures 
(namely, the Minkowski distance family and the f-divergence family), 
we selected just one measure per family. From groups or pairs of mea
sures that exhibit strong correlation by design, we again selected just 
one measure. Since, for example, the normalised Euclidean distance 
(NED) measure and the cosine similarity measure are strongly corre
lated, we selected just the NED. To determine the level of correlation by 
design, we calculated the measures using pseudo-random data sets and 

Table 1 
Case selection overview (market data derived from CoinGecko on 9 August 2021).  

# Name Token Token price Token market cap. DAO-governed Token format Denominates voting units 

1 Uniswap UNI $28.42 $14,573,644,345 Yes ERC-20 Yes 
2 Chainlink LINK $24.27 $10,660,779,664 No ERC-20 No 
3 Terra LUNA $13.96 $5,730,458,699 Yes Native Yes 
4 Dai DAI $1.00 $5,532,087,205 Yes ERC-20 No 
5 Compound USD Coin cUSDC $0.022 $5,137,739,177 Yes ERC-20 No 
6 Aave AAVE $374.75 $4,817,712,614 Yes ERC-20 Yes 
7 Compound Ether cETH $63.38 $4,659,745,677 Yes ERC-20 No 
8 Compound Dai cDAI $0.022 $4,456,149,064 Yes ERC-20 No 
9 PancakeSwap CAKE $18.37 $3,786,938,059 Yes BEP-20 Yes 
10 The Graph GRT $0.708 $3,163,453,402 No ERC-20 No 
11 Maker MKR $3357.32 $2,989,256,505 Yes ERC-20 Yes 
12 Amp AMP $0.061 $2,912,536,380 Yes ERC-20 No 
13 Compound COMP $468.40 $2,540,146,333 Yes ERC-20 Yes 
14 Lido Staked Ether stETH $3135.77 $2,317,693,291 Yes ERC-20 No 
15 THORChain RUNE $6.83 $1,889,788,372 Yes Native No 
16 SushiSwap SUSHI $9.82 $1,885,006,157 Yes ERC-20 Yes 
17 1inch 1INCH $2.77 $1,800,821,120 Yes BEP-20, ERC-20 Yes 
18 Synthetix SNX $10.16 $1,690,978,613 Yes ERC-20 Yes 
19 Yearn Finance YFI $33,865 $1,197,635,194 Yes ERC-20 Yes 
20 Bancor BNT $3.99 $937,888,541 Yes ERC-20 No 
21 xSUSHI xSUSHI $11.55 $820,466,370 Yes ERC-20 No 
22 Nexus Mutual NXM $120.30 $808,684,814 No ERC-20 Yes 
23 0x ZRX $0.954 $800,108,188 Yes ERC-20 Yes 
24 UMA UMA $11.49 $700,893,630 Yes ERC-20 Yes 
25 Perpetual Protocol PERP $15.94 $694,385,701 Yes BEP-20, ERC-20 Yes  

Table 2 
Overview of quantitative data collection.  

Case Extracted 
addresses 

Extraction 
period 

Addresses 
used in the 
analysis 

Addresses with 
(passive) 
governance 
participation 

Uniswap 527,258 2020-09-14 – 
2021-08-15 

486,421 1,113 (9,012) 

Aave 182,556 2020-10-02 – 
2021-08-15 

171,424 660 (724) 

Maker 144,599 2017-11-25 – 
2021-08-15 

135,369 – 

Compound 274,803 2020-03-04 – 
2021-08-15 

253,861 970 (6,519) 

SushiSwap 143,915 2020-08-28 – 
2021-08-15 

126,370 5,458 

Synthetix 164,003 2018-06-11 – 
2021-08-15 

161,426 391 

Yearn 
Finance 

96,227 2020-07-17 – 
2021-08-15 

86,752 7,566 

0x 385,257 2017-08-11 – 
2021-08-15 

359,067 – 

UMA 34,098 2020-01-09 – 
2021-08-15 

32,297 370  

Fig. 2. Four data sets prepared in accordance with two objectives.  
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the Pearson correlation coefficient [101]. We consider the measures to 
be strongly correlated when the absolute value of the Pearson correla
tion coefficient is larger than 0.7. At the end of these selection processes, 
we had two dispersion measures and two distance measures. These four 
measures are described below. 

3.3.1. Gini coefficient (G) 
Originally developed to assess the income and wealth inequality of 

different countries, the Gini coefficient [102] has found applications in 
multiple areas from chemistry [103] and education [104] to blockchain 
networks [51,73]. The coefficient takes values in [0,1]. A higher value 
indicates higher inequality. This allows for efficient interpretation and 
comparison of the results. The Gini coefficient should not, however, be 
treated as a single source of truth about inequality, as it is not possible to 
reduce information generated by thousands or millions of data points to 
a single value without losing relevant information. For our cases, the 
Gini coefficient is a suitable estimator of the decentrality of voting rights 
tokens, because an electronic voting system in which few wallet ad
dresses hold a large portion of the tokens will exhibit high inequality. 
The Gini coefficient’s results should not, however, be interpreted in 
isolation [105]. The Gini coefficient is given by 

G =

∑N

i=1

∑N

j=1
|pi − pj|

2N⋅
∑N

j=1
pj

, (1)  

where pi corresponds to the share of voting rights tokens held by address 
i and N is the total number of addresses. It is maximised through the 
Dirac distribution δi0 , i.e., pi0 = 1 for some i0 ∈ {1, …, N} and pi = 0 for 
all i ∕= i0, and minimised through the uniform distribution, i.e., pi =

1
N for 

all i. 

3.3.2. Normalised Shannon’s entropy (NSE) 
Shannon [106] initially designed the NSE to quantify lost informa

tion in phone signals. More broadly, the NSE determines the unpre
dictability of a distribution. The normalised version of the measure has 
an upper boundary, which allows for easier visualisation and interpre
tation of the results. The NSE takes values in [0,1]. Higher values indi
cate higher unpredictability. We assume that a globally distributed 
voting system can potentially exhibit high unpredictability, due to the 
fact that multiple individuals influence the voting outcomes. The dif
ference between the Gini coefficient and the NSE is described in 
Appendix A. The NSE is given by 

NSE = −
∑N

i=1

pilog(pi)

log N
, (2)  

where 0 log(0) ≡ 0 by convention since lim
p→0

plog(p) = 0. It is 0 for δi0 and 

1 for the uniform distribution (i.e., the extremes are interchanged when 
compared to the Gini coefficient). 

3.3.3. Normalised Euclidean distance (NED) 
The NED is a commonly used distance measure. It compares two 

distributions and measures the shortest distance between them. The 
NED allows us to compare each case’s distribution of voting rights to
kens against a hypothetical, uniform distribution in which every wallet 
address holds equal voting rights. If there is a small distance between a 
case’s distribution of voting rights tokens and the hypothetical, uniform 
distribution, we assume that this result would be interpreted by various 
parties as equitable, egalitarian, democratic, or decentralised. The NED 
is given by 

NED = 2− 1
2‖

p
‖p‖2

−
s

‖s‖2
‖2, (3)  

where p = (p1, p2, …, pN) and s = (s1, s2, …, sN) with si =
1
N for every i ∈

{1, …, N}. 

3.3.4. Jensen-Shannon divergence (JSD) 
The JSD belongs to the f-divergence family. It measures differences 

in data distributions [107]. We use the JSD, like the NED, to compare 
each case’s distribution of voting rights tokens against the hypothetical, 
uniform distribution. If there is a small divergence between a case’s 
distribution of voting rights tokens and the hypothetical, uniform dis
tribution, we assume that this result would be interpreted as decen
tralised. The JSD is given by 

JSD(P ‖ S) =
1
2
(D(P ‖M) + D(S ‖M)), (4)  

where D(P ‖M) :=
∑N

i=1
pi⋅log 2

(
pi
mi

)
and D(S ‖M) :=

∑N

i=1
si⋅log 2

(
si
mi

)
with 

mi :=
1
2 (pi + si). 

To analyse our third and fourth data sets and to assess the gover
nance participation rates, we considered voting rounds for each case’s 
major improvement proposals. We calculated the number of wallet ad
dresses that exercised voting rights during each round, then we 
compared this with the number of wallet addresses that held voting 
rights tokens at the beginning of each round. We thus compared the 
potential voting rights with the exercised voting rights over time for 
each case. 

4. Findings 

4.1. Documented entitlements of voting rights tokens 

The voting rights tokens from our study are case-specific. They have 
only three properties in common: the tokens are fungible and Ethereum- 
based (ERC-20), they grant holders the right to vote on community 
proposals, and they can be traded on both custodial and non-custodial 
crypto-asset exchanges. There are not many entitlements or powers 
pre-determined by developers. In a figurative sense, voting rights tokens 
grant the holder permission to enter the Senate Floor and cast votes on 
the measures of the day [10]. 

Table 3 provides a reduced summary of the token-holders’ entitle
ments that are: (a) specified in the project documentation, and (b) 
common to at least two cases. The entitlements can change at any time, 
if each project’s community votes to implement changes to their token’s 
entitlements. The table does not, therefore, represent every possible or 
actual entitlement. 

Unsurprisingly, all the voting rights tokens entitle holders to cast 
votes about improvement proposals. Improvement proposals consist of 
executable code that can either be implemented or rejected, in accor
dance with the voting results. For all cases except Synthetix, token- 
holders can directly cast votes. Synthetix’s SNX token-holders can only 
vote indirectly, that is, by nominating a representative from the Syn
thetix Council. For some cases, the power to vote and/or select what 
proposals are put up for a vote can be delegated to Ethereum wallet 
addresses that hold either no voting rights tokens or else an insufficient 
number of tokens. Only four cases’ tokens offer a reward when they are 
staked: AAVE, SNX, SUSHI, and ZRX. The three lending platforms’ to
kens – AAVE, MKR, and COMP – entitle holders to manage the collateral 
types and the associated risk parameters. 

There are two entitlements that happen to be unique; hence they are 
not mentioned in Table 3. UNI entitles token-holders to manage a 
community treasury, and UMA entitles token-holders to cast dispute res
olution votes. Uniswap’s developers created the community treasury and 
allocated to it 43% of the total token supply (430 million UNI). The 
developers ceded control of the community treasury to UNI token- 
holders on 18 October 2020. As of this date, UNI token-holders could 
“vote to allocate UNI towards grants, strategic partnerships, governance 
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initiatives, […] and other programs”. The documentation’s language is 
purposefully unspecific, because it is not possible to predict what de
cisions the community will make over time about the treasury funds. As 
for UMA token-holders, they can vote to resolve disputes using the Voter 
dApp. The work required to resolve disputes generates new UMA tokens 
(as payment for the work). The UMA token supply is thus inflationary. 
There are two grounds for disputes: incorrect crowd-sourced (off-chain) 
pricing information, and contracts liquidated for an improper reason. 
UMA token-holders can assess the disputes and verify the pricing data 
and liquidation data. UMA employs this system, named the Data Veri
fication Mechanism, instead of an oracle’s data feed. 

4.2. Comparison between trading volume and delegation volume 

Four cases allow token-holders to delegate their voting rights: 0x, 
AAVE, Compound, and Uniswap. For these cases, we can compare the 
cumulative delegation volume with the cumulative trading volume. 
Fig. 3 illustrates that the number of traded tokens is much larger than the 
number of delegated tokens for each of the four cases. In short, these 
voting rights tokens are primarily traded; they are secondarily used for 
delegation purposes. 

4.3. Token supply policies and distribution strategies 

We collected data about two economic factors that are considered 
important by tokenomics researchers [70,108,109]: the quasi-monetary 
policy that determines the supply of tokens, and the distribution strategy 
or initial allocation of the tokens. 

Table 4 provides a high-level overview of our cases’ quasi-monetary 
policies. The emission type is usually inflationary, but in the cases of 
Aave and Maker, it is deflationary. Aave has a Buy-Back-and-Burn pol
icy; Maker has a Burn-and-Mint policy. These policies are motivated by 
the assumed link between economic value and resource scarcity, hence 
they are expected to affect the value of AAVE and MKR tokens over time 
[70]. There is an important caveat about Maker: although the supply of 
MKR tokens is deflationary, Maker’s DAO once elected to mint and sell 
additional MKR tokens in order to cover debts [110]. This explains why 
the fully diluted supply of MKR tokens is larger than the initial supply of 
MKR tokens. 

Distribution strategies are important for our study of voting rights 
tokens, since they determine how many wallet addresses initially exer
cise control over a project and how much voting power these wallet 
addresses possess. The initial allocations of tokens are case-specific 
(Fig. 4). After an initial allocation is made, the tokens can be traded 
bi-laterally and on crypto-asset exchanges. These token transactions, 
recorded on Ethereum’s public ledger, change the distributions of voting 
rights over time. 

The initial allocations of MKR tokens and AAVE tokens each warrant 
an aside. The initial allocation of MKR tokens is not included in our 
study. Maker’s founder, Rune Christensen, admitted that Maker’s gov
erning bodies “don’t have the precise data” about the initial allocation of 
MKR tokens [111]. Maker’s founders hold an undisclosed number of 
MKR tokens, and participants in three private funding rounds from 2017 

to 2019 received an undisclosed number of MKR tokens. To account for 
the initial allocation of AAVE tokens, we had to briefly examine an early 
version of the Aave project from 2017 named ETHLend. ETHLend issued 
LEND tokens. LEND token-holders later received an opportunity to 
migrate from LEND tokens to Aave’s new AAVE tokens (at a ratio of 100 
LEND to 1 AAVE). The total supply of AAVE tokens is 16 million. 13 
million AAVE tokens could be redeemed by LEND holders. The three 
million remaining AAVE tokens were allocated to Aave’s treasury. We 
examined ETHLend’s initial allocation of LEND tokens; but other details 
about the LEND tokens are outside the scope of our study. 

Tokens are initially distributed to stakeholders from five distin
guishable categories: the beachhead, team, early investors, treasury, and 
incentives. The beachhead is a small, influential community that pro
motes the project and supports the technology’s adoption. The team 
receives remuneration or commissions for project development or 
related work. Early investors and venture capitalists receive tokens in 
response to their provision of project development funds. A project’s 
treasury can act as a fund, overhead, or reserve. Incentives, finally, are 
distributed to a project’s users, contributors, or prospective participants: 
Uniswap’s airdrop of UNI tokens, for example, rewarded the exchange’s 
traders and liquidity providers. 

Three cases allocated a considerable portion of their tokens to the 
beachhead, team, and early investors: UMA (63.5%), UNI (55%), and 
SNX (40%). In two other cases, the team and investors received 49.95% 
of COMP tokens and 35% of ZRX tokens. Yearn Finance and SushiSwap 
did not allocate tokens to these same categories. They each branded 
their distribution strategy a fair launch. Yearn Finance initially allocated 
100% of the YFI tokens to users and contributors. In the case of 
SushiSwap, the beachhead and early investors did not receive an initial 
allocation of SUSHI tokens. Prospective participants initially received 
90% of SUSHI tokens. The SushiSwap treasury received the remaining 
10%. At the time of this initial allocation, only developers could access 
the SushiSwap treasury. SushiSwap’s and Yearn Finance’s fair launch 
policies are thus not the same. 

4.4. Decentrality: distributions of voting rights 

According to our decentrality measurements, all cases’ distributions 
of voting rights tokens are highly concentrated. The most concentrated 
distributions are those of COMP, UMA, and UNI. All three distributions 
started with a high degree of concentration, then they became even 
more concentrated over a short period of time. For about a year after
wards, the concentration levels remained relatively steady. Notably, 
throughout the entire period of our analysis, 50% of the active supply of 
UMA tokens was never held by more than five wallets. 

MKR and ZRX tokens are the oldest. Both launched in late 2017, 
which is years before the launch of our other cases’ tokens (aside from 
the aforementioned LEND tokens). The distributions of MKR and ZRX 
each began with a very low level of centrality that took some months to 

Table 3 
Documented entitlements of voting rights tokens.  

Case Token Cast votes Choose proposals Manage collateral Staking reward Delegation 

Uniswap UNI × × ×

Aave AAVE × × × × ×

Maker MKR × × × ×

Compound COMP × × × ×

SushiSwap SUSHI × × ×

Synthetix SNX × × ×

Yearn YFI × ×

0x ZRX × × ×

UMA UMA ×
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increase significantly.3 As of 15 August 2021, both the MKR and ZRX 
distributions are highly concentrated. 

AAVE is the newest token. Its distribution began with a relatively low 
level of centrality, but it rapidly reached high values that are compa
rable with those of YFI and ZRX. For the active supply of AAVE, at any 
given point in time, no more than 53 addresses control more than 50%. 
Although this is not as concentrated as the distribution of UMA tokens, it 
is still highly concentrated. 

As noted, SUSHI and YFI tokens were distributed via fair launches. 
The fair launch policies did not noticeably affect the decentrality mea
surements of either SUSHI or YFI. The SNX distribution exhibits the 
lowest level of centrality, and it did not involve a fair launch. As of 15 
August 2021, more than 4,400 addresses (approximately 5% of the total 
number of addresses holding SNX) are required in order to control more 
than 50% of the SNX voting rights. What distinguishes Synthetix from 
the other eight cases is its quadratic voting mechanism. Whereas other 

projects adopted a one-to-one connection between tokens and voting 
power, Synthetix’s quadratic voting mechanism calculates an address’s 
voting power as the square root of the number of tokenised voting rights 
that it holds. The quadratic voting mechanism is designed to limit the 
voting power of an address with a significant number of SNX tokens, 
such that an address that holds 10,000 SNX tokens, for example, would 
possess the power to cast only 100 votes. Furthermore, the voting 
power’s rate of reduction increases in relation to the number of SNX 
tokens that an address holds. There is, however, an important caveat: 
quadratic voting is not Sybil-resistant [112], which means that in
dividuals can divide their SNX tokens across multiple wallet addresses 
and obtain greater voting power than they otherwise would have if they 
held all their SNX tokens in a single wallet address. 

Aside from SNX, the examined distributions of voting rights tokens 
all exhibit a very high level of centrality (Fig. 5), with fewer than 100 
addresses controlling more than 50% of the voting power. This is true 
even when we exclude the tokens held by custodial exchanges and 
lending services (Fig. 6). The initial token allocation appears to have a 

Fig. 3. Number of traded tokens against the number of delegated tokens.  

Table 4 
The nine cases’ quasi-monetary policies.  

Case Token Emission type Fully diluted supply Initial supply 

Uniswap UNI Inflationary 1,000,000,000 1,000,000,000 
Aave AAVE Deflationary 16,000,000 16,000,000 
Maker MKR Deflationary 1,005,577 1,000,000 
Compound COMP Inflationary 10,000,000 10,000,000 
SushiSwap SUSHI Inflationary 250,000,000 0 
Synthetix SNX Inflationary 212,424,133 100,000,000 
Yearn Finance YFI Inflationary 36,666 30,000 
0x ZRX Inflationary 1,000,000,000 1,000,000,000 
UMA UMA Inflationary 101,172,570 100,000,000  

Fig. 4. Initial token allocations (for each case except Maker).  

3 Under the NSE, the initial distribution of MKR tokens appears to be highly 
concentrated. This is, however, a metric artefact caused by the fact that, up 
until 13 December 2017, only 11 addresses held any MKR tokens, and just three 
of these addresses controlled more than 97% of the active supply. 
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short-term effect on a project’s decentrality. This means that, even if a 
case deploys a fair launch, the centrality level increases rapidly following 
the launch date, then later, the centrality seems to stabilise at a high 
level. Quadratic voting is seemingly the only factor from our cases that 
affects the decentrality measurements. 

Finally, we determined that the number of voting rights tokens held 
by custodial exchanges and lending platforms only has a negligible 
impact on most cases’ decentrality measurements (see Fig. 7). This is 
despite the fact that custodial exchanges and lending platforms hold a 
considerable number of tokens for each project. 

4.5. Participation: exercise of voting rights 

To assess the voting participation rates for each of our cases, we 
determined the proportion of wallet addresses that exercised voting 
rights in relation to the total number of wallet addresses that held 
eligible voting rights (see Section 3.2). For all our cases, the voting 
participation rates were very low. In the final months of the analysis 
period, only three cases witnessed more than 1% of the eligible wallet 
addresses engaged in voting rounds. Fig. 8 presents the voting partici
pation rates. The active scenario accounts for voting rights that were 
exercised from non-delegators’ wallet addresses and delegates’ wallet 
addresses. For the sake of a comparison, the passive scenario accounts 
for voting rights that were exercised from non-delegators’ wallet ad
dresses and delegates’ wallet addresses as well as voting rights that were 
delegated. In other words, the active scenario only accounts for votes 
that were actually cast, whereas the passive scenario also counts 
delegation-transactions as evidence of participation. 

According to our analysis, Yearn Finance’s governance participation 
rates are the highest. More than 60% of YFI token-holders voted for/ 
against the first improvement proposal. This can probably be attributed 
to the fact that, at the time, only a small number of wallet addresses held 

voting rights tokens that were earned from liquidity mining programs. 
This rate of participation did not last long. Shortly after crypto-asset 
exchanges listed YFI tokens, Yearn Finance’s governance participation 
rates diminished drastically. Both Yearn Finance and SushiSwap have 
higher governance participation rates than the cases that permit dele
gation.4 In the majority of recent voting rounds, approximately 1%–2% 
of Yearn Finance’s and SushiSwap’s token-holders exercised their voting 
rights. Yearn Finance’s rate reached as high as 7% in one of the recent 
voting rounds. 

Aave, Compound, and Uniswap each permit delegation. In recent 
voting rounds, these cases’ participation rates are lower than 0.1% in the 
active scenario, and they are consistently lower than 0.5% in the passive 
scenario. Aave and Compound have the lowest participation rates in the 
active scenario; and in the passive scenario, Aave’s participation rates 
are the lowest by a substantial margin. As in the case of Yearn Finance 
and in the case of SushiSwap, Compound’s initial participation rates 
were high, then they soon declined. 

UMA’s governance participation rates are notable, since they are the 
third highest and the most consistent. Other cases’ rates exhibit signif
icant fluctuations over time. UMA incentivises token-holders to exercise 
their voting rights by minting and distributing 0.05% of its token supply 
to wallet addresses that actually cast votes. It also offers gas rebates to 
cover the voting transaction costs. This effectively eliminates a draw
back of on-chain voting. In spite of these incentives (and the fact that it 
ranks third among our cases), UMA’s participation rates are not high. 
They are usually around 0.5%. 

We were unable to include the MKR, SNX, and ZRX tokens during 
this stage of our analysis. In accordance with Maker’s Continuous 

Fig. 5. Levels of decentrality (when custodial exchanges and lending platforms are included). Higher values indicate higher levels of centrality.  

4 The current version of Yearn Finance allows token-holders to delegate their 
voting power via Snapshot, not via an Ethereum transaction. This type of 
delegation is outside the scope of our data collection. 
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Approval Voting model, voting rounds for improvement proposals 
remain open indefinitely. We decided to not compare participation data 
about Maker’s indefinite voting rounds with participation data about the 
other cases’ defined voting rounds. According to a pre-print by Sun et al. 
[113], the participation rates in Maker’s indefinite voting rounds are 
low. Most proposals attract votes from fewer than 60 wallet addresses 
(less than 0.04% of the total eligible wallet addresses). Only four pro
posals attracted votes from more than 100 wallet addresses. Synthetix’s 
SNX tokens are excluded, because we could not retrieve participation 
data for all four Spartan Council elections that occurred during the 
analysis period. We could only collect data about the third and fourth 
proposals. These proposals attracted votes from no more than 356 wallet 
addresses (0.22% of the total eligible wallet addresses). As for 0x, we 
could not include the ZRX tokens, because 0x uses its own off-chain 

mechanism for voting rounds, from which we could not access data. 
According to 0x’s “Governance Update #1” [139], just 600 wallet ad
dresses (0.17% of the total eligible wallet addresses) cast votes across a 
sum of 10 improvement proposals. 

5. Discussion 

Some findings are consistent across all nine cases; hence we can 
formulate a general definition of DeFi’s voting rights tokens. Established 
texts about concentrated governance power, bearer shares, and unregu
lated markets account for portions of our findings; but the existing 
literature does not precisely account for the type of minority rule that is 
evidenced by our cases. 

Repeated points from blockchain literature about DeFi’s democratic 

Fig. 6. Levels of decentrality (when custodial exchanges and lending platforms are excluded). Higher values indicate higher levels of centrality.  

Fig. 7. Minimum number of addresses required to accumulate more than 50% of the active supply.  
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and inclusive governance are especially at odds with our findings. Hence 
we discuss DeFi’s token-holder governance as timocratic, not democratic. 
The discussion’s sceptical style is justified by a “rich data-driven in
quiry” [114; pp. 271–273]. It satisfies recent calls from critical Infor
mation Systems researchers for philosophical interventions [40,41]. 

5.1. Definition of voting rights tokens 

For all our cases, voting rights tokens are not backed by anything 
physical; therefore they are “digital assets” [70]. The tokens are not legal 
contracts, and the token-holders’ legal identities are not mandatorily 
registered. The tokens do not entitle the holders to a share of a registered 
company’s profits, and none of our cases’ DAOs are registered as limited 
liability companies [27]. 

For the four cases that permit delegation (for actual voting purposes), 
the cumulative number of trading events is much greater than the 
number of delegation events. We thus classify voting rights tokens as 
primarily tradable. We classify voting rights tokens secondarily as “usage- 
based” [70; p. 10], since only a small minority of token-holders actually 
use the tokens for something other than trading. For most cases in the 
final months of our analysis period, this minority is less than 1%. We 
classify voting rights tokens thirdly as “distributed”, in a weak sense, for 
even though token-holders are scattered across the globe, the token 
distributions exhibit low decentrality. The token distributions are in fact 
highly concentrated. In sum, we propose a three-part definition of voting 
rights tokens. Voting rights tokens are:  

1. Tradable crypto-assets without registered holders.  
2. “Usage-based” (but used only by a small minority).  
3. “Distributed” (but far from equi-distributed). 

Our first classification is corrective with respect to the intuitive 
assumption that voting rights tokens are primarily used for voting pur
poses. Our second classification is qualified: voting rights tokens are 
potentially utilised (for something other than trading), but only a small 
minority of voting rights tokens are actually utilised. Our third classi
fication is determinedly sceptical: voting rights tokens are indeed 
distributed, but their distributions are highly concentrated. These clas
sifications are crucial to our anti-platitudinous theory of DeFi’s gover
nance as a type of minority rule. 

5.2. Governance discussions from legal and political texts 

Since DeFi’s DAOs are non-liable and holders of tokenised voting 
rights are unregistered, analogies with corporate governance norms and 
registered shareholders’ voting rights are often distant [5,6]. A close 
analogy can be made, however, between unregistered token-holders’ 
voting rights and bearer shares that happen to attribute voting rights 
[115–118]. This is because they both attribute voting rights to whoever 
is the bearer – to whoever holds them – without requiring the disclosure 

of legal identity information. A proof of legal identity is not required 
when DeFi’s tokens are used to cast votes, just as it is not required when 
the tokens are sold on non-custodial exchanges like Uniswap and 
SushiSwap. If it were possible for global, unincorporated associations to 
issue bearer share certificates in a digital form, these certificates would 
closely resemble DeFi’s tokenised voting rights. 

Beyond bearer shares, corporate governance literature offers three 
distant analogies. First, the concentration of DeFi’s voting rights among 
developers and venture capitalists is roughly akin to “the decline of 
shareholder democracy and the normalisation of founder primacy”, 
exemplified by Snap, Inc. [119], or alternatively “the curious turn to
ward board primacy” [120; p. 2071]. Second, the recognition that 
token-tradable voting rights are not democratically distributed is loosely 
relevant to governance theories that propose democratic alternatives to 
tradable voting shares [121]. Third, DeFi’s non-democratic governance 
can be placed in a context that includes controlled companies, which are 
governed by just one individual or legal entity. There are over 100 
controlled companies listed in the Standard & Poor’s Composite 1500 
index [122]. 

Seminal works by Vilfredo Pareto [123,124] and Alexis de Tocque
ville [125] help situate DeFi’s governance in a modern political context. 
Pareto’s work [123,124] accounts for the emergence of innovative elites 
following a crisis that affects established elites. To borrow Pareto’s an
imal imagery, DeFi’s innovative elites are foxes. They promote decen
tralisation in a cunning and devious manner, in order to accumulate 
power and wealth without public displays of force. The traditional 
financial system’s elites are lions. They govern centralised institutions, 
they aim to conserve power, and they exercise force in public [126]. 
Pareto [124] held that minority rule is inevitable, since one class of elites 
follows another class of elites. Pareto’s notion of recycled elites com
plements a maxim by Tocqueville [125]: after power is dissolved and 
decentralised, it is reassembled and re-centralised. As Tocqueville 
stated, “all authorities by nature lean towards unity”; hence, if power is 
decentralised, “it automatically hurtles towards centralisation”. These 
seminal texts prompted us to specify DeFi’s type of minority rule. 

5.3. Philosophical intervention: DeFi’s minority rule is timocratic 

All nine DeFi cases exhibited concentrated voting power, which 
became more concentrated over time rather than less concentrated; and 
for most cases in the final months of our analysis period, fewer than 1% 
of eligible token-holders participated in governance proceedings. We 
deduce that minority rule is the probable consequence of tradable voting 
rights, ineffectual fair launch distribution strategies, and no applicable 
anti-monopoly or anti-concentration laws. A sceptical-empirical dis
cussion of DeFi’s minority rule is therefore appropriate; and, following 
platitudes about the democratic, inclusive, or empowering nature of 
DeFi and DAOs (see Refs. [7–9,46,127]), it is desirable as well. 

On 7 December 2021, the founder of Yearn Finance, Andre Cronje, 
wrote, “Time to retire ‘decentralised finance’. We aren’t decentralised”. 

Fig. 8. Governance participation rates. Each point corresponds to an improvement proposal’s voting round.  
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This is due to an “old guard” of DeFi insiders [128]. A few days prior, the 
crypto-asset researcher Ryan Selkis [129; p. 153] named “benevolent 
dictators”, “coin voting” (voting rights tokens), “voter apathy”, and 
oligarchic “collusion” as likely problems for DAOs in the year 2022. On 7 
October 2021, the founder of Synthetix, Kain Warwick, identified 
“plutocracy” as a risk to DeFi. In Warwick’s opinion, DeFi’s current 
governance options are “not very generalisable” and “pretty terrible” 
[130]. This includes ineffectual fair launches. Brekke et al. [4], likewise, 
acknowledged claims that tokenised voting rights lead to “plutocracy” 
and “governing by the wealthy”. Plutocratic is a plausible term for DeFi’s 
governance; but in response to our findings, we instead claim that DeFi’s 
governance is timocratic. This reflects the fact that DeFi’s elites are not 
simply wealthy; they are sometimes “shadowy” and unidentified as well. 

Timocracy is a type of stakeholder governance that dates back to the 
Solonian Constitution from the sixth century BC. It involves both pro
ducers (developers) and property owners (token-holders) that pursue a 
mixture of particular interests and common interests. Timocracy’s main 
risk is effectively the same as the risk identified by Warwick [131,132]: 
if a timocracy degenerates, then it becomes an oligarchy (or a 
plutocracy). 

As discussed in Plato’s Republic [42; 545a–550c], a timocracy is a 
conflicted mix of community-oriented virtues and private wealth accu
mulation. Timocracy’s emblematic rulers hide their wealth in “trea
suries and strongrooms”, which implies that timocratic power is crypto- 
(‘concealed or secret’). “Victory and honour”, in a timocratic regime, are 
obtained via calculated risks and courageous conquests, not via 
harmonious rationality or dialectical reason. Timocratic rulers accu
mulate wealth in subtle ways that are odds with the commons, and they 
“run away from the law like children running away from their father” 
[42]. Socrates’ contemporary Sparta is an example of a timocratic 
regime, and it enjoys an eponymous relationship with Synthetix’s 
Spartan Council. Incidentally, Lycurgus of Sparta first implemented a 
separated powers model, which Synthetix and Yearn Finance later 
adopted [133]. 

A timocracy degenerates into an oligarchy when its constitution is 
rewritten to explicitly reserve power for the wealthy, and when con
tracts are created to purposefully exacerbate the division between a 
wealthy class and a poor class [42]. Although our nine DeFi cases are 
tacitly governed by wealthy, above-average token-holders (whales), 
average and below-average token-holders (minnows) are allowed to 
participate in the governance procedures. The minnows’ participation is 
not as effective as the whales’ participation; but it is not strictly pre
cluded. Furthermore, developments like Synthetix’s quadratic voting 
are intended to stop the inequality gap from widening. 

To reiterate, DeFi’s governance is timocratic. DeFi’s timocratic rulers 
– the unregistered, above-average token-holders – accumulate more 
power over time by purchasing even more tokens. The concentration of 
power is gradual, subtle, and putatively neutral, because crypto-asset 
marketplaces are open to all [52]. DeFi’s timocratic governance could 
degenerate and become oligarchic if above-average token-holders vote 
for so-called improvement proposals that significantly diminish the 
power of average and below-average token-holders, or if they vote for 
changes that make it more difficult for newcomers to acquire and ex
ercise voting rights [42; 550d–551b]. Such actions would further 
strengthen the “old guard”. 

6. Summary and outlook 

The governance of DeFi projects by DAOs is putatively democratic 
and inclusive (see Refs. [7–9,127]). DAOs are global, unincorporated 
associations – euphemistically referred to as online communities – with 
unregistered token-holders. When we examined both the distribution 
and exercise of tokenised voting rights, issued by nine DeFi projects, we 
discovered the following:  

1. DeFi’s tokenised voting rights are highly concentrated.  

2. A very small portion of DeFi’s token-holders exercise their voting 
rights.  

3. DeFi’s voting rights tokens let holders decide whether or not to 
implement a contingent array of improvement proposals. 

These points directly answer our three research questions. 

6.1. Theoretical contribution 

A philosophical intervention is required to dispel spurious, platitu
dinous notions of “democracy” and to precisely account for DeFi’s type 
of minority rule. We drew on Plato’s Republic [42; 545a–550c] and 
argued that DeFi’s minority rule is timocratic. We also played on the 
association between Synthetix’s Spartan Council and the timocratic 
governance model implemented by Lycurgus of Sparta. 

6.2. Limitations and future research topics 

Our study bears two notable limitations. First, the selected cases can 
change by the day. This is especially true for the projects’ documenta
tion [129]; hence the validity of our qualitative data is limited to the 
period of extraction. Our findings are potentially undermined by any 
community-formulated improvement proposals that were implemented 
after this article’s initial submission date. Synthetix’s governance 
structures in 2023, for example, differ substantially from the governance 
structures that we examined in 2020 and 2021. Simply put, our findings 
are context-specific. Second, the metrics we used to assess decentrality 
are imperfect, and different metrics can yield different outcomes. Hence 
we employed a variety of metrics from different categories. We are 
reasonably confident that our measured outcomes reflect reality. 

DeFi’s governance is a “shadowy” and fascinating research topic that 
is likely to become more complicated in future. Already, DAOs can 
optionally register as unincorporated non-profit associations [134], 
limited liability companies in States like Wyoming [27], or non-grantor 
purpose trusts in the jurisdiction of Guernsey [135]. From 2024 on
wards, a DAO can be recognised by the State of Utah as a juridical person 
that is distinct from a limited liability company [136] – a “LLD” for 
short, not a “LLC”. There are also options to “wrap” less exotic legal 
forms around the operations of DAOs [137]. We believe that DeFi offers 
multiple avenues for future research and theory development. 

6.3. Coda 

DeFi is both decentralised and centralised. It is de-centralised, in a 
stereotypical sense, if its governing bodies are non-liable, the holders of 
its voting rights are un-registered, its distributed ledgers are non-local
isable and un-incorporated, its assets are not custodied, and its ex
changes are un-regulated. At the same time, DeFi is politically 
centralised, because its governance is timocratic. 
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Appendices. 

Appendix A. Gini coefficient compared to the NSE 

Even though the Gini coefficient and the NSE can be used to evaluate the same attribute, there are important differences between the two measures. 
Unlike the NSE, the Gini coefficient takes into consideration the ranks of the data points in a distribution. This can be seen in Figure A.9: according to 
the Gini, distribution (2) has lower inequality than distributions (1) and (3); whereas according to the NSE, the three distributions are effectively the 
same. The Gini produces a different result, because the three data points on distribution (2) have the same rank. It is important to highlight that this is 
not indicative of the Gini coefficient’s poor performance, as both interpretations of inequality can be valid depending on the situation.

Fig. A.9. The values of the Gini coefficient and NSE for three different distributions.  

Appendix B. Gini coefficient’s behaviour with many little-funded addresses 

For X ≡ Xϵ̄
(0)

= (x1, x2,…, xN) representing a distribution of holdings where 0 ≤ x1 ≤ x2 ≤ … ≤ xN ≤ 1 and 
∑N

i=1
xi = 1, the Gini coefficient G ≡ Gϵ(0) ≡

G(Xϵ̄
(0)

) can by expressed by [138]. 

G =

2
∑N

i=1
ixi

N
−

N + 1
N

⇒ 2
∑N

i=1
ixi = NG + N + 1. (B.1) 

Let us define a modified distribution by adding a single address that holds tokens corresponding to an ϵ(1) share of the new total supply (old supply 
+ tokens of the new address), which is not greater than the shares held by any of the previously existing addresses after redistribution: 

Xϵ̄
(1)

i :=

{
ϵ(1), i = 1

xi− 1 − ϵ̄

(1)

i− 1

= Xϵ̄
(0)

i− 1 − ϵ̄
(1)

i− 1, 2 ≤ i ≤ N + 1,

where 
∑N

i=1
ϵ̄
(1)

i = ϵ(1), ϵ(1) ≤ x1 − ϵ̄
(1)

1 , and xi− 1 − ϵ̄
(1)

i− 1 ≤ xi − ϵ̄
(1)

i for all i ∈ {2, …, N}. Then Xϵ̄
(1)

also satisfies the conditions required for (B.1) to hold, 

and 

2
∑N+1

i=1
iXϵ̄

(1)

i = 2
∑N

i=1
(i+ 1)(xi − ϵ̄

(1)

i ) + 2ϵ(1) = 2
∑N

i=1
iXi + 2 − 2

∑N

i=1
iϵ̄

(1)

i = NG + N + 3 − 2
∑N

i=1
iϵ̄

(1)

i .

Let 

D1 := Gϵ(1) − Gϵ(0) = Gϵ(1) − G =

2
∑N+1

i=1
iXϵ(1)

i

N + 1
−

N + 2
N + 1

− G =

2
∑N+1

i=1
iXϵ(1)

i − N − 2 − NG − G

N + 1
=

1 − 2
∑N

i=1
iϵ̄

(1)

i
− G

N + 1  

and define inductively Xϵ̄
(k)

by adding an address with holdings ϵ(k) to the distribution described by Xϵ̄
(k)

and Dk := Gϵ(k) − G = G(Xϵ̄
(k)

) − G. It follows 
that 

Dk = Gϵ(k) − G =
∑k

j=1

1 − 2
∑N+j− 1

i=1
iϵ̄

(j)

i
− Gϵ(j− 1)

N + j
, Gϵ(j) =

1 − 2
∑N+j− 1

i=1
iϵ̄

(j)

i
+ (N + j − 1)Gϵ(j− 1)

N + j
.

We also have 
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Xϵ̄
(j)

i =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

ϵ(j− i+1) −
∑i− 1

m=1
ϵ̄
(j− m+1)

i− m

, i ≤ jxi− j −
∑j

m=1
ϵ̄
(j− m+1)

i− m

, i ≥ j + 1.

For our multiple-case study, we exclude the addresses that hold token balances valued at less than $1, and we subtract the balances of these 

excluded addresses from the total supply. Consequently, in our special case, ϵ̄
(1)

i = xiϵ
̄ (1) and 

0 ≤ ϵ̄
(j)

i = Xϵ̄
(j− 1)

i ϵ(j) =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(

ϵ(j− i) −
∑i− 1

m=1
ϵ̄
(j− m)

i− m

)

ϵ(j), i ≤ j − 1

(

xi− j+1 −
∑j− 1

m=1
ϵ̄
(j− m)

i− m

)

ϵ(j), i ≥ j ≤

{
ϵ(j− 1)ϵ(j), i ≤ j − 1
xi− j+1ϵ(j), i ≥ j.

We want to prove that Gϵ(j) ≥ Gϵ(0) for all j, which is equivalent to Dj ≥ 0 for all these j. Indeed, 

2
∑N+j− 1

i=1
iϵ̄

(j)

i ≤ 2
∑j− 1

i=1
iϵ(j− 1)ϵ(j) + 2

∑N

i=1
(i+ j − 1)Xiϵ(j) ≤ ϵ(j− 1)ϵ(j)(j − 1)j + ϵ(j)(NG+N + 2j − 1)

and 

Gϵ(j) =

1 − 2
∑N+j− 1

i=1
iϵ̄

(j)

i
+ (N + j − 1)Gϵ(j− 1)

N + j
≤

NG + j
N + j

.

Finally 

Dk =
∑k

j=1

1 − ϵ(j− 1)ϵ(j)(j − 1)j − ϵ(j)(NG + N + 2j − 1) − Gϵ(j− 1)

N + j
≥

k − ϵ(1)ϵ(2)(k− 1)k(k+1)
3 − kϵ(1)(NG + N + k) −

∑k

j=1
Gϵ(j− 1)

N + k
.

Since Dk ≥ 0, 

k − kϵ(1)
(

ϵ(2)
(k2 − 1)

3
+ NG + N + k

)

−
∑k

j=1

NG + j − 1
N + j − 1

≥ 0 ⇒
k −

∑k

j=1

NG+j− 1
N+j− 1

k
(

ϵ(2)(k
2 − 1)
3 + NG + N + k

) ≥ ϵ(1).

The case of Uniswap on 15 August 2021 presents the worst case scenario for this boundary, with N = 227,946, k = 34,934, G = 0.99184 and ϵ(2) =

6.42 ⋅ 10− 11. This results in an upper bound for ϵ(1) of 1.55 ⋅ 10− 8, which is greater than the largest ϵ(1). The largest ϵ(1) is of scale 10− 9. It was recorded 
for SushiSwap. After excluding all the addresses that hold less than $1 worth of tokens, the Gini coefficient decreases in every case. This justifies our 
claim from Section 3.2, in which we argued that our analysis yields an upper boundary with respect to decentrality. Furthermore, 

Dk

G
=

Gϵ(k) − G
G

≤

NG+k
N+k − G

G
=

k(1 − G)

G(N + k)
= 0.09305  

for G = 0.58816, which is the lowest value recorded for the ZRX distribution. Consequently, the Gini coefficient would increase by at most 9.305% if 
we included these addresses in our analysis. 

With similar arguments, one can prove that 1 − NSE increases when addresses with low-value holdings are added. This is also apparent from a 
continuity argument. When adding an address with 0 holdings, NSE is divided through log(N+1)

log(N)
> 1 (for NSE = 0, δi0 the case is even simpler) and hence 

1 − NSE increases; so by continuity of 1 − NSE, there is a threshold such that for adding holdings smaller than the threshold, 1 − NSE will increase. 
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Abstract 

Bitcoin and Ethereum are frequently promoted as 
decentralized, but developers and academics question 
their actual decentralization. This motivates further 
experiments with public permissionless blockchains to 
achieve decentralization along technical, economic, 
and political lines. The distribution of tokenized voting 
rights aims for political decentralization. Tokenized 
voting rights achieved notoriety within the nascent field 
of decentralized finance (DeFi) in 2020. As an 
alternative to centralized crypto-asset exchanges and 
lending platforms (owned by companies like Coinbase 
and Celsius), DeFi developers typically create non-
custodial projects that are not majority-owned or 
managed by legal entities. Holders of tokenized voting 
rights can instead govern DeFi projects. To scrutinize 
DeFi’s distributed governance strategies, we conducted 
a multiple-case study of non-custodial, Ethereum-based 
DeFi projects: Uniswap, Maker, SushiSwap, Yearn 
Finance, and UMA.  Our findings are novel and 
surprising: quantitative evaluations of DeFi’s 
distributed governance strategies reveal a failure to 
achieve political decentralization.  

 
 

1. Introduction  

In January 2021, Uniswap became the first non-
custodial crypto-asset exchange to reach USD $100 
billion trading volume – a significant event for the 
nascent field of decentralized finance (DeFi). DeFi 
projects are typically governed by online communities 
of anonymous stakeholders rather than companies or 
public institutions. Instead of registered shareholders’ 
voting rights, many DeFi projects involve tokenized 

voting rights, and they offer unregulated financial 
services that are based on crypto-assets instead of 
sovereign currencies. For DeFi, the meaning of 
‘decentralized’ thus entails independence from 
regulated companies, investor registration processes, 
and central banks [1, 2, 3]. The descriptor 
‘decentralized’ does not necessarily denote a uniform 
distribution of capital or voting power [4]. Political 
decentralization is anything but guaranteed.  

In 1856, the historian Alexis de Tocqueville [5] 
investigated the fall of the French aristocracy and the 
subsequent dissolution of power. Contrary to the 
revolutionaries’ expectations, the abolition of feudalism 
in France at the end of the 18th century did not 
effectively limit the power of all central authorities. 
Authority putatively transferred from the aristocracy to 
the people, yet there soon emerged a powerful 
bureaucratic system known as the Première République. 
“When a nation abolishes aristocracy,” De Tocqueville 
concluded, “centralization follows as a matter of course: 
everything tends toward unity of power, and it requires 
no small contrivance to maintain divisions of authority.”  

De Tocqueville’s maxim retains an air of truth in the 
era of putatively decentralized networks like Bitcoin and 
Ethereum. The ideals of decentralization that inspired 
the invention of Bitcoin and Ethereum are undermined 
by tendencies towards socio-political centralization [6, 
7, 8, 9, 10] and technical centralization [11, 12]. 
Developers and active members of crypto-asset 
communities are aware of these tendencies; hence they 
propose novel, experimental strategies to achieve 
decentralization. DeFi projects are the most prominent 
decentralization experiments from late 2020 [2]. Many 
entail strategies to distribute tradable voting rights 
tokens (also known as governance tokens) for the sake 
of political decentralization [1].  
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DeFi’s voting rights tokens are speculative crypto-
assets, not backed by anything physical [13]. They 
enable token-holders to iteratively revise a project’s 
rules, parameters, and features. A broad range of DeFi 
projects issue voting rights tokens, from non-custodial 
crypto-asset exchanges to derivatives platforms [1]. 
Maker – a non-custodial crypto-asset lending platform – 
initiated the trend with its MKR token.  

Uniswap is the largest non-custodial, Ethereum-
based exchange. Uniswap issued its voting rights token 
(UNI) in September 2020 via a retrospective airdrop. 
The airdrop rewarded anonymous wallet owners that 
interacted with the Uniswap exchange in the past (by 
swapping tokens or providing liquidity). UNI token-
holders today govern the Uniswap exchange. They have 
the right to vote on proposals that pertain to treasury 
funds and changes to the exchange’s rules; and, if they 
wish, they can sell their UNI tokens on various crypto-
asset exchanges, or they can purchase more UNI tokens 
to increase their voting power. As of 9 June 2021, the 
UNI token is in the top 10 list of crypto-assets (sorted 
by market capitalization), and it sells for more than four 
times its initial price of $5.  

While academic research has addressed crypto-
assets, Bitcoin, Ethereum, algorithmic governance, and 
the various meanings of ‘decentralization,’ non-
custodial DeFi projects are comparatively uncharted 
territory, and tokenized voting rights issued by DeFi 
projects are an under-researched topic. It is not yet 
known if De Tocqueville’s pessimism about 
decentralization remains valid for DeFi’s distributed 
voting rights; hence we formulated the following 
research questions. How did major, Ethereum-based 
DeFi projects distribute voting rights? What are the 
outcomes of the different distribution strategies?  

We conducted  an exploratory, multiple-case study 
in response to these questions [14]. We selected as cases 
five non-custodial, Ethereum-based DeFi projects that 
include tradable voting rights tokens: Uniswap, Maker, 
SushiSwap, Yearn Finance, and UMA. Our case 
selection covers four major DeFi categories [1]: lending 
(Maker), exchanges (Uniswap and SushiSwap), assets 
(Yearn Finance), and derivatives (UMA). We selected 
two exchanges instead of just one exchange, because 
SushiSwap essentially began as a clone of Uniswap.  

We followed a mixed methods approach [15], which 
is recognized for its ability to discover the unexpected. 
First, we qualitatively analyzed project documentation 
that details the properties and the distribution strategy 
for each case’s tokenized voting rights. We then 
quantitatively examined the “physical” artifact [14], 
based on methods proposed by Gochhayat et al. [11]. 

We specifically used metrics that quantify the degree of 
uniformity for each case’s distribution of voting rights 
tokens.  

2. Background: The promise of 
‘decentralization’ 

Bitcoin is the fastest asset to reach a $1 trillion 
market capitalization [16]. It achieved this feat with no 
legal entity attached to it as a manager or a majority 
owner. Bitcoin’s pseudonymous creator, Satoshi 
Nakamoto, established a finite supply (21 million units 
of BTC) that cannot be altered by a central bank or any 
other financial authority [17]. Bitcoin transactions are 
not registered on servers owned by a single bank, 
financial institution, or consortium; the Bitcoin ledger is 
instead distributed across a global computing network 
that consists of voluntary participants [18]. In 
comparison with sovereign currencies, physical 
commodities, and other tangible assets, Bitcoin is 
difficult to regulate or subject to capital controls [19, 
20].  

Social scientists often interpret Bitcoin as a 
symptom of widespread distrust in both financial and 
political institutions following the 2007-2008 global 
financial crisis [6, 8]. The raw hex data from Bitcoin’s 
genesis block, mined by Nakamoto on 3 January 2009, 
contains within it The Times’ daily headline: 
“Chancellor on brink of second bailout for banks.” 
Sociologists class Bitcoin’s early adopters as 
fundamentalist libertarians, many of whom conceive 
‘decentralization’ as a set of economic and political 
ideals [10, 21]. De Filippi & Loveluck [6] traced the 
Bitcoin community’s conception of ‘decentralization’ to 
“Friedrich Hayek’s and Milton Friedman’s ambition to 
end the monopoly of nation-states.”  

The ideals of decentralization enjoy a broad appeal 
among libertarians. For the libertarian Right, 
decentralization’s principal mission is to end the 
oligopoly of banks and tax authorities, and to create a 
market without costly intermediaries and powerful 
regulators. For the libertarian Left, decentralization’s 
principal mission is to abolish centralized monetary 
policy and State capital controls [6, 22]. There is no 
necessary link, however, between the Bitcoin 
community’s ideals of decentralization and an 
actualized, uniform distribution of capital or voting 
power within the Bitcoin network [9, 23]. As Kostakis 
& Giotitsas [4] put it, “in theory you have equipotential 
individuals (that is, everyone can potentially participate 
in a project), but in practice what one gets is 
concentrated capital and centralized governance.” 
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2.1. Bitcoin’s re-centralization and unregulated 
store of value 

On the one hand, Bitcoin exhibits non-uniform 
distributions of capital, governance authority, and 
computing power, which together imply a failure to 
achieve decentralization. On the other hand, the Bitcoin 
network poses a challenge to centralized legal 
authorities and regulators, which means it is indeed 
‘decentralized’ in the anti-establishment, libertarian 
sense. 

According to the Gini index, capital (BTC) is 
distributed less evenly in the Bitcoin network than it is 
in economies like South Africa or Brazil [23, 24]. The 
2015 block-size debate and subsequent revision to the 
Bitcoin protocol rules demonstrated the concentrated 
governance power held by the Bitcoin Core Developers 
and the Lead Developer [6, 9]. In addition, costly 
mining hardware (application-specific integrated 
circuits, or ASICs), owned by a sophisticated minority 
of Bitcoin miners, offers evidence of concentrated 
computing power [11, 12, 25]. Today, one private 
company in China, Bitmain, dominates the global ASIC 
production industry [26], and it owns the Bitcoin mining 
pools AntPool and BTC.com. These pools together 
comprise over 20% of the Bitcoin network’s hash rate 
(Figure 1 – data retrieved from btc.com on 7 June 2021).  

 

Figure 1. Mining pools dominate  
the hash rate 

The Bitcoin network does, however, successfully 
manifest this libertarian ideal of decentralization: it is 
uncontrollable or unregulatable. Since the global 
Bitcoin network is diffuse and not wholly grounded in 
any specific jurisdiction, it is a challenge for regulators 
[27, 28, 29]. The Bitcoin network is also a challenge to 
regulate because there is no legal entity attached to it as 
a manager or a majority owner. In legal terms, Bitcoin 
can thus be classified as an “unincorporated distributed 

ledger system” [3]. Lawmakers also struggle to define 
the legal status of Bitcoin’s store of value (BTC) [19]; 
hence regulatory responses to BTC are incoherent and 
autarkic [27].  

2.2. Ethereum’s unregulated contracts, non-
liable organizations, and centralized traits 

Ethereum introduced its own, unregulated store of 
value (ETH) in 2015; but, more importantly for the 
present study, Ethereum also introduced unregulated 
chain code, referred to as smart contracts [30]. Smart 
contracts do not require an intermediary authority to 
execute them – another variation on the theme of 
‘decentralization’ [10]. Smart contracts can bind 
together members of decentralized autonomous 
organizations (DAOs), and they can also assign voting 
rights  [31].  

A DAO is a protocol that ‘lives’ on the Internet and 
consists of formalized rules [31]. If truly decentralized, 
no single entity (including a DAO’s creator) can alter, 
reverse, or control a DAO once it is deployed on the 
Internet. A DAO is virtually unregulatable and non-
liable: it simply executes its pre-determined set of ‘if-
then’ rules [2, 32]. If a DeFi project delegates 
management duties to an online community instead of a 
legal entity, then it is effectively a DAO [1, 2]. 

Like Bitcoin, the Ethereum network is sometimes 
criticized for its compromised or failed decentralization 
[11, 25]. Researchers cast doubt upon Ethereum’s 
ability to abolish corporate intermediaries and usher in 
a “decentralized world” [25, 33]. In 2016, Ethereum’s 
core developers exercised autocratic powers [8, 34, 35] 
and established a new fork of the blockchain, in 
response to a disastrous hack. De Tocqueville’s maxim 
thus applies to Ethereum’s governance as well: 
“centralization follows as a matter of course” [5]. 

2.3. DeFi projects not bound to regulated 
companies: centralized, once again? 

The year 2020 witnessed multi-billion-dollar trading 
volumes for Ethereum-based financial services projects 
that do not rely on regulated, custodial intermediaries 
such as banks, brokerages, or company-governed 
exchanges [1, 3, 36]. These projects – commonly 
categorized as DeFi – include non-custodial crypto-
asset exchanges, lending platforms, and derivatives 
platforms [1]. DeFi projects are often governed by a 
non-liable DAO rather than a legal entity [2, 3]; hence 
they are distinct from centralized crypto-asset 
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exchanges and lending platforms owned by regulated 
companies like Coinbase and Celsius.  

DeFi exchanges like Uniswap and SushiSwap allow 
participants to vote for proposed changes to rules, 
parameters, and features, so long as the participants 
purchase or else earn voting rights tokens (via 
contributions to the exchange) [13]. This phenomenon 
can be interpreted in at least two distinct ways: (a) 
governance is decentralized, because decision-making 
power is distributed among a community of token-
holders (and therefore not held by a centralized 
company or institution), and (b) governance is 
timocratic, since voting rights are exclusively attributed 
to ‘property owners’ (in this case, token-holders). The 
second interpretation is especially pertinent to 
SushiSwap. On 7 September 2020, a small group of 
individuals held the majority of voting rights tokens, and 
they successfully seized control of the exchange [37]. 
De Tocqueville’s maxim, once again, rings true.  

A DeFi project named Yearn Finance pre-empted 
outcomes like this, hence it deployed a refined fair 
launch strategy. Fair launch strategies vary from case to 
case; but in general, a fair launch does not allocate a 
large portion of pre-mined (spontaneously generated) 
tokens to developers or early investors and advisors 
[38]. A fair launch is premised on the following 
assumption: if a significant portion of voting rights 
tokens are distributed to privileged insiders, then it is 
difficult to describe a project’s governance as 
decentralized. The fair launch is a sub-topic of Ethereum 
tokenomics and token distribution strategies [13, 39, 
40].  

Yearn Finance’s fair launch strategy, deployed in 
July 2020, distributed none of the project’s voting rights 
tokens (YFI) to developers and early investors. Yearn 
Finance’s fair launch did not abolish timocracy, since 
only YFI token-holders possess voting rights. What its 
fair launch did, specifically, is remove the distinction 
between ‘insiders’ (that are allocated voting rights by 
default) and ‘outsiders’ (that must either purchase 
voting rights on exchanges, provide liquidity, or 
contribute work to the project). Other DeFi projects, 
such as Beefy Finance, Harvest Finance, and YAM, 
later deployed fair launch strategies as well.  

DeFi’s various fair launch strategies indicate new 
avenues for research into algorithmic governance and 
political decentralization, set against a backdrop of 
timocracy, re-centralization, and concentrated powers. 

3. Methods 

To understand DeFi’s tokenized voting rights and to 
evaluate the success of various distribution strategies, 
we conducted an exploratory, multiple-case study [14] 
with a mixed methods approach [15]. For the sake of 
consistent quantitative data extraction, we only chose 
DeFi projects that utilize Ethereum, and we only used 
Etherscan. We limited our study to Ethereum, because 
it has more daily transactions than rival ledgers like the 
Binance Smart Chain, Solana, and Terra. We selected 
distributions of voting rights tokens that have a market 
capitalization of more than $1 billion. Four of our cases 
cover distinct DeFi categories [1]: lending (Maker), 
exchanges (Uniswap), assets (Yearn Finance), and 
derivatives (UMA). We added a fifth case, SushiSwap, 
because of its close relation to Uniswap plus the fact that 
SushiSwap issued voting rights tokens before Uniswap 
did. The initial version of SushiSwap, dated 26 August 
2020, derived most of its smart contract code from 
Uniswap Version 2 [41]. At the time, there was one 
major distinction between the two exchanges: holders of 
voting rights tokens could govern SushiSwap, whereas 
developers governed Uniswap. This distinction proved 
short-lived. On 16 September 2020, Uniswap’s 
developers altered their governance plans and launched 
a voting rights token (UNI) [42]. Table 1 provides an 
overview of our selected cases.  
 

Table 1. Selected projects for a 
multiple-case study 

Project Market cap* Categorization 

Uniswap $21,058,088,732 Exchange 
Maker $3,272,720,932 Lending  
SushiSwap $2,086,130,878 Exchange 
Yearn Finance $1,888,059,030 Assets 
UMA $1,489,888,679 Derivatives 

* Data source: CoinMarketCap (14 May 2021). 
 

Case studies are generally used to explore 
contemporary phenomena that are not easily 
distinguishable from their context [14]. For phenomena 
that involve a high degree of “explorability”, case 
studies allow researchers to gather insights about 
motivations, to discover causal links, and to explain why 
singular events occurred [43]. Within the nascent and 
under-researched field of DeFi [1, 2, 3], we assume that 
the case study method is valid. 

Case studies build on a combination of six evidence 
sources: interviews, documentation, direct observations, 
participant observations, archival records, and physical 
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artifacts [14]. Since each DeFi case that we selected is 
open source, we could draw on several of these sources 
(Table 2). We relied on project documentation to 
identify differences among the cases’ voting rights 
tokens and distribution strategies, and we used 
Etherscan to analyze the Ethereum blockchain and the 
distribution of voting rights tokens over time.  

Table 2. Sources of case study data 

Type Description 

(1) Documentation (1) 145 pages of blog entries 
(2) 94 pages of whitepapers* 

(2) “Physical” artifact (1) ERC-20 tokens on the 
Ethereum blockchain 

* Maker and Uniswap each have a formal whitepaper. Our three other 
cases do not.  
 

We adopted the two-stage process proposed by 
Miles et al. [44] to scrutinize each case’s 
documentation. Firstly, we considered the 
documentation individually and assigned initial codes. 
As a team of researchers, we convened regularly to 
review the emerging concepts and to ensure consistency 
in the coding system [45]. For the second stage, we 
clustered codes and assigned them to higher-level 
themes that emerged contingently via data collection 
(inductive coding) or else pertained to an existing 
hypothesis (deductive coding). Table 3 gives a brief 
example of our study’s deductive and inductive coding. 

Table 3. Exemplary coding scheme 

Quote 1st cycle 
coding 

2nd cycle 
coding 

“UNI is a tradable asset 
and functions like most 
other standard ERC-20 
tokens, except it has a 
deeper power as a 
voting mechanism.” 

UNI is an 
ERC-20 
token with 
voting 
parameters.  

Deductive 
Uniswap has 
voting rights 
tokens (UNI) 

“Delegating UNI binds 
the voting power of 
your tokens to an 
address so it may be 
used to vote.” 

Delegating 
UNI to an 
address 
changes its 
status. 

Inductive 
Voting with 
UNI occurs 
on-chain 

 
For the second data source, using Etherscan, we 

retrieved the addresses that hold any of the tokens that 
correspond to voting units at two separate time points: t 
(24 May 2021) and (t – 6) months. This allowed us to 
evaluate the case’s decentrality at the present state and 
the change of decentrality over time. From the yielded 
data, we excluded automata’s smart contract addresses, 
because automata typically do not exercise voting rights 

or participate in governance processes. For the cases in 
which voting either takes place on-chain or voting rights 
are staked on-chain, we excluded the addresses with 
balances lower than the transaction fee (gas), since they 
cannot afford to cast a vote. We subtracted the balance 
of these excluded addresses from the overall token 
supply. We then bundled together the balances of 
addresses that have the same owner (for example, 
exchanges like Binance, Huobi, or KuCoin) and 
assumed that addresses with unknown owners belong to 
different individuals. As a consequence of this final 
assumption, our analysis presents the ‘best case’ 
scenario regarding the decentrality of the voting rights 
tokens.  

Table 4. Quantitative data collection 

Case Holders (excl. contracts and low balances) 
Uniswap 245,162 
Maker 81,254 
SushiSwap 77,442 
Yearn Finance 35,471 
UMA 13,891 

  
We based our analysis on the number of accounts 

specified in Table 4 and the relevant account balances. 
Our conception of ‘political decentralization’ is based 
on the decentrality of voting rights tokens. To evaluate 
the decentrality of each case’s voting rights tokens, we 
relied on seven metrics. For details about the seven 
metrics and their respective equations, please refer to 
Gochhayat et al. [11]. The seven metrics are: 
1. Normalized Fairness (NF) [46]: A decentralized 

system would have higher fairness, because every 
participant would have equal voting power. 

2. Normalized Shannon’s Entropy (NSE) [47]: A 
centralized token distribution would have low 
entropy, since a few participants would heavily 
affect every decision. 

3. Gini coefficient (G) [48]: A decentralized token 
distribution would have a low Gini coefficient, 
since most address holders would have equal voting 
power. 

4. Cosine Similarity (CS): A decentralized token 
distribution would have high similarity with a 
system in which every address has equal voting 
power.  

5. Jensen-Shannon Divergence (JSD) [49]: A 
decentralized system would have a high degree of 
divergence from a system in which few participants 
have the majority of the voting power. 

6. Normalized Euclidean Distance (NED): A 
decentralized token distribution would have a small 
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degree of distance from a system in which every 
address owner has equal voting power. 

7. Soergel Distance (SD):  The same holds as for 
NED.  

For the sake of a casual comparison or analogy, we 
cited findings from Gochhayat et al. [11] about the 
decentrality of the “governance layer” for both Bitcoin 
and Ethereum. We normalized our computed metrics (or 
replaced the non-normalized metrics with normalized 
versions) to assess the values in the [0,1] interval.  

4. Findings 

4.1. Properties of voting rights tokens  

The voting rights tokens we studied are case-specific 
(Table 5). They have only three things in common: the 
tokens are all fungible and Ethereum-based (ERC-20), 
they grant holders the right to vote on community 
proposals, and they can be traded on crypto-asset 
exchanges. There are not many entitlements that are pre-
determined by developers. In a figurative sense, voting 
rights tokens grant holders permission to enter the 
Senate Floor and cast votes on the measures of the day, 
which are contingent and thus not pre-determined.  

Table 5. Voting rights tokens’ properties by 
case (as specified in project documentation) 

Case C
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UNI X X X    
MKR X X  X   
SUSHI X X   X  
YFI X X     
UMA X     X 
 
The projects’ documentation, in total, specifies just 

four unique entitlements for holders of voting rights 
tokens: treasury management power (UNI), collateral 
selection power (MKR), a staking reward (xSUSHI for 
SUSHI holders), and dispute resolution power (UMA).  

Uniswap’s documentation mentions a community 
treasury. Uniswap’s developers created the community 
treasury and allocated to it 43% of the total token supply 
(430 million UNI). The developers ceded control of the 
treasury to UNI token-holders on 18 October 2020.  UNI 

token-holders could then “vote to allocate UNI towards 
grants, strategic partnerships, governance initiatives, 
[…] and other programs” [42]. The documentation’s 
language is purposefully unspecific, because it is not 
possible to predict what decisions the UNI token-
holders will make over time about the treasury funds or 
about particular proposals for changes to the project. 
Uniswap’s forum participants can pose questions about 
the project’s governance; but only UNI token-holders 
(and their delegates) can determine what proposals are 
formalized as executable code, then they can vote to 
implement or reject the selected proposals.   

Maker’s documentation specifies the ability of MKR 
token-holders to vote on what Ethereum-based assets 
are used as collateral by the lending platform. The MKR 
token-holders also vote on the collateral’s 
corresponding risk parameters. (Volatile Ethereum-
based assets are likely attributed strict risk parameters, 
whereas stable Ethereum-based assets are likely 
attributed lenient risk parameters.) Maker’s forum 
participants can formulate proposals for votes, not just 
MKR token-holders. MKR token-holders can elect 
Active Proposals, then they can exercise their right to 
vote on the Active Proposals. The first selection process 
for MKR token-holders is called proposal polling; the 
second process is called Executive Voting. 

SushiSwap’s SUSHI token can be staked on the 
exchange. Holders then receive a tokenized derivative 
(xSUSHI) as a reward. The SushiSwap exchange 
charges participants a 0.3% trading fee. A small portion 
(0.05%) of this trading fee is used to generate the 
xSUSHI tokens, which are then allocated to the holders 
of staked SUSHI tokens. At any time on the exchange, 
holders can convert the xSUSHI derivative to SUSHI. 
(The xSUSHI/SUSHI exchange rate is variable.) Only 
SUSHI token-holders can select what forum proposals 
are put up for a vote, then they can exercise their right 
to vote on the selected proposals. 

UMA token-holders can likewise exercise their right 
to vote on proposals that emerge from the UMA 
community forum. In addition to this, UMA token-
holders have an exclusive right to cast dispute resolution 
votes via the UMA Voter dApp. The work required to 
resolve disputes generates new UMA tokens (as 
payment for the work). The UMA token supply is thus 
inflationary. There are two grounds for disputes: 
incorrect crowd-sourced (off-chain) pricing 
information, and contracts liquidated for an improper 
reason. UMA token-holders can assess the disputes and 
verify the pricing data and liquidation data. UMA 
employs this system, named the Data Verification 
Mechanism, instead of an oracle’s data feed.  
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Yearn Finance’s project documentation does not 
specify any unique entitlements for YFI token-holders. 
Forum participants can formulate proposals – any 
proposal whatsoever – without needing to hold YFI. YFI 
token-holders can then choose what proposals are put up 
for a vote, and they can exercise their right to vote on 
the selected proposals.  

4.2. Token distribution strategies  

Distribution strategies are especially important for 
voting rights tokens, since the token distribution 
determines how many individuals can exercise control 
over a project and how much voting power individuals 
possess. Our five DeFi cases all aimed for distributed 
governance, yet each case deployed a different token 
distribution strategy.  

MKR tokens were pre-mined (and thus not produced 
by the work or stake of the lending platform’s 
participants) and sold via an exchange. Some UNI 
tokens were pre-mined; others were produced by the 
stake of the exchange’s participants. UMA’s initial 
token supply was pre-mined, but as noted, UMA’s 
inflationary supply is generated by dispute resolution 
work. Neither SUSHI nor YFI tokens were pre-mined. 
It follows that SushiSwap and Yearn Finance are our 
only two cases to deploy a fair launch strategy (which 
precludes pre-mined tokens).   

Yearn Finance’s YFI tokens must be earnt via 
contributions to the project (such as liquidity provision) 

or else purchased via crypto-asset exchanges. Since the 
YFI tokens were released in accordance with a strict fair 
launch policy, no tokens were distributed to developers. 
Yearn Finance’s developers consequently lacked capital 
and could not afford to pay a third party to audit the YFI 
token’s smart contract code. Yearn Finance’s fair launch 
strategy thus increased the risk placed upon the 
community of YFI holders and offered a lack of 
traditional auditing guarantees. The outcome is 
ambiguous: the distribution of voting power incurs a 
distribution of risk.  

 SushiSwap’s fair launch is also ambiguous, but its 
details differ notably from those of Yearn Finance’s fair 
launch. No SUSHI tokens were pre-mined and allocated 
to privileged insiders like venture capitalists, but 10% of 
all SUSHI tokens generated by the exchange’s liquidity 
providers automatically transferred to a treasury 
accessible only by developers. On 5 September 2020, a 
pseudonymous core developer, Chef Nomi, sold over 
$13 million worth of SUSHI tokens from the SushiSwap 
treasury. In response to community protests and public 
criticism, Chef Nomi apologized on Twitter and 
returned the funds to the SushiSwap treasury six days 
later; but nothing guaranteed this outcome. 

4.3. Decentrality of the token distributions 

The decentrality of our five cases’ voting rights 
tokens is very low. We therefore deduce that, for each 
of our cases, the voting power is highly concentrated. 

    1 - NF 1 - NSE G 1 - CS JSD NED SD 

Bitcoin [11] t = 2.4.2020 0.850 0.315 0.821 - - - - 

Ethereum [11] t = 7.4.2020 0.962 0.438 0.904 - - - - 

Uniswap 
t – 6 months 0.99974 0.61173 0.98810 0.98362 0.88687 0.99178 0.99980 

t = 24.5.2021 0.99980 0.59213 0.99132 0.98568 0.89963 0.99281 0.99955 

Maker 
t – 6 months 0.99941 0.57847 0.99491 0.97534 0.91246 0.98759 0.98757 

t = 24.5.2021 0.99938 0.55255 0.99475 0.97489 0.91257 0.98737 0.98557 

SushiSwap 
t – 6 months 0.99870 0.46674 0.98724 0.96364 0.85819 0.98165 0.99999 

t = 24.5.2021 0.99908 0.46918 0.99098 0.96952 0.88238 0.98464 0.99999 

Yearn Finance 
t – 6 months 0.99786 0.38747 0.91224 0.95725 0.64872 0.96148 0.91483 

t = 24.5.2021 0.99892 0.46993 0.98290 0.96671 0.83568 0.98322 0.96033 

UMA 
t – 6 months 0.99886 0.67603 0.99635 0.96421 0.93759 0.98194 0.99985 

t = 24.5.2021 0.99921 0.65222 0.99651 0.97056 0.93797 0.98517 0.99974 

Table 6. Measured governance decentrality of cases 
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Table 6 presents our quantitative measurements together 
with the analogous measurements by Gochhayat et al. 
[11]. For the sake of a clearer overview, we changed the 
direction of the metrics NF, NSE, and CS in the table by 
subtracting their normalized values from 1. As a result, 
high values indicate centralization.  

The two cases that adopted a fair launch strategy, 
Yearn Finance and SushiSwap, have token distributions 
that are relatively less centralized than the other cases’ 
token distributions. This aside, the distribution of YFI 
tokens tended towards centralization after the tokens’ 
inception in July 2020. Likewise, the distribution of 
SUSHI tokens tended towards centralization after their 
inception in August 2020. The distribution of YFI 
tokens started with a greater degree of decentrality, and 
it remains less centralized than the distribution of 
SUSHI tokens. This might be caused by the 10% 
allocation of SUSHI tokens to the SushiSwap treasury. 

UMA tokens are the most centralized. Two other 
cases that did not deploy a fair launch, Maker and 
Uniswap, are almost identical. The former’s token 
distribution is slightly less centralized. The 
centralization of UNI tokens is largely attributable to the 
launch strategy that allocated 40% of UNI tokens to 
Uniswap’s developers, early investors, and advisors. As 
of 24 May 2021, if automata’s smart contract addresses 
are excluded, then just 23 addresses control more than 
50% of the active token supply. (The active supply 
excludes the tokens that are held by smart contract 
addresses.)  

5. Discussion and outlook 

De Tocqueville’s maxim about re-centralization can 
be rehashed for DeFi. Our multiple-case study yields a 
significant finding: decentralization is not actualized in 
the sense of evenly distributed voting power, even 
though decentralization is achieved in the sense of 
independence from centralized legal authorities and 
regulated companies. In political terms, hopes for 
evenly distributed, democratic governance are presently 
unfounded in our five selected cases, including the two 
cases that deployed a fair launch strategy. The measured 
distribution outcomes reveal concentrated voting power 
for all five cases (in comparison with a hypothetical, 
fully decentralized case in which each address would 
have equal voting rights).  

In response to our findings, one cannot overlook the 
power of large token-holders, commonly nicknamed 
whales. Whales thwart the ambitions of Yearn Finance, 
along with other DAOs, to evenly distribute tokens and 
network resources [35]. Granular analysis of our data 

revealed that for Yearn Finance, 50% of the active token 
supply is controlled by just 21 accounts. These 21 
accounts can potentially collude and exercise massive 
voting power. If they act together as a ‘whale pod,’ they 
can also manipulate token value via ‘pump-and-dump’ 
schemes [50]. 

Regulation limits the power of whales in traditional 
financial markets. Whales can swim freely by 
comparison in DeFi’s murky waters. The unique value 
proposition of DeFi projects – that is, the type of 
decentralization that DeFi projects actually achieve – is 
the ability to bypass regulation and ‘live’ on the 
Ethereum network [2, 3, 36]. Ethereum’s 
“unincorporated distributed ledger technology” has the 
potential to “undermine traditional forms of 
accountability” as well as erode the “effectiveness of 
traditional financial regulation and enforcement” [3]. In 
addition, DeFi’s anonymous transactions and lack of 
KYC/AML checks are predictable concerns for 
regulators [51, 3, 52, 29, 20].   

DeFi thus rehashes and intensifies the Bitcoin and 
Ethereum networks’ history of regulatory challenges. In 
response, researchers and developers could turn to what 
Zetzsche et al. [3] describe as embedded regulation 
– regulators’ objectives and limits hard-coded into a 
financial services platform. Embedded regulation could 
hypothetically limit the power of whales, for the sake of 
political decentralization. There is no guarantee, 
however, that embedded regulation will find success 
among DeFi communities and crypto-asset investors. A 
successful or prominent case of embedded regulation 
does not yet exist.  

6. Conclusion 

Non-custodial DeFi projects typically do not involve 
sovereign currencies, investor registration processes, or 
a corporate office located within a particular 
jurisdiction; and they are not managed or majority-
owned by legal entities [3]. This motivated our 
exploratory, multiple-case study of five Ethereum-based 
DeFi projects and their tradable voting rights tokens: 
Uniswap, Maker, SushiSwap, Yearn Finance, and 
UMA. Our core finding is that each case’s token 
distribution strategy failed to achieve measurable 
decentrality. In theory, voting rights tokens enable 
decentralized, community-based governance; but 
according to our measurements, the control of major 
DeFi projects is highly centralized.  

We acknowledge the limitations of metrics used to 
assess decentrality as well as the fact that different 
metrics can yield different outcomes. We are confident, 
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however, that our measured outcomes reflect reality. We 
employed a variety of metrics from different categories. 
Each metric indicated that, for all our cases, the 
distribution of voting rights tokens began centralized, 
and as time progressed, the distribution became even 
more centralized (Table 6). Each of the metrics we 
computed for our cases exhibit centralization. This 
means that the fair launch strategies deployed by Yearn 
Finance and SushiSwap achieved little success.  

The nascent field of DeFi offers multiple avenues for 
future research. The concentrated voting power, general 
motives, and trading activities of DeFi whales are under-
researched topics. DeFi forum posts about whales, DeFi 
communities’ voting proposals to limit the power of 
whales, and DeFi commentaries by social media 
influencers represent valuable data sources for future 
social-scientific research. Legal scholars can investigate 
why non-custodial DeFi projects are especially 
challenging for regulators, and they can study 
developers’ embedded regulation experiments.  

DeFi’s genuine novelty consists in the relationship 
between its distributed governance and regulators. What 
regulators face is both ironic and serious – a politically 
centralized yet globally diffuse form of control over 
multi-billion-dollar financial services. This form of 
control cannot be seized, limited, or broken up under 
current regimes.  
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1 | INTRODUCTION

Nonfungible tokens (NFTs) rose in prominence in 2021, amassing more than $44 billion in
traded volume and attracting the attention of both institutional and retail investors
(Chainalysis, 2022). In less than a year, NFTs transitioned from being recognized by only a
small community of blockchain enthusiasts to becoming the subject of full‐length articles in
major news outlets, being described as a revolution not only in the art industry but also in
various other sectors (Wilson et al., 2021). This prominence even led to Collins Dictionary
choosing “NFT” as the 2021 word of the year (Collins, 2021). Such popularity inevitably
prompted a considerable amount of scrutiny regarding the utility of NFTs and whether they
can truly reform the digital asset sector. One might argue that NFTs are not merely a fleeting
trend but rather part of a broader technological evolution in the blockchain space. Some
perceive the crash in 2022 as a correction through the underlying value of NFTs, aligning with a
more nuanced understanding of market dynamics. Others may contend that the drop in value
does not diminish the inherent properties that make NFTs unique; instead, it could potentially
pave the way for a more sustainable growth pattern that aligns with long‐term financial models.

Despite the hype subsiding and the trading volume falling, NFTs have recently found
applications ranging from empowering business models innovation (Hartwich et al., 2023; Li &
Chen, 2023) to serving as the primary component in several initial coin offerings used by firms
to raise capital (Holden & Malani, 2022). Besides these applications, digital collectibles and
artworks represent the most prevalent category within the NFT marketplace. Probably the most
influential art NFT sale came in March 2021 with Christie's auction house first‐ever sale of a
digital artwork: Beeple's “Everydays: The First 5000 Days” was sold for $69.3 million, posi-
tioning the artist among the most valuable living creators. This, combined with other notable
sales such as Pak's “The Merge”, the most expensive NFT sold to date, and certain CryptoPunks
selling for more than $10 million, propelled NFTs to the forefront of the art world in 2021,
dominating the digital art space (Financial Times, 2021a) and generating almost as much
volume as the traditional art space (Financial Times, 2021b). Even in 2022, when every other
NFT category experienced a dramatic decrease in the number and value of sales, art NFTs have
seen a slight increase in the average sale value (McAndrew, 2022). Despite facing market
volatility, NFTs with actual use‐cases, such as those in gaming, cultural preservation and
fractional ownership, are emerging as particularly promising investment avenues, signalling a
market evolution that increasingly prioritizes utility‐driven assets over speculative collectibles
and thereby suggesting a maturing landscape where authentic value will likely catalyze future
growth, thus providing opportunities for both creators and investors to strategically position
themselves in sectors of tangible utility and enduring value (Hategan, 2023).

Regardless of growth, relatively little is understood regarding the attributes that lend value
to art NFTs and influence their selling probability. Although scarcity is widely acknowledged,
both by academics (Alizadeh et al., 2023; Bamakan et al., 2022; Bao & Roubaud, 2022;
Mekacher et al., 2022) and by practitioners (Sotheby's, 2021; Valeonti et al., 2021), as an
essential trait, other factors, such as the impact of the artist, and the collection characteristics,
remain vague, while academic research articles tend to focus on a few collections and attributes
(Cong et al., 2022; Huang & Goetzmann, 2023; Sockin & Xiong, 2022).
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Dowling (2022a) provides a pioneering exploration of Decentraland LAND NFTs, drawing a
mental association between virtual and physical land, and identifying possible inefficiencies in
pricing behaviour akin to early cryptocurrency pricing. This notion of inefficiency is further
examined from a broader perspective by Cheah and Fry (2015) and Urquhart (2016), under-
lining the nascent nature of NFT markets. Schaar and Kampakis (2022) take a quantitative
approach to investigate the CryptoPunks collection, highlighting an impressive average
monthly return of 34.19% over 3 years and the significant role that rarity plays in determining
prices. This emphasis on rarity is also central to the work of Mekacher et al. (2022), who delve
into 410 collections to demonstrate that rarer NFTs command higher prices and are less risky.
Horky et al. (2022) employ a combination of econometric tools and machine learning in their
study of the digital art market through SuperRare, finding that hedonic pricing models furnish
valuable insights into NFT prices, independent of cryptocurrencies.

Broadening the scope to encompass the entire market, Dowling (2022b) work stands out by
interrogating the connection between NFT pricing and cryptocurrencies, uncovering limited vol-
atility transmission effects but a notable comovement between the two. Ante (2022) adds nuance to
this relationship by revealing how Bitcoin price shocks trigger an increase in NFT sales, while Ether
price shocks have a converse effect. Borri et al. (2023) take an ambitious step by constructing a
comprehensive data set for the overall NFT market, unearthing the nuanced interplay between
creator fees, rarity, visual characteristics and prices. Kong and Lin (2021) enrich this perspective by
emphasizing the role of well‐connected investors in the pricing dynamics of NFTs. Mazur (2021)
shifts the focus to the risk and return characteristics of NFT‐based start‐ups, illustrating a stag-
gering investment multiple of 40 over the long term. In their seminal paper, Nadini et al. (2021)
map the structure and evolution of the entire NFT market, identifying sale history and visual
features as key price predictors. Hemenway Falk et al. (2022) introduce a novel dimension by
exploring the value of creator royalties, uncovering their potential to reshape the NFT market
through risk‐sharing, dynamic pricing and price discrimination.

While the existing literature on NFT pricing and determinants has provided a compre-
hensive view of the market, the exploration of herding behaviour in the context of art NFTs
presents a unique and uncharted territory. Herding behaviour, as observed in traditional
financial markets (Banerjee, 1992; Bikhchandani et al., 2021; Shiller, 1995), refers to the
inclination of investors to follow the majority's actions rather than making independent
decisions based on intrinsic value. Art NFTs offer a perfect primer to study this phenomenon,
primarily due to their parallel nature with the physical art market where the phenomenon of
herding behaviour has been well‐documented. Azarmi and Menny (2013) study of the fine arts
market explores the tendency of investors to gravitate towards well‐established artists, leaving
the quality of the work secondary to the historical auction performance of the artist. They
found that a small fraction of artists dominates financial activity and that contemporary and
less‐established artists are subject to more herding behaviour. This observation reflects a pat-
tern where investors follow trends and the actions of others, often leading to inflation in the
value of specific artists or styles. Art NFTs amplify these dynamics by adding layers of com-
plexity. Unlike physical art, where authenticity, provenance, and physical condition play a role
in valuation, art NFTs operate on a digital platform where these factors are replaced by digital
scarcity, network effects and integration with cryptocurrencies. The rapid rise of art NFTs, by
significant price volatility and intense media coverage, has many resemblances to the herding
behaviour observed in the traditional art market. Investors and collectors rush towards certain
NFTs, often driven more by hype and the actions of others than a deep understanding of the
digital art's inherent value (Nadini et al., 2021).
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Moreover, the volatility and correlation with the broader cryptocurrency market further
amplify the complexity of art NFTs. The fluctuations in their prices, often driven by external
factors such as changes in Ethereum or Bitcoin values, create a turbulent environment where
herding behaviour could thrive. The allure of quick profits, media attention and the novelty of
owning a unique digital asset can lead to a cascade effect where one investment decision
triggers another, often without a rational analysis of the asset's underlying value. The work of
Bao et al. (2023) provides the first empirical evidence on herding in the NFT market. They
identify three waves of herding in the NFT market, with daily market returns becoming more
volatile during these periods. Their findings also reveal that herding is more likely to emerge as
the proportion of newcomers increases and that media exposure drives investors' attention
when herding arises. They further find a connection with the return on Ethereum but a
diminishing effect with the return on Bitcoin. Yousaf and Yarovaya (2022) examine herding
behaviour across three cryptocurrency classes, including NFTs. Their time‐varying analysis
identified herding in conventional cryptocurrencies during the most recent bubble of 2021 but
failed to demonstrate evidence of herding in NFTs during various market conditions. This
contrast presents an intricate picture of the NFT market, suggesting that herding behaviour
may manifest differently across various aspects of the broader cryptocurrency space. The
speculative nature of NFTs and DeFi markets, often perceived as bubble behaviours, has been
explored by Wang et al. (2022). They document that both NFT and DeFi markets exhibit
speculative bubbles, with NFT bubbles being more recurrent and having higher explosive
magnitudes. The bubbles in these markets are correlated with market hype and broader
cryptocurrency market uncertainty, though they also recognize periods where bubbles are not
detected, indicating intrinsic value in these markets.

Our study's approach merges financial, descriptive and social network features of art NFTs.
We aim to explore how market frictions operate in a digital asset environment, and how they
may affect pricing, liquidity and investor behaviour. Specifically, this paper investigates the
relationship between art NFT pricing and market herding behaviour. The primary objective is
to construct a comprehensive price index for art NFTs, integrating multifaceted attributes, such
as financial, artistic and social network influences. This setting aims to challenges conventional
asset pricing models, acknowledging the unique, nonfundamental value characteristics of art
NFTs (Taleb, 2021). The methodology employs hedonic and repeat‐sales regression (RSR)
models, analyzing differentiated market trends and isolating intrinsic item qualities to
understand price dynamics over time.

Second, we examine investor herding in the art NFT market. We assess whether collective
investor behaviour, influenced more by group dynamics than individual rationale, plays a
significant role in art NFT valuation cycles. Our research uses Cross‐Sectional Absolute
Deviation (CSAD) to analyze price comovements, particularly in the context of low liquidity
and asymmetric information typical of the art NFT domain. This analysis aims to uncover
deviations from fundamental valuation driven by investor herding, providing insights into price
formation and market behaviour in the evolving NFT landscape. We focus on the entire art
NFT market, analyzing every art collection and transaction performed on Ethereum, the
blockchain with the most NFT transactions and home to many successful token offerings from
firms. Our sample comprises 875,389 art NFTs that have been deployed on the Ethereum
blockchain and have been involved in 385,884 sales.

Our findings confirm the positive correlation between the number of trades and the floor
price of NFTs with their average price, elucidating critical elements of the NFT market's pricing
structure. We find an unexpected inverse relationship between social media activity and NFT
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prices, presenting a challenge to popular conceptions of the NFT market. Remarkably, our
exploration of herding behaviour revealed a small group of artists who command most of the
market's activity, mirroring trends seen in traditional art markets, while also spotlighting the
market's susceptibility to potential speculative bubbles. Our results also demonstrate that in
instances of high market volatility, investors diverge from herding, adopting more risk‐averse
strategies. New entrants initially exert a stabilizing effect on market prices, but eventually
contribute to increased financial volatility. Notably, a bullish broader cryptocurrency market
acts as a moderating variable, diverting capital away from NFTs, thus mitigating herd‐driven
price inflation in this asset class.

These insights into the art NFT market's pricing dynamics and liquidity constraints con-
tribute to the existing financial literature, providing a rich context for understanding a new
asset class within a blockchain‐enabled environment. The link between herding behaviour,
speculative bubbles and the inherent value of NFTs opens up avenues for understanding the art
market's financial dynamics and the broader economic landscape. The integration of insights
from traditional herding behaviour theories (e.g., Banerjee, 1992; Shiller, 1995) with contem-
porary studies on NFTs and art markets provides a nuanced understanding of market
dynamics. This interdisciplinary approach is instrumental in drawing parallels between clas-
sical assets, like, securities, physical art and other collectibles, and emerging digital assets,
like, NFTs.

What sets NFTs apart is the unprecedented access to a wealth of real‐time data about
transactions and financial characteristics of these digital assets. Unlike traditional markets
where information might be fragmented, delayed or obscured by various market frictions, the
blockchain technology underpinning NFTs ensures that every transaction is transparent,
timestamped and publicly accessible. The ability to track and analyze these transactions in real‐
time opens up new avenues for research, allowing for a more nuanced understanding of market
dynamics, pricing mechanisms and investor behaviour. As an example, researchers can study
market frictions in a way that was previously unattainable. Market frictions, such as transac-
tion costs, information asymmetry and liquidity constraints, play a critical role in asset pricing
and investment strategies. They have been studied extensively in traditional financial markets
by authors, like, Amihud and Mendelson (1986), Stiglitz (1989) and Vayanos and Wang (2012).
In the context of NFTs, these frictions might manifest differently, and their impact on market
dynamics could be distinct from what is observed in traditional markets.

The remainder of this paper is structured as follows. Section 2 discusses the data extraction
techniques. Section 3 describes the econometric models used to construct the price indexes and
to study the herd bias. Section 4 discusses our findings and Section 5 concludes.

2 | DATA

Blockchain‐related analyses are often classified into two broad categories: on‐chain and off‐
chain. On‐chain research involves data retrieved directly from the blockchain's public ledger,
whereas off‐chain analysis utilizes data sources outside the blockchain, such as price‐tracking
websites. For our analysis, we rely on both categories to obtain as much data as possible on
NFTs and their pricing. Specifically, by leveraging the granular data available through NFT
transactions, we strive to provide a more comprehensive understanding of the art NFT market.
Please, refer to Appendix A for a detailed explanation of data extraction, cleaning and prepa-
ration processes.
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Our sample comprises 875,389 art NFTs that have been deployed on the Ethereum
blockchain and have been involved in 385,884 sales between 15 July 2018 and 10th 10 February
2022. To facilitate a deeper understanding of this extensive data set, we have organized the
information into two distinct tables.

Table 1 presents the descriptive statistics, summarizing key features such as median, standard
deviation and other relevant statistical measures that provide an overall picture of the art NFT
market. These statistics offer insights into the general trends, distributions and characteristics
that define the market landscape. Furthermore, they are instrumental in constructing a com-
prehensive price index for the art NFT market. The table contains financial variables such as the
returns of the Bloomberg Galaxy Crypto Index (BGCI_return) since past research has indicated
the valuation of NFTs can move in tandem with broader cryptocurrency markets, suggesting that
investor sentiment in cryptocurrencies could spill over into NFT valuations. To understand the
market's valuation floor, the table includes the lowest selling price of an NFT in a collection
(floor_price), which sets the baseline for the collection's value. Complementing this, the most
recent selling price (last_price) offers a snapshot of the current market demand. The number of
times an NFT has been sold (num_trades) is tracked to assess liquidity and investor interest,
while the time span between the first and last sales (timediff) provides insight into the NFT's
market presence and activity over time. Additionally, it contains visual analytics, quantifying the
aesthetic attributes of NFTs, such as the dominance of specific colours within the image (white,
black and so forth), the total number of colours in each image (num_colours) and the complexity
of the image expressed by the normalized Shannon's entropy (norm_shannon_entropy). These
visual analytics reflect the NFT's aesthetic uniqueness, which can influence its market value
(Nadini et al., 2021). Lastly, the table captures the presence of NFT collections on Twitter, with
metrics like the number of accounts each collection follows (following_count) and the monthly
average of quotes received (quote_count_month). These metrics serve as indicators of the col-
lection's community engagement and outreach, which are essential for understanding the social
standing and potential influence of NFT collections. Primarily, the rationale behind leveraging
Twitter data, as opposed to other social media, such as Reddit, Google and Facebook, hinges on
its relative accessibility and the ease of an expedited data aggregation and analysis process,
consistent with the current literature on digital asset pricing (Kapoor et al., 2022). Furthermore,
Twitter stands out as a primary source of insights about the NFT market. As noted by Nadini
et al. (2021), a predominant proportion of NFT transactions, happens on platforms like OpenSea,
where artists predominantly link their Twitter accounts. This unique aspect of the NFT market
makes Twitter a more relevant and comprehensive source for gauging market sentiment and
trends, compared with other social media platforms. This extensive inclusion is aimed at en-
hancing the index's scope and accuracy, drawing on methodologies from the hedonic and repeat‐
sales literature (Bailey et al., 1963; Borri et al., 2023).

Table 1 shows that the distribution of most variables is negatively skewed; for many of
them, this remains around 0 up to the second quartile and then increases exponentially towards
the third and fourth quartiles. The application of the Jarque–Bera (JB) and Kwiatkowski–
Phillips–Schmidt–Shin tests to our data uncovers intricate statistical properties. Notable devi-
ations from normality and the existence of unit roots in continuous variables such as
BGCI_return emphasize the nonlinear characteristics of the art NFT market. The JB statistics
reveal pronounced skewness and kurtosis, confirming the fragmented nature of the NFT
market (Caporale et al., 2021).

The variables floor_price and last_price highlight the extensive range of pricing that char-
acterizes the art NFT market. This dynamic pricing behaviour correlates with observations in
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TABLE 1 Descriptive statistics art nonfungible tokens (NFTs).

This table reports a detailed statistical overview of art NFTs. Panel A focuses on the continuous variables,
providing a comprehensive statistical summary of the data extracted. This includes the median,
standard deviation, minimum, maximum, Jarque–Bera (JB) test statistic for normality and the
Kwiatkowski–Phillips–Schmidt–Shin (KPSS) test for stationarity across both the aggregate and transaction data
sets. The aggregate data set encompasses augmented data per NFT, including data from Discord and Twitter, as
well as color and image complexity data. The transaction data set contains detailed information pertaining to
every sale of the extracted art NFTs. Panel B details the discrete variables in both data sets, listing the unique
values and the top frequent value with its corresponding frequency. The information compiled in this table
stems from a rigorous data extraction process, leveraging on‐chain and off‐chain sources as described in
Appendix A, providing a rich and diversified analysis of the NFTs, encompassing both their visual
characteristics and market behaviour. As a final note, following data extraction, the variables measuring total
and monthly messages and unique users in both the announcement and general channels of Discord servers
have a number of missing values greater than 70%. For this reason, they will not be reported or used in the
analysis. ∗p ≤ 0.1; ∗∗p ≤ 0.05; ∗∗∗p ≤ 0.01.

Panel A: Continuous variables

Variable Median σ Minimum Maximum JB Statistic
KPSS
test

Aggregate data set

BGCI return 0 0.03 −0.26 0.22 7.91e + 04*** 0.94**

black 0.04 0.27 0 1 1.15e + 05*** 4.91***

blue 0.04 0.23 0 1 2.23e + 05*** 14.38***

floor price 616.01 2.38e + 04 1 6.25e + 06 1.13e + 13*** 2.49***

gray 0.01 0.2 0 1 6.19e + 05*** 10.62***

green 0 0.17 0 1 1.44e + 06*** 7.56***

last price 728.68 2.82e + 04 1 6.25e + 06 3.59e + 12*** 4.29***

norm shannon
entropy

0.29 0.12 0 0.53 1.69e + 04*** 5.38***

orange 0.03 0.2 0 1 4.22e + 05*** 17.01***

purple 0 0.13 0 1 6.34e + 06*** 10.13***

red 0.05 0.21 0 1 3.96e + 05*** 4.16***

timediff 48.94 242.59 0.01 1307.19 5.50e + 05*** 16.89***

white 0.01 0.25 0 1 2.10e + 05*** 2.66***

yellow 0 0.1 0 1 1.23e + 07*** 1.64***

Transaction data set

average price 773.42 2.23e + 04 1 6.25e + 06 1.35e + 13*** 0.73***

floor price 479.99 2.00e + 04 1 6.25e + 06 3.08e + 13*** 0.6**

last price 775.45 2.85e + 04 1 6.25e + 06 3.96e + 12*** 0.77***

(Continues)
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TABLE 1 (Continued)

Panel A: Continuous variables

Variable Median σ Minimum Maximum JB Statistic
KPSS
test

max price 972.04 3.17e + 04 1 6.25e + 06 1.25e + 12*** 1.06***

usd amount 701.84 2.41e + 04 1 6.25e + 06 8.60e + 12*** 0.7***

Panel B: Discrete variables

Variable Unique values Top frequent value Frequency of top value

Aggregate data set

collection name 506 Foundation (FND) 21.96

deployer creator generalities 8 Company 40.03

deployer creator name 287 Pak 3.49

discord account 2 1 61.85

discord server 237 SuperRare 7.67

followers count 408 334,093 21.96

following count 349 854 21.96

like count month 404 10,452 21.96

listed count 209 1 23.35

marketplace collection 2 0 70.09

nft type 2 erc721 97.76

num of colors 9 9 33.01

num tweets 377 2397 21.96

num of owners 156 2 77.91

num of trades 149 1 77.87

platform of last sale 6 OpenSea 69.49

quote count month 380 300 21.96

reply count month 392 1274 21.96

retweet count month 401 1284 21.96

twitter account 2 1 97.58

twitter handle 417 FND 21.96

verified 2 0 64.11

Transaction data set

buyer 93,184 0 × 8888888888e9997e… 0.63

collection name 506 FND 15.64

nft 238,420 0x73da73ef3a6982109c4…/8 0.69

num of owners 156 2 53.82
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the financial literature, and it frequently results from complex factors, such as rarity and artist
recognition. Rarity acts as a recognized determinant of value in both conventional and digital
art markets, creating a perception of exclusivity and uniqueness (Renneboog & Spaenjers, 2013;
Schaar & Kampakis, 2022). In the realm of NFTs, rarity's definition further refines and au-
thenticates via the blockchain technology, thereby augmenting its attraction. Conversely, artist
recognition plays an instrumental role in the valuation of art pieces, and eminent artists
demand elevated prices that reflect their consolidated reputation and brand (Mandel, 2009).

Examining the discrete variables panel provides insights into the structural composition of
the NFT ecosystem. From the six NFT marketplaces included in our analysis, namely, OpenSea,
Rarible, NFTX, LooksRare, Foundation and SuperRare, the dominance of OpenSea is prevalent,
capturing 69.49% of all transactions. The platform's dominance is congruent with academic
research on network effects, where platforms that captivate more users gain advantages in
terms of augmented liquidity and information dissemination, thereby fortifying their market
dominance (Parker & Van Alstyne, 2005; Wilson et al., 2021). We observe that most NFTs are
created through companies, accounting for 40.03% of total NFT creations. Notably, Foundation
stands out by capturing 21.96% of the total number of created NFTs. This could be attributed to
the user‐friendly interface provided by Foundation and similar marketplaces, which allow NFT
creation without the need for programming skills. Foundation's influence extends to the art
NFT sales, where it accounts for 15.29% of the market. This is probably because it curates pieces
from distinguished artists, which aligns with scholarly research concerning consumer beha-
viour, where branded collections often evoke greater trust and thus attract a larger number of
buyers (Rojas‐Lamorena et al., 2022).

Analogously, Table 2 illustrates the dynamics of herding behaviour in the art NFT market,
providing a detailed analysis of the patterns and tendencies among investors. This table pro-
vides descriptive statistics for the continuous and discrete variables used in the study of herd
bias. It examines how investor decisions are influenced by the actions of others, leading to
collective market trends. Finally, Table A1 in Appendix A provides a brief description of the
quantitative variables presented in Tables 1 and 2.

Following the data extraction, we rely on exploratory data analysis to identify key char-
acteristics of our data set. By analyzing the number of sales and sales volume in USD per year,
we observe that art NFTs followed the overall market trend and skyrocketed in 2021. Specif-
ically, 2018 and 2019 account for just 0.72% of the number of sales and 0.02% of the USD
volume, while 2021 accounts for 93.88% of sales and 99.21% of the volume. Focusing on 2020
and 2021, we see a similar trend when examining the average monthly volume and sales price.
The volume exhibits a strong uptrend for both years, however, the average price, despite
initially following a similar pattern, starts plateauing after February 2021. This indicates that
the volume increase in the art market in 2021 was mostly due to an increase in the number of
sales and not in price.

TABLE 1 (Continued)

Panel B: Discrete variables

Variable Unique values Top frequent value Frequency of top value

num of trades 149 1 53.73

platform of last sale 6 OpenSea 75.11

seller 72,618 0x8c9f364bf7a56ed058… 1.11
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TABLE 2 Herding behaviour descriptive statistics.

This table reports descriptive statistics for the continuous and discrete variables used in the study of herd bias. The
continuous variables are split into two data sets: the Artists data set and the Transactions data set. Each variable's
median value is displayed, along with its standard deviation, minimum and maximum values. The Jarque–Bera
statistic (JB Stat.), which tests for normality in the data distribution, is also provided. A triple asterisk denotes a
significance level of p ≤ 0.01. The Kwiatkowski–Phillips–Schmidt–Shin (KPSS) test results for stationarity are also
shown, with a single asterisk denoting p ≤ 0.1. For instance, in the Artist Data Set, sold ratio, which shows that the
average artist sells only 2% of their work, reveals a great disparity as some artists manage to sell all their work. The
wide‐ranging average price highlights the diversity in the pricing strategy across artists, with the median being 556,
while some nonfungible tokens (NFTs) are priced, on average, as high as 1.35e+ 06. Trade activity, represented by the
num of trades, is generally limited, given the fact that 25% of NFTs are sold twice. The buyer seller pair variable
confirms this trend, as despite the top frequent value being just 1 unique pair, some artists attract thousands of unique
pairs. NFT selling times, captured by timediff, typically do not exceed three months, but some artworks may require
over three years to find a buyer. The Volume variable, a measure of an artist's monthly market activity, further supports
this imbalance: while the median market activity is 4492.12, the most popular artists can stir activity levels up to
1.87e+ 07. Share suggests that the NFTmarket can be dominated by a few artists, with some accounting for up to 82%
of the total monthly market capitalization, despite the median share being zero. Finally, the Demand variable
summarizes the shifting nature of consumer preferences in the NFTmarket, with a wide range from 0.97 to 3570.16. In
the Transactions data set, discrete variables such as discord account and deployer artist provide additional insights. Most
artists appear to have a Discord account, while independent artists constitute the majority. *p < 0.1; **p < 0.05;
***p < 0.01.

Panel A: Continuous variables

Variable Median σ Minimum Maximum JB Stat.
KPSS
test

Artists data set

average price 556 4.05e + 04 2.06 1.35e + 06 3.44e + 07*** 0.15*

cum score 1.77e + 07 1.95e + 07 788.19 7.13e + 07 259.43*** 7.9***

cum score year rank 443.5 467.63 1 1576 228.6*** 7.94***

market cap 4492.12 1.01e + 06 2.41 1.87e + 07 2.08e + 06*** 0.28***

demand 0.97 114.36 0 3570.16 1.85e + 07*** 0.42*

score 1170.45 1.71e + 05 62.28 3.12e + 06 1.98e + 06*** 0.28*

share 0 0.05 0 0.82 1.16e + 06*** 0.11*

sold ratio 0.02 0.16 0 1 2.45e + 04* 0.14*

timediff 88.6 186.77 1.04 1231.58 7891.99*** 0.32*

volume 4492.12 1.01e + 06 2.41 1.87e + 07 2.08e + 06*** 0.28*

Transactions data set

CSAD 0.06 0 0.03 0.1 16.29*** 3.03***

market return 0.02 0.01 0 0.04 19.72*** 2.92***

newcomer proportion 0.24 0.1 0.04 0.67 26.51*** 1.25***

Panel B: Discrete variables

Variable Unique values Top frequent value Frequency of top value

Artists data set

buyer seller pair 344 1 13.09
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We note that 71.9% of the examined NFTs have never been sold. Of those sold, only 22.1%
were sold more than once. However, NFTs that are sold more than once have a higher chance
of being sold a third time, with the probability increasing to 27.1%, which further increases to
30.71% for the fourth sale.

The observed illiquidity and fragmentation in the art NFT market resonate with char-
acteristics commonly associated with emerging markets (Amihud & Mendelson, 1986;
Kirilenko et al., 2017; So & Wang, 2014) where high volatility and uncertainty prevail.

These trends suggest a dynamic market shaped by a blend of intrinsic and extrinsic factors.
In particular, extrinsic factors, such as market hype and overall crypto market trends, add
further complexity to pricing dynamics. Similar to phenomena observed during technology
bubbles (Ofek & Richardson, 2003), the influence of social media and broader market senti-
ment can create rapid price swings and speculative behaviours.

3 | APPROACH

The methodology section of our analysis is split into two distinct parts, each addressing a
unique aspect of the art NFT market. In the first part, we undertake an evaluation of the art
NFT pricing structures. Indeed, the evolving landscape of financial markets, particularly with
the emergence of new asset classes like art NFTs, has brought to the forefront a critical
reassessment of traditional valuation models. In financial literature, there's a burgeoning
consensus that these novel assets defy conventional categorization and valuation metrics
(Chanel et al., 1996; Nadini et al., 2021; Rosen, 1974), primarily due to their distinct blend of
financial, artistic and social attributes. Art NFTs, unlike traditional assets, encapsulate a unique
intersection of digital scarcity, artistic expression and community‐driven value, challenging the
traditional paradigms of intrinsic value assessment. This divergence from established valuation
norms necessitates a more adaptive and multifaceted approach to understand their market
behaviour:

Hypothesis 1. A holistic and robust price index for art NFTs can be developed by
integrating financial, artistic and social network features, providing a more accurate
reflection of their value than traditional financial metrics alone.

This hypothesis arises from recognizing that such assets lack intrinsic fundamental value
(Taleb, 2021). Our approach seeks to establish a pricing model for art NFTs that goes beyond
traditional financial valuation, encapsulating the complex interplay of artistic merit and social

TABLE 2 (Continued)

Panel B: Discrete variables

Variable Unique values Top frequent value Frequency of top value

deployer creator
generalities

2 Individual 87.08

discord account 2 Yes 54.07

num of trades 842 2 25.38
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influence. To this end, we adopt a two‐sided approach that employs both hedonic and RSR
models. The hedonic pricing model is a revealed preference method used to estimate the
influence of various features on the price of a good, and it is particularly suited for studying
markets where the goods being transacted are highly differentiated (Rosen, 1974), like, the art
NFT market. The RSR model, on the other hand, focuses on items that have been sold more
than once, thus allowing us to control for the intrinsic qualities of each item and isolate the
pure price effect over time. This method is designed to comprehensively capture the intricate
dynamics among financial, artistic and social aspects that jointly determine the valuation of
art NFTs.

The second part of this methodology section analyzes the herd bias within the art NFTmarket. In
this setting, it becomes imperative to consider the possibility that investor rationality, a cornerstone
assumption in traditional financial markets (Amihud & Mendelson, 1986; Campbell & Shiller, 1988),
may not hold true in this novel and evolving landscape. The art NFT market, characterized by its
nascent stage, digital nature and unique asset properties, presents a scenario where traditional
notions of market behaviour and investor rationality may be challenged or redefined.

The concept of herding behaviour, which implies investors making decisions based on the
actions of others rather than based on independent analysis or changes in intrinsic asset values,
becomes particularly important in this context. This is compounded by the unique attributes of
the NFT market, such as its relatively low liquidity and high information asymmetry (Li &
Chen, 2023). These factors can create an environment conducive to herding, where investors
are more likely to follow market trends and collective sentiment rather than basing their
investment decisions on fundamental analysis:

Hypothesis 2. Herding behaviour significantly influences the valuation cycles of art
NFTs, with investor actions conforming to group dynamics, especially in scenarios of
high market volatility and information asymmetry.

We utilize the CSAD as a key analytical tool to analyze herding behaviour and artist‐driven
market trends within the art NFT market. CSAD is instrumental in revealing how market parti-
cipants react to volatility and conform to prevalent market trends, often prioritizing these over
fundamental analysis. This trend is especially noticeable in markets fraught with uncertainty and
information asymmetry, characteristics intrinsic to the art NFT sector (Bao et al., 2023). The low
liquidity of the NFT market can actually amplify herding effects because a few investors' actions
can disproportionately influence prices, prompting others to follow (Azarmi & Menny, 2013;
Banerjee, 1992; Demirer & Kutan, 2006). As such, a small number of transactions can excessively
influence the market, leading to a scenario where prices comove more due to investor behaviour
rather than underlying fundamentals. The strength of the CSAD model lies in its ability to identify
herding by assessing the comovement of NFT prices, observing when prices move more uniformly
than fundamentals would suggest. The model's efficacy lies in its ability to detect this uniformity in
price movements. In a normal market scenario, where decisions are made independently, price
movements of different assets would be more varied and less correlated. However, in situations
where herding is present, there is a notable convergence in the way prices of different assets move,
indicating that investors are likely following similar cues or strategies, rather than basing their
decisions on changes in intrinsic asset values. The CSAD model's applicability in low liquidity
markets like NFTs is underscored by studies that have examined herding behaviour in similar
contexts, such as small‐cap stocks or emerging market equities (Chang et al., 2000; Park &
Sabourian, 2011; Yousaf & Yarovaya, 2022).
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3.1 | Pricing dynamics

The hedonic regression approach applied to the study of art NFTs price dynamics is rooted in
the consumer theory of utility maximization, where NFTs are considered bundles of char-
acteristics, and the price reflects the consumer's willingness to pay for these characteristics
(Lancaster, 1966; Rosen, 1974). This approach has been widely used to study price determinants
in various markets, such as real estate (Muehlenbachs et al., 2015), traditional art (Adams
et al., 2021; Aubry et al., 2023; Chanel et al., 1996; Renneboog & Spaenjers, 2013) and more
recently, in the analysis of digital assets like NFTs (Borri et al., 2023; Horky et al., 2022).

For the analysis of art NFTs in this study, we commenced by employing a hedonic
regression model, described by the following equation:

βy β γD δTXln( + 1) = + + + + ϵ ,i ii0 (1)

where yi is the average price of the NFT, X represent a vector of continuous variables, D
denotes control variables, T stands for time fixed effects and ϵ is the error term. Here, the
continuous variables include features such as colour proportions, Shannon's entropy and floor
price, reflecting both aesthetic and complexity aspects of the NFTs. The control variables
represent a set of dummy variables accounting for intrinsic characteristics (e.g., the number of
colours in each image) of the digital assets and presence on social media. Time coefficients are
incorporated to construct a price index, accounting for temporal variations and market trends.

To correct the potential selection bias in observed price data, we performed a Heckman two‐
stage regression. Selection bias arises when the sample selection for observation is not random,
and there is a correlation between the observable selection and the unobservable factors
affecting the dependent variable (Korteweg et al., 2016). In the context of art NFTs, this bias can
occur when only the prices of traded NFTs are observed, while unsold NFTs remain
unobserved. This nonrandom selection can create a bias in estimating the relationship between
price and characteristics of the NFTs, as the unobserved factors affecting the decision to trade
might also influence the price. To correct for this, the inverse Mills ratio (IMR) is derived from
the Probit estimation and encapsulates the likelihood of the NFT being traded. This IMR is
incorporated into the hedonic regression as a new variable, λ, ensuring unbiased estimates:

λ
ϕ γ

γ

X

X
=

( )

Φ( )
. (2)

The model corrects for the selection bias by capturing the unobserved factors affecting both
the selection process and the dependent variable:

βy β γD δT θλXln( + 1) = + + + + + ϵ .i i ii0 (3)

The two‐stage approach ensures that the relationship between the price and characteristics
of NFTs is estimated without the bias induced by nonrandom selection.

We addressed multicollinearity using the Variance Inflation Factor method, ensuring that
the explanatory variables were not highly correlated (O'Brien, 2007). Furthermore, we assume
that our data respect all the assumptions of the hedonic and Heckman models, such as lin-
earity, homoscedasticity and the normality of error terms and residuals.
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In the context of hedonic modelling for art NFT prices, the time‐varying and invariant
variables are crucial in determining the underlying price index. However, it is vital to ensure
that the hedonic regression parameters are stable over time. If not, this instability can lead to
biased estimates of time dummy coefficients and consequent price indexes (Kuminoff
et al., 2010).

To mitigate this issue, we employ the chained Fisher index, derived from sectional
hedonic regressions, following the methodology used in classical financial literature
(Diewert, 1976; Triplett, 2004). Specifically, we construct the Fisher index by first cal-
culating the Laspeyres and Paasche indexes and then obtaining the geometric mean of
these two indexes. Given the estimated β coefficients from the hedonic regression and the
normalized weights q for each characteristic, the Laspeyres index for a given period t is
calculated as


Laspeyres

β q

β q
= .t

j
J

j t j t

j
J

j t j t

=1 , +1 ,

=1 , ,

(4)

Similarly, the Paasche index for the same period is determined as


Paasche

β q

β q
= .t

j
J

j t j t

j
J

j t j t

=1 , +1 , +1

=1 , , +1

(5)

The Fisher index is then the geometric mean of these two indexes:

F Laspeyres Paasche= × .t t t+1 (6)

The Fisher index can be chained across time to generate a consistent price index for art
NFTs.

In the final step, we employ RSRs. This technique focuses specifically on the items that have
been sold multiple times, thereby controlling for the unobservable heterogeneity of those assets
(Bailey et al., 1963; Korteweg et al., 2016; Mei & Moses, 2002). This approach offers a com-
plementary perspective to hedonic regression by capturing price changes for identical NFTs,
thus eliminating the need to control for detailed characteristics. The model is estimated with
the regression:

y β βDln( ) = + + ϵ ,i t
t

T

t i t i t, 0
=1

, , (7)

where yi,t represents the ratio between the prices of two consecutive sales, βt the coefficients for
the dummy variable Di,t with a value of 1 in the period when the resale occurs, −1 in the period
of the previous sale, and 0 otherwise and εi,t is the error term.

However, a significant concern in RSRs is, again, the potential selection bias and the
heteroskedasticity of the error term. Indeed, as specified before, in RSR, the sample only
consists of NFTs that have been sold multiple times. This specific selection can introduce bias
since NFTs that are sold more than once may not be a random subset of all NFTs. They might
have unique characteristics that make them more or less likely to be resold, leading to a
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systematic deviation from the overall population. To correct for this bias and account for the
varying holding periods between repeat sales, we utilize the Case Shiller three‐stage regression
method (Case & Shiller, 1989; Korteweg et al., 2016).

We begin by conducting the RSR as previously described, extracting the residuals. This
initial step lays the foundation for modelling the heteroskedasticity in the error term. Such
nonconstant variability could be related to factors like the holding period, which might have
varying effects on the error term across different observations. We regress the squared residuals
against a constant and the specific holding periods of art NFTs:

u γ γ holding period ζ= + × _ + .t t
2

0 1 (8)

By modelling the squared residuals in this manner, we capture the pattern of hetero-
skedasticity and its relationship with the holding period. Finally, we fit the original RSR using
Generalized Linear Models with weights derived from the reciprocal of the square root of the
fitted values from the second stage.

3.2 | Herd bias

The notion of herding behaviour refers to the propensity of market participants to con-
form to the investment decisions of a larger group, often at the expense of their own
available information. In the context of the art NFT market, this can manifest in the form
of preferences aligning with recognized or leading artists, thereby creating self‐
reinforcing patterns of demand. Such mechanisms can lead to a superstar phenomenon
where a small number of artists dominate the market. This phenomenon has been em-
pirically investigated in traditional art markets (Rosen, 1981), but the exploration in
digital markets is new.

Our analytical framework encompasses three primary dimensions: (1) artistic quality as
reflected by market metrics, (2) herding behaviour rooted in classical financial theories and (3)
the intricate relationship between historical performance, popularity and influence factors like
social media engagement. This last dimension, particularly, provides insights into how external
elements, such as an artist's Discord account presence or the artist status, interact with tra-
ditional market dynamics to shape an artist's ranking and demand. By leveraging the OLS
estimation approach of the multinomial logit model of Azarmi and Menny (2013), we col-
lectively analyze consumer choices based on the individual market shares of artists rather than
focusing on separate purchasing decisions.

Our analytical representation takes the following form:

α α β X Xlog(Π ) = + + ( − ¯ ) + ϵ ,it i t

j

J

j ijt jt it

=1

(9)

where the intrinsic value of an artwork created by artist i is symbolized by ai, the j‐th ex-
planatory variable is denoted by Xijt and εit refers to the error term of the model. The corre-
sponding arithmetic means of Xijt are represented by Xjt . Πit symbolizes the selection made by
art enthusiasts and is rooted in the relative demand attributed to artist i at time instance t . We
define this relative demand as
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
S

S
Π = = .

͠it
it

t

V

V

j
n V

V=1

it

t

jt

t

n

(10)

In this model, the relative demand Πit is derived by dividing an artist's market share Sit by
the geometric mean of the individual market shares across all artists, represented by S͠t. The
term St is ascertained by dividing the monthly market capitalization Vit specific to an artist by
the cumulative market capitalization Vt for all n artists at time t . We define the market capi-
talization for each artist similarly to how it's calculated in the stock market, by multiplying the
number of artworks sold by the average price of these artworks for each month and summing
the total for each artist.

We assume that consumers do not have predetermined preferences for a specific artist or art
style within a given sample category. For instance, an individual evaluating works from a
particular NFT collection would exhibit equal interest in diverse artistic expressions, irre-
spective of the creator.

As an explanatory variable, the cumulative score of the annual ranking lagged by one period
captures the inertia in an artist's popularity, reflecting how past performance continues to affect
current standings. The yearly rank of the artist and the previous monthly rank provide insights
into the temporal dynamics of an artist's market position. The interaction terms in the
regression model serve specific purposes in understanding the dynamics of the art NFT market.
The complexity of the art NFT market is further dissected through specific interaction terms in
the model. The term involving yearly rank and Discord account (year ∗ discord_account) cap-
tures the influence of social media engagement on an artist's rank, reflecting how an active
presence on platforms like Discord can amplify the artist's visibility and market appeal. The
interaction between yearly rank and the artist status (year ∗ deployer_artist) distinguishes
between artists who are independent creators and those associated with companies. In the art
NFT market, the interaction effects help explain how information cascades might form. For
instance, a high yearly rank, coupled with active engagement on Discord, might create a
positive feedback loop where popularity leads to more visibility, further enhancing demand.
Conversely, the artist's status might affect how information about the artist disseminates, with
individual artists potentially benefiting from a more personalized connection with collectors.

We complement and enrich the study of herding behaviour and artist stardom by examining
the CSAD. This method serves as an analytical tool for discerning how market participants
adapt to fluctuations within the market. By evaluating the cumulative sum of deviations from a
certain trend or mean, we identify instances of herding behaviour, where investors are inclined
to follow prevailing trends rather than base their decisions on fundamental analysis. Such
herding behaviour forms a common thread between the stardom effect and cascade theory, as
well as the study of CSAD. These interconnected areas pertain to the manner in which
investors or market participants might succumb to trends, overlook private information or
make determinations grounded in the conduct of others, rather than a rational evaluation of
value. In the context of NFTs, being relatively nascent and heavily influenced by social
dynamics, celebrity endorsements and market hype, often leads to behaviours where in-
dividuals align with the crowd instead of pursuing independent analysis. We recognize this
alignment as a phenomenon where a few artists dominate the market.

Initially, we calculate daily returns of individual art NFTs as in Bao et al. (2023) and we
adapt the CSAD measure, as formulated by Chang et al. (2000):
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 CSAD
N

R R=
1

− .t

i

N

i t m t

=1

, , (11)

In the NFT market, which is characterized by low liquidity, the price movements are often
more pronounced due to the significant impact of trades in the market. When herding occurs,
investors tend to move collectively, leading to a decrease in the dispersion of returns across
different assets, that is, they start moving more in sync with each other. In such scenarios, the
CSAD value tends to decrease as the absolute deviations of individual asset returns from the
mean return diminish. This uniformity in price movements, despite the low liquidity, is a key
indicator of herding.

The effectiveness of CSAD in capturing herding in low liquidity environments lies in its
sensitivity to the convergence of asset returns. When investors herd, the correlation between
individual asset returns and the market average increases, reducing the CSAD value. This
contrasts with a market dominated by independent decision‐making, where one would expect a
higher level of dispersion in returns, and hence, a higher CSAD value. Further, to enhance the
robustness of the findings and capture the dynamic interactions in the market, we extend the
methodology by introducing a lagged dependent variable, as advised by Fu and Wu (2021):

 CSAD α γ R γ R γ CSAD ε= + + + + .t m t m t t t1 , 2 ,
2

3 −1 (12)

The convergence between individual and market returns in this model reflects the mani-
festation of artist stardom, where market preferences tend to converge towards specific artists.

To delve deeper into the dynamics of herding, we employ the fixed transition probabilities
Markov‐switching model (MSM) (Diebold & Rudebusch, 1999), integrating the methodology
developed by Bao et al. (2023). This approach enables the distinction between different market
regimes, revealing how herding behaviour fluctuates over time:






 
 CSAD

α γ R γ R γ CSAD ε s

α γ R γ R γ CSAD ε s
=

+ + + + if = 1,

+ + + + if = 2,
t

m t m t t t t

m t m t t t t

1,1 , 2,1 ,
2

3 −1 1,

1,2 , 2,2 ,
2

3 −1 2,

(13)

with transition probabilities expressed as

∈P s i s j p i j( = = ) = , , {1, 2}.t t ij+1

The transition matrix for this first‐order Markov‐switching process takes the form







P

P P

P P
=

1 −

1 −
,

1,1 2,2

1,1 2,2

where P0 < < 1i i, and P0 < < 1j j, . In this context, Regime 1 represents the state with herding,
characterized by a negative γ2,1, while Regime 2 denotes the state without herding, indicated by
positive or insignificant γ2,2.

The constant term α serves as a nonswitching parameter, symbolizing the long‐term
average of CSAD t, while the transition probabilities, P s i s j( = = )t t+1 , govern the progression
between these two states. The probability P1 − 2,2 specifically elucidates the likelihood of the
emergence of herding behaviour.
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4 | DISCUSSION OF RESULTS

4.1 | Price indices design

For the construction of hedonic indices, we select sold non‐wash traded NFTs starting from
Janurary 1, 2020, due to the rarity of the transactions before that date, and we are left with
238,420 unique NFTs. We identify several significant pricing determinants for art NFTs. Table 3
illustrates our hedonic regression results. A pivotal outcome, observed consistently across all our
models, is the positive and significant coefficient on the log transformed variables number_of_-
trades and floor_price, with values around 1.07 and 0.93, respectively. This suggests that NFTs
with a higher number of trades and a higher floor price are likely to command a higher average
price. This finding aligns with existing literature on asset pricing, such as Campbell and Shiller
(1988) and Fama and French (1993), highlighting the relevance of these factors in financial
markets. In particular, the variable floor_price may be capturing the price floor effect, suggesting
that the minimum acceptable price for the NFT could be a significant determinant of its average
price. As Kahneman and Tversky (1979) illustrate, this minimum price often sets a psychological
benchmark or reference point for transactions, influencing final prices. In a similar vein, the role
of a base price or minimum price as a determinant of the final price of an asset has been
emphasized by Campbell and Shiller (1988). In the context of our study, a higher floor price could
convey a higher perceived value of the NFT, resulting in a higher average price. Further, the floor
price might encapsulate the price floor effect. In auction theory, Milgrom and Weber (1982)
underscore the importance of the reserve price (the lowest price at which the seller is willing to
sell the item) in determining the final price. This concept could apply to NFTs as well, where the
floor price acts as a reserve price and impacts the final price of the NFT.

On the other hand, the negative coefficients on the log transformed variables
following_count and quote_count_month are indeed unexpected, given that one would
typically expect higher levels of social media activity to positively influence the price of
NFTs. However, our regression results suggest that this is not the case for the art NFT
market, at least within the context of the observed data. One possible explanation for
these counterintuitive results is the over‐saturation hypothesis: When an NFT or a col-
lection of NFTs is excessively quoted or posted about on social media, it could lead to an
over‐saturation of information. This phenomenon could reduce the perceived rarity
associated to the NFT, thereby driving down its price. This idea aligns with the findings of
Dellarocas (2003) and BabićRosario et al. (2020), which discuss the potential downsides of
excessive online exposure.

The application of Heckman's two‐step model, as exhibited in models (1′), (2′) and (3′),
reveals insights about the potential selection bias in the study of art NFT pricing dynamics. The
IMR (λ) for the model (1′), derived from the Probit model in the first step of the Heckman
process, is significant and negative in magnitude, confirming the presence of selection bias in
the sample of traded NFTs. The negative sign of the IMR suggests that the unobserved factors
influencing the decision to trade NFTs are inversely correlated with the error term in the
average price equation. This implies that those NFTs less likely to be traded (due to unobserved
factors) tend to have higher prices than what could be predicted based solely on their
observable characteristics. Higher‐priced NFTs, which are less likely to be traded, might con-
tain superior artistic or unique features not captured by the observable characteristics.

In terms of the robustness of the results, the consistency of most variable coefficients across
both the hedonic and Heckman models indicates that our findings are resilient to adjustments
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for selection bias. However, some variables, such as the return on the Bloomberg Galaxy Crypto
Index (BGCI return_ ), demonstrate significant changes in their coefficients when transitioning
from the hedonic models to the Heckman models. The coefficients' substantial increase in
models (1) and (1′) suggests that the relationship between these variables and NFT prices is
subject to the influence of selection bias. As such, the return on the Galaxy Crypto Index could
be capturing some of the unobserved factors affecting the decision to trade NFTs. Previous
studies have found a significant impact of selection bias on the relationship between asset
prices and market‐wide indicators (Ang et al., 2020; Bianchi & Babiak, 2022). The pronounced
positive coefficient in our model suggests a correlation between the performance of crypto-
currencies, as measured by the Bloomberg Galaxy Crypto Index (BGCI), and the pricing
of NFTs.

The application of the RSR model drastically reduced the number of observations from
238,420 to 107,101. This is expected as the RSR model only considers assets that have been
traded more than once, which is a crucial characteristic of the RSR model that leverages
repeated sales data to control for the unobserved time‐invariant characteristics of the assets.
Figure 1 draws the estimated art NFT price indices.1 We observe that all four indices—the
hedonic, hedonic‐Heckman, repeat sales and repeat sales–Case Shiller—display a similar trend
of price growth over the period from August 2020 to February 2022. There is a particularly
noticeable spike in price growth around February 2021. This surge in price indices coincides
with several significant events in the NFT market. For instance, in March 2021, a digital
artwork by the artist Beeple was sold as an NFT at Christie's auction for a staggering $69
million. This sale not only marked a historic moment for digital art but also significantly
boosted the perceived value of NFTs. Furthermore, in the same month, the first‐ever tweet by
Twitter CEO Jack Dorsey was sold as an NFT for $2.9 million. These high‐profile sales events
likely contributed to the increased attention and perceived value of NFTs, which is reflected in
the sharp increase in the price indices around this time.

In the subsequent period, from April to June 2021, the indices had a sudden drop. This
could be linked to several notable developments in the NFT market. Between February
2021 and June 2021, the NFT market, experienced a significant decline due to an
unsustainable surge in prices driven by speculative investments, which led to a market
correction as initial excitement waned. This period also saw increasing regulatory scru-
tiny and uncertainty, with the rapid advancements in NFT technology outpacing regu-
latory frameworks, creating instability and eroding investor confidence. Concurrently, the
broader cryptocurrency market experienced a downturn, with major cryptocurrencies like
Bitcoin and Ethereum seeing significant price drops, which further impacted NFT
transactions. Additionally, the market was flooded with low‐quality projects and a
growing realization that many NFTs had little intrinsic value, leading to oversupply and
decreased demand, causing many NFTs to become virtually worthless. The sharp spike in
the indices around July 2021 coincides with significant investments in the NFT space. At
that time, OpenSea, one of the largest NFT marketplaces, announced that it had raised
$100 million in a Series B funding round led by AH Capital Management. This

1Since the RSR model does not effectively handle sales occurring within the same time period—relying instead on time
variation between sales to identify price changes and control for time‐invariant characteristics—we acknowledge this
limitation in our data. To mitigate this, we constructed repeat sales indices on monthly, weekly, and daily bases. We
opted for the daily index because it minimized the number of discarded transactions (35.50%). In Figure 1, we
aggregated the repeat sales indices to a monthly level by averaging the parameters within each timeframe.
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investement valued the company at $1.5 billion. This massive investment likely boosted
market confidence and contributed to the surge in NFT prices reflected in the price
indices.

After correcting for selection bias, Figure 1 shows that the repeat‐sales–Case Shiller model,
which corrects for both heteroskedasticity and selection bias, is slightly more volatile, partic-
ularly after February 2021. This could be attributed to the increased sensitivity of this model to
changes in repeat‐sales data. This unique sensitivity stems from the model's design, which
leverages repeat‐sales data to capture pure price changes, while simultaneously accounting for
potential heteroskedasticity and selection bias. As a result, any substantial variations in repeat‐
sales data are likely to be more pronounced in this model, leading to increased volatility in the
derived price index. Overall, from June 2021 to October 2021, the Repeat Sales index was
generally above the Hedonic index, possibly due to speculative trading where investors resold
NFTs at inflated prices driven by enthusiasm and potential speculative bubbles. In contrast, the
Hedonic index remained relatively stable, suggesting that the intrinsic characteristics of NFTs
didn't change much in value.

FIGURE 1 Art nonfungible token (NFT) price indices. This figure presents the four different art NFT price
indices: the hedonic, hedonic‐Heckman, repeat sales and repeat sales‐Case Shiller. These indices trace the
evolution of art NFT prices from February 2020 to February 2022. The hedonic model, for instance, evaluates the
prices of art NFTs based on their observable characteristics, while the repeat sales model focuses on price
changes for identical art NFTs traded over time. The hedonic‐Heckman model augments the hedonic model by
correcting for potential selection bias. The repeat sales‐Case Shiller model extends the repeat sales model by
accounting for both heteroskedasticity and selection bias. From August 2020 to February 2022, the hedonic,
hedonic‐Heckman, repeat sales and repeat sales‐Case Shiller indices all displayed similar price growth trends,
with a noticeable spike around February 2021. This spike appears to coincide with significant events in the NFT
market, such as Beeple's $69 million NFT sale at Christie's and the $2.9 million sale of Jack Dorsey's first tweet,
potentially boosting NFT values. From April to June 2021, the indices dropped, likely resulting from a market
correction driven by speculative investments, regulatory scrutiny and a broader cryptocurrency downturn. In
July 2021, a spike in indices may be attributed to OpenSea's $100 million funding round. [Color figure can be
viewed at wileyonlinelibrary.com]
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The hedonic and RSR offer robust analytical frameworks for understanding the pricing
dynamics of the digital assets in our sample. However, they are not exempt from potential
issues. A significant concern in these models is the time instability of the parameters, which
can lead to biased estimates of the price indices (Kuminoff et al., 2010). This instability can
stem from changing market dynamics, evolving consumer preferences or shifts in the mix of
characteristics present in the traded NFTs over time.

The Laspeyres and Paasche indices, as shown in Figure 2a, provide a clear picture of the
monthly price dynamics of the NFT market. Despite observable fluctuations in the market,
these indices remain relatively stable and mirror each other closely throughout the sample
period. This stability suggests that the cost of purchasing a specific bundle of NFT character-
istics has remained consistent over time, a finding in line with the assumptions of the hedonic
model (Rosen, 1974). However, a significant boom in the NFT market was observed starting
from September 2021. Despite this surge, the Laspeyres and Paasche indices remained stable,
prompting us to conduct a more detailed investigation into the underlying causes.

We plot the changes in the β coefficients and quantities (intended as the median of char-
acteristics in our data set) over time in Figure 2b. The β coefficients, indicative of the implicit
prices of NFT characteristics, show substantial variability throughout the period under con-
sideration. Conversely, the quantities of the NFT characteristics, denoted by q, follow a

(a) (b)

FIGURE 2 Fisher index. (a) The Laspeyres and Paasche indices (components of the overall Fisher price
index) over the examined period from February 2020 to February 2022. These indices reflect the monthly price
dynamics of the nonfungible token (NFT) market. Despite observable fluctuations in the market, particularly a
significant surge in September 2021, these indices remain relatively stable. This stability suggests a consistent
cost for a specific bundle of NFT characteristics, underpinning the assumptions of the hedonic model. (b) The
changes in the β coefficients and quantities over the same time period. The β coefficients, which represent the
implicit prices of NFT characteristics, show substantial variability, capturing the evolving nature of the NFT
market and changes in consumer preferences. Conversely, the quantities, denoted by q, remain relatively
constant, indicating a stable mix of NFT characteristics sold over time. This contrast between the variability of β
coefficients and the stability of q suggests that the changes in prices are generally balanced by changes in
quantities. This balance further highlights the stability of the Laspeyres and Paasche indices, and consequently
the Fisher index, even during the market boom in September 2021. [Color figure can be viewed at
wileyonlinelibrary.com]
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smoother trajectory, suggesting that the mix of characteristics in the sold NFTs has remained
relatively constant over time. This stability in quantities, coupled with the variability in β

coefficients, causes the steady nature of the Laspeyres and Paasche indices during the observed
market boom. Essentially, the stability of the Fisher index, which is a geometric mean of the
Laspeyres and Paasche indices, implies that changes in prices (β) are generally balanced by
changes in quantities (q).

The graphical representation of the number of trades and floor price trends in Figure 3
further underscores the dynamic nature of the NFT market. We observe a significant increase
in the number of trades, or market activity, towards the end of the period, which coincides with
a rise in the floor price. This pattern suggests a potential correlation between market activity,
prices and the quantities of characteristics traded. In other words, as the volume of trade and
average prices increased (evidenced by the rise in the floor price), the quantities of NFT
characteristics sold also increased, effectively stabilizing the price indices.

4.2 | Herding behaviour

Following classical financial theories, we believe that consumers tend to follow the crowd,
aligning their preferences and demands with popular artists, thereby creating a cascade effect.
This herding behaviour is manifested in the NFT market, leading to a superstar phenomenon
where a handful of artists dominate the market, as proposed by Rosen (1981).

FIGURE 3 Number of trades and floor price trends. This graph presents the evolution of the number of trades and
floor price trends in the art nonfungible token (NFT) market from February 2020 to February 2022. The log(num of

trades + 1) (depicted in red) and log(floor price + 1) (depicted in blue) are represented on a normalized, monthly
averaged scale. An observable upswing in both metrics is evident from around October 2021, suggesting a significant
market boom during this period. This upward trend likely reflects evolving consumer preferences, technological
advancements, increased public awareness and broader market acceptance of NFTs as digital assets. Importantly, as
trading volume and average prices increased, so did the quantities of NFT characteristics sold, effectively balancing the
price indices. [Color figure can be viewed at wileyonlinelibrary.com]
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We employ a comprehensive ranking system for artists. This system works by considering a
diverse range of market metrics and social factors which encompass various aspects of an
artist's presence in the NFT market, allowing us to evaluate the artists' market positions and
popularity. The ranking process is performed monthly to reflect the dynamic nature of the NFT
market. Specifically, we leverage the previous analysis database and select all deployers based
on their Twitter handles who are not companies or marketplaces. We group the NFTs by artist,
leading to a total of 413 unique NFT artists based on Twitter handles.

We factor in the ratio of an artist's sold to her unsold artworks, which gives us an under-
standing of the market demand for her works. The higher the ratio, the greater the demand for
the artist's work. Similarly, we account for the average price of sold NFTs. A higher average
price typically indicates a higher perceived value or desirability of an artist's work. The market
capitalization for each artist, calculated on a monthly basis, is also considered. This measure,
defined as the total value of her sold artworks within a given month, provides an insight into
the artist's overall market presence and financial impact. We also take into account the average
number of trades for each sold NFT. This measure provides an indication of the liquidity and
secondary market activity of an artist's work. More trades generally suggest greater interest and
engagement from collectors and investors. Additionally, we look at the number of unique
buyer–seller pairs, which gives us an idea of the diversity of interactions associated with an
artist's works. A greater number of unique pairs usually indicates a broader collector base and
more varied market activity. Lastly, we consider the selling time of each sold NFT. This
measure indicates the average time it takes for an artist's work to sell. Shorter selling times
often suggest higher demand and faster market turnover. By considering all these equally
weighted factors, we compute a composite score for each artist. This score, where each factor
has an equal weight, serves as the basis for our monthly ranking of artists.

To contextualize the variables employed in our study, we start with an examination of the
descriptive statistics illustrated in Table 2. The substantial variation in volume—with a median
value of 4492.12—exposes the disparity between artists, highlighting an uneven playing field
where a few artists garner significant market activity, while the majority struggle to gain
traction. As this variable reflects the market activity for individual artists in a given month, this
could potentially signal illiquidity issues, where the market is concentrated around a small
number of artists, akin to the “superstar” phenomenon. Moreover, share, which represents the
proportion of the total monthly market capitalization attributable to an individual artist, further
accentuates this fragmentation. The median value of 0 indicates that the market is dis-
proportionately dominated by a few artists, suggesting a significant skew in market power.
Lastly, the demand variable, representing an artist's popularity relative to other artists, un-
derscores the fluctuating and potentially illiquid nature of the art NFT market. With a median
value of 0.97 and a wide range of values, it demonstrates how rapidly consumer preferences can
shift in the art NFT market. This suggests a market prone to sudden swings and potentially
fragile liquidity, as demand can quickly pivot from one artist to another.

Table 4 presents the findings from our regression models, dividing the artists into three
distinct categories based on their monthly rankings. Artists are grouped by the month they are
active, and their rankings are evaluated within these monthly groups. They are then divided
into three quantile‐based categories based on their rank, ensuring that each category has
roughly the same number of artists where possible. Since rankings can vary from month
to month due to changes in the metrics that determine an artist's rank, it is common for an
artist to appear in different categories across different months. This method allows for each
group to contain about 780 artists, even though there are only 413 unique artists, because the
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TABLE 4 Least square estimation herd bias.

This table reports the findings from a comprehensive regression analysis based on a least square estimation of
the model of Azarmi and Menny (2013), investigating the determinants of demand for artworks in the
nonfungible token market. We divide artists into three categories according to their monthly rankings: the
highest‐ranked artists (Model 1), midtier artists (Model 2) and lower‐tier artists (Model 3). The dependent
variable in each model is the logarithm of demand for artworks by each artist category. A diverse array of
explanatory variables is included, reflecting historical performance metrics, artist rankings and social media
engagement. Yearly rankings are consistently negative and significant, indicating that higher rankings correlate
with lower demand, suggesting a preference for niche or emerging artists. Furthermore, lagged monthly
rankings show that previous high ranks reduce current demand for top and bottom artists but increase it for
midtier artists, likely due to a “momentum effect”. Nevertheless, engagement on Discord does not boost
demand for low‐tier artists, possibly due to a smaller follower base, but enhances visibility and demand for
midtier artists. Finally, independently deployed works by top‐ranked artists see higher demand, reflecting a
preference for authenticity. However, this strategy is less beneficial for midtier artists, likely due to the lack of
support systems. Each entry in the table delineates the coefficient estimates, with standard errors provided in
parentheses. Artist and month fixed effects (FE) are included to control for unobserved time‐invariant artist‐
specific characteristics and common temporal shocks. The total number of observations, the adjusted R2 and the
F statistic are reported for each artist category. Significance levels are denoted as follows: *p ≤ 0.1; **p ≤ 0.05;
***p ≤ 0.01

Dependent variable: log(demandit)

(1) (2) (3)

const 2.9905*** −0.0320*** −2.9255***

(0.0189) (0.0124) (0.0233)

cum score year rankt−1 −0.0002* −0.0001 0.0001

(0.0001) (0.0001) (0.0001)

year rankt −0.0087*** −0.0058*** −0.0073***

(0.0006) (0.0002) (0.0003)

month rankt−1 −0.0017* 0.0003 −0.0008

(0.0012) (0.0006) (0.0009)

year * discord accountt −0.0001 0.0002* −0.0001

(0.0003) (0.0001) (0.0001)

year * deployer artistt 0.0013** −0.0005*** 0.0000

(0.0005) (0.0002) (0.0002)

Artist FE ✓ ✓ ✓

Month FE ✓ ✓ ✓

Observations 787 777 796

R2 0.7346 0.7855 0.6280

297.30*** 329.64*** 172.53***

F statistic (robust) (df = 538) (df = 450) (df = 511)
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same artists can appear in multiple categories across various months. The categories are as
follows: the highest‐ranked artists (Model 1), the midtier artists (Model 2) and the lower‐tier
artists (Model 3).

We find that year rank_ t is negative and statistically significant across all models, suggesting
that artists with higher yearly rankings have lower demand, potentially indicating art en-
thusiasts' preference for niche artists or their inclination to discover new talent rather than
following the crowd.

The variablemonth rank_ t−1 further underscores the complexity of the art choice dynamics.
It is negative for the highest‐ and lowest‐ranked artists (Models 1 and 3), suggesting that a
higher rank in the previous month decreases the current demand. However, the relationship is
positive for midtier artists (Model 2), which could be attributed to a “momentum effect” where
midranking artists who perform well in 1 month continue to attract attention in the
subsequent month.

The interaction term yeart ∗ discord_account although not significant for the lowest‐ranked
artists (Model 3), suggests that active engagement on Discord does not necessarily boost
demand for these artists' works. This observation might seem counterintuitive, especially
considering the common belief that social media engagement generally increase artist visibility
and market appeal, as highlighted by Bao et al., 2023. However, it could be that for low‐tier
artists, the benefit of additional exposure on platforms like Discord are limited by factors such
as a smaller existing follower base or less recognition in the broader art market. In contrast, for
mid‐tier artists, where the interaction term is positive and significant, engagement on Discord
likely plays a crucial role in enhancing visibility and demand. This suggests that mid‐tier artists,
who may already have some market presence but have not yet reached saturation, can sig-
nificantly leverage social media to broaden their audience and increase market appeal.

Turning our attention to the interaction term yeart ∗ deployer_artist, we find that it is pos-
itive for the highest‐ranked artists (Model 1). Artists who independently deploy their work, as
opposed to those associated with or acting on behalf of a company, are met with higher
demand. This finding could be indicative of art enthusiasts' preference for the authenticity,
creativity and individuality that independent artists often embody. However, the dynamics shift
when we look at midtier artists (Model 2). For these artists, the term is negative, implying that
independent deployment might not be as beneficial. This could be due to the additional
challenges and responsibilities that come with operating independently. Lesser‐known artists
might lack the resources, network or reputation that companies provide, thereby facing hurdles
in establishing themselves in the competitive art NFT market. Furthermore, art enthusiasts
may perceive company‐associated artists as more reliable or credible.

Our findings support the hypothesis of herding behaviour. The yearly score shows a clear
and consistent picture: The auction performance of artists (as represented by their rank) has a
profound influence on consumer choice. This is particularly pronounced for the high and mid‐
tier artist samples (Model 1 and Model 2), where herding has a stronger impact on consumer
behaviour, and the effect of current performance is even more apparent.

The clear result obtained from our regression analysis is the conspicuous inequalities in the
art NFT market: the choices of artworks are highly skewed towards the highest and mid‐ranked
artists. This result implies a heavy concentration of market influence amongst a small number
of artists. Indeed, the presence of stardom in art markets is characterized by the fact that a
select group of artists disproportionately commands both attention and revenue. These “star”
artists dominate the marketplace, often overshadowing their less well‐known peers. Their
works are sought after by collectors and command high prices, contributing to a skewed
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distribution of wealth within the artist community. To visually illustrate this concentration, we
turn to the 2021 market capitalization Lorenz curve for the top 200 artists in Figure 4a. The
Lorenz curve's substantial deviation from the equality line—indicative of a scenario
where every artist shares an equal proportion of the market cap—provides a clear visualization
of the pronounced inequality in the distribution of market capitalization among artists. The
curve's steep incline towards the end of the distribution highlights that a small fraction of
artists command a disproportionately large share of the market cap, reinforcing our regression
findings.

Figure 4b shows the Gini Index, a single measure derived from the Lorenz curve that
quantifies the degree of inequality over time. The relatively high and fluctuating Gini Index
values across all three samples underscore a persistent and varying level of inequality in the

(a) (b)

FIGURE 4 Lorenz curve and Gini index for art nonfungible tokens (NFTs). In the analysis of the 2021
Market Cap Lorenz Curve for the top 200 artists, a striking deviation from the line of equality is evident. This
line of equality serves as a baseline, symbolizing an idealistic scenario where each artist enjoys an equal
proportion of market capitalization—an equitable distribution of wealth and influence. The Lorenz curve,
however, tells a different story, one marked by stark disparities and profound inequality. The Lorenz curve's x‐
axis measures the cumulative proportion of artists, a metric that ranges from the least to the most successful.
The y‐axis quantifies the cumulative proportion of the market capitalization, thereby reflecting the accumulated
wealth and influence within the artist community. The substantial bowing of the Lorenz curve away from the
line of equality indicates the pronounced inequality in the distribution of market capitalization among artists.
The curve takes a steep ascent towards the end of the distribution, suggesting that a minor fraction of artists
wield a disproportionately large share of the market cap. The monthly market capitalization Gini Index
investigates the degree and temporal dynamics of this inequality. The Gini Index, a derivative measure from the
Lorenz curve, encapsulates the inequality within a single, powerful metric. Plotted over time, it offers a
chronological snapshot of inequality, tracing its ebb and flow through different periods. Three different samples
were analyzed across a series of months (top, mid and low tier artists), each revealing its own tale of inequality.
However, the common thread across all three is the high Gini Index values that fluctuate over time,
underscoring a persistent and variable level of inequality in the market capitalization distribution among artists.
Among these, Sample 1 exhibits the most pronounced inequality, reflecting the dominance of the highest‐
ranked artists. (a) Lorenz curve and (b) Gini index. [Color figure can be viewed at wileyonlinelibrary.com]
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market capitalization distribution among artists. The most pronounced inequality is observed
in the top‐tier artists sample, which aligns with our regression analysis indicating the domi-
nance of the highest‐ranked artists.

Building on our prior analysis, we aim to identify if and when herding behaviour is likely to
occur in the art NFT market of high and mid‐tier artists, especially during periods of significant
market fluctuations. For a reliable study of CSAD, it is crucial to have a sufficient number of
active artists to enhance liquidity and ensure robust results. Therefore, we restrict our sample
to artists who have performed at least 10 sales. Additionally, we focus on data starting from
January 1, 2021, as this was the year with the majority of NFT transactions. This approach leads
to a total of 405 artists, ensuring that our findings are based on a well‐defined and active
segment of the market.

The ordinary least squares (OLS) regression results in Table 5 suggest that market volatility,
represented by the absolute market return, has a positive influence on the CSAD. The signif-
icant positive coefficient indicates that increased market volatility is associated with increased
herding behaviour: when the market experiences significant ups and downs, investors are more
likely to follow the crowd, potentially leading to inflated or deflated asset prices. The lagged
CSAD also has a significant positive coefficient, suggesting a persistence of herding behaviour
over time. This implies that if herding behaviour was present in the past, it is likely to continue
into the future, potentially creating self‐reinforcing trends in the NFT market. Most interest-
ingly, however, is the non‐significant coefficient of the squared market return, which is
unexpected since we typically expect a negative coefficient here. This anomaly suggests that our
initial model might not fully capture the underlying dynamics, warranting further analysis. To
investigate this further, we use the Markov Switching Model. Essentially, during times of
intense market fluctuations, there is a tendency for the dispersion among individual NFT
returns to decrease. This suggests that in high‐volatility periods, investors are likely following a
common narrative or sentiment, causing their trading behaviours to align. Thus, the individual
returns of these art NFTs begin to converge around a central tendency, reducing the CSAD
(Drehmann et al., 2005; Economou et al., 2011; Park & Sabourian, 2011).

In the MSM, the coefficients under Regime 1 (where herding is present) and Regime 2
(where herding is absent) provide more specific insights into the dynamic nature of herding
behaviour in the NFT market. We notice under Regime 1 that the squared market return
exhibits a negative coefficient compared with its OLS counterpart. This finding is in alignment
with the hypothesis that herding is amplified under extreme market conditions. More specif-
ically, in periods of elevated market returns, the prevalence and intensity of herding seem to be
exacerbated. This reinforces the notion that market participants are especially prone to follow
the crowd when the stakes are high, subsequently reducing the CSAD of individual asset
returns. In contrast, Regime 2 features a positive coefficient for the squared market return,
although it is poorly statistically significant. This suggests that extreme market conditions could
serve as a deterrent to the formation of herding behaviour when such a behaviour is not already
manifest. The model's transition probabilities indicate that once herding is initiated (Regime 1),
it tends to persist over time. In this case, herding can be self‐reinforcing due to factors, such as
information cascades or social influence.

The absolute market return parameter in the MSM serve as complementary layers of
interpretation. The significant positive coefficient on absolute market return in Regime 1
suggests that herding is more prominent in periods of higher returns. This can be interpreted as
a form of “return‐chasing” behaviour, where traders and investors flock to trending assets,
thereby enhancing herding.
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Figure 5 effectively demonstrates the temporal oscillation between regimes of herding beha-
viour and independent decision‐making within the NFT market, as postulated by our model.
Specifically, the shaded areas highlight periods when investors, driven by market momentum,
decide to follow the crowd, leading to an increase in herding behaviour. These instances are closely
aligned with our MSM findings, which reveal a negative relationship between squared market
returns and CSAD, hence indicating increased herding behaviour during market volatility.

The shaded regions in Figure 5 align with notable events in the NFT space that likely
incited increased market activity and investor interest. For example, Beeple's $69 million

TABLE 5 Ordinary least squares (OLS) and Markov switching models (MSMs) for herd bias.

This table reports the coefficients of the OLS regression and the MSM to investigate the presence and dynamics of
herding behaviour in the art nonfungible token market. The dependent variable is the Cross‐Sectional Absolute
Deviation (CSAD), a measure of herding. The first column shows the OLS regression results, illustrating the overall
dynamics of herding behaviour in the market. Both the absolute market return (|Rm,t|) and lagged CSAD (CSADt−1)
have positive coefficients, indicating that market volatility and past herding behaviour increase the tendency for
herding. The next two columns display the coefficients under two different regimes in the MSM: Regime 1, which
signifies the presence of herding, and Regime 2, which signifies the absence of herding. In Regime 1, the negative
coefficient of the squared market return confirms and reinforces the relationship between market returns and
herding. In Regime 2, the squared market return displays a positive, though poorly significant, coefficient, suggesting
the difficult formation of herding behaviour when it is not already present. The last column shows the transition
probabilities (p[1 → 1] and p[2 → 1]) in the MSM, providing insights into the persistence and transition dynamics of
herding behaviour. The table contains 405 observations. The model's goodness of fit is represented by the log‐
likelihood, Bayesian Information Criterion (BIC) and Akaike Information Criterion (AIC). Significance levels are
denoted as follows: ***p ≤ 0.01; **p ≤ 0.05; *p ≤ 0.1.

Dependent Variable: CSADt

OLS

Markov switching model Nonswitching
ParametersRegime 1 Regime 2

const 0.0006***
(0.000)

0.0012***
(0.000)

0.0003*
(0.000)

|Rm,t| 0.1704***
(0.045)

1.6929***
(0.080)

0.0702*
(0.037)

R2
m,t 0.0830

(0.898)
−7.1029***
(0.017)

0.2868
(0.759)

CSADt−1 0.9739***
(0.007)

0.4864***
(0.029)

0.9507***
(0.011)

p[1→1] 0.8115***
(0.081)

p[2→1] 0.0185***
(0.008)

Observations 405

Log likelihood 2064.3 2148.75

BIC −4105 −4231.45

AIC −4121 −4257.49

30 | EUROPEAN
FINANCIAL MANAGEMENT

FRIDGEN ET AL.

 1468036x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/eufm

.12506 by C
ochrane L

uxem
bourg, W

iley O
nline L

ibrary on [01/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



auction watershed event in March 2021 attracted significant media attention and public
interest, leading to increased trading activity and a surge in market returns. Similarly, the
shaded region in September 2021 coincides with the period when the “Loot (for Adventurers)”
project gained significant traction. This project led to a surge in trading activity, manifesting as
increased market returns and herding behaviour.

To further enhance our understanding of the mechanisms that drive herding beha-
viour in the art NFT market, we will investigate in the following how the coefficient on
the squared market return is modulated by the presence of investor newcomers and
fluctuations in the BGCI. Specifically, we seek to assess whether, and to what extent, the
percentage of newcomers in the market and variations in BGCI returns impact the
strength and direction of the coefficient on squared market returns, which serves as our
proxy for herding behaviour. To do so, we use a weighted least squares (WLS) regression
model. We first calculate the proportion of newcomers in the market for each date,
defining a newcomer as an investor who has traded only once. This proportion is then
merged with the existing dataset containing market returns and CSAD values. We perform
weighted regressions across a grid of newcomer proportions, using Silverman's Rule of
Thumb to determine the bandwidth for our kernel weights. This allows us to assess how
the coefficient on squared market returns varies with different levels of newcomer

FIGURE 5 Dynamics of market return and regime switching. This graph provides a temporal illustration of
the nonfungible token (NFT) market returns and the corresponding prevalence of herding behaviour. The
shaded areas represent periods of herding behaviour and correlate with significant market returns. This
alignment which indicate a positive relationship between absolute market returns and Cross‐Sectional Absolute
Deviation, offers a nuanced visual representation of herding behaviour during periods of market volatility. The
graph showcases oscillation between herding and independent decision‐making, reflecting the complex,
nonlinear relationship between market returns and herding behaviour. For instance, high but not extreme
market returns still induce herding behaviour, as indicated by the shaded areas. These shaded periods, driven by
market momentum, correspond to key events in the NFT space that amplified market activity. In March 2021,
the $69 million auction of Beeple's artwork led to increased trading activity. Similarly, the “Loot (for
Adventurers)” project in September 2021 ignited a surge in market returns and herding behaviour. [Color figure
can be viewed at wileyonlinelibrary.com]
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presence, providing a nuanced view of herding behavior under varying market conditions.
The WLS model is well‐suited for this analysis as it accounts for heteroskedasticity and
provides more reliable estimates by giving different weights to observations based on the
newcomer proportion. By plotting the coefficients and their confidence intervals across
the newcomer proportion grid, we can visualize and interpret the impact of newcomers
and BGCI fluctuations on herding behavior in the NFT art market.

Drawing on insights from Bao et al. (2023), we know that experienced investors tend to
secure higher returns per unit of cryptocurrency invested compared with their inexperienced
counterparts. This disparity may be attributed to inexperienced investors, often newcomers,
purchasing NFTs at higher average prices, possibly due to their limited familiarity with market
valuations and dynamics. Given that the majority of these newcomers engage in trading
activities only once, their lack of market understanding makes them susceptible to following
market consensus. When there is an influx of such newcomers into the art NFT market, the
propensity for herding behaviour to manifest is likely heightened.

Simultaneously, the rationale for incorporating BGCI returns stems from the observed high
correlation between cryptocurrency markets and NFT markets. Fluctuations in the BGCI can
serve as a proxy for general market sentiment within the broader cryptoasset ecosystem, which
invariably influences the art NFT space. Thus, BGCI returns can either amplify or attenuate
herding tendencies, depending on the prevailing market conditions.

Figure 6a illustrates the relationship between newcomer proportion and the coefficient γ2 of
Equation (13). Initially, when the share of newcomer is lower than 0.30, γ2 touches 0, sug-
gesting minimal herding behavior. This phase indicates that a smaller influx of newcomers
does not significantly drive collective behavior, and market participants tend to act more
independently. As the percentage of newcomers increases to the range of 0.35, γ2 becomes more
substantially negative, reflecting a pronounced increase in herding behavior. In this interme-
diate phase, the actions of newcomers start to align more closely, leading to a stronger col-
lective movement in market behavior. This alignment is indicative of newcomers following
similar trends and signals, amplifying the herding effect.

However, as the share of newcomers continues to rise beyond 0.55, γ2 begins to increase,
although it remains negative. This trend might mark the onset of a saturation effect
(Bikhchandani et al., 2021; Cong et al., 2021). At this point, the market might experience
collective uncertainty, as the proportion of inexperienced participants could become too large.
This might lead to a shift towards more individualistic behaviour. Such a shift would be
characterized by a less pronounced negative γ2, indicating reduced herding.

The relationship between γ2 and BGCI return in Figure 6b presents a non‐linear and
fluctuating path. Our findings reveal a counterintuitive result. Contrary to expectations that
higher returns on the BGCI would amplify herding behaviour in the NFT market, we observe
that stronger performance in the cryptocurrency market actually attenuates the prevalence of
herding tendencies within the NFT landscape.

According to Demirer and Kutan (2006) and Huo et al. (2023), assets that are the focus of
institutional herding initially experience positive abnormal returns. In other words, when
institutional investors move en masse to buy a particular asset, its price surges above what
would be its intrinsic value under normal market conditions. However, this is a transitory
phenomenon; prices tend to revert to their mean or intrinsic value in the long run, nullifying
the temporary gains accrued due to herding.

Corbet et al. (2022) elaborate on this by offering a theoretical framework. Their model
suggests that the inflation of asset prices is not a random or inexplicable event but a direct
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outcome of herding behaviour among institutional investors. Once the herd dissipates or shifts
focus, the inflated prices naturally correct themselves, aligning more closely with their true,
intrinsic value. This implies a sort of pull effect that intrinsic value exerts on asset prices,
drawing them back to equilibrium once the distorting influence of herding has waned.

We consider in the following how these theories interface with our observations regarding
the BGCI and the art NFT market. Figure 6b illustrates that the relationship between BGCI
return and γ2 is characterized by significant fluctuations rather than a straightforward trend.
This non‐linear relationship suggests that a strong performance in the BGCI may moderate

(a) (b)

FIGURE 6 γ2 Dynamics, newcomers and Bloomberg Galaxy Crypto Index (BGCI) return. This graph
presents the relationships between the γ2 coefficient, the percentage of newcomer investors in the nonfungible
token (NFT) market and the BGCI returns. The γ2 coefficient represents the sensitivity of the cross‐sectional
asset deviation to the squared market returns, a proxy for herding behaviour. The functions in the graphs have
been smoothed with a moving average with a window of 30 to reduce noise and highlight underlying trends.
Initially, when the share of newcomers is lower than 0.30, γ2 touches 0, suggesting minimal herding behaviour.
This phase indicates that a smaller influx of newcomers does not significantly drive collective behaviour, and
market participants tend to act more independently. As the percentage of newcomers increases to the range of
0.35, γ2 becomes more substantially negative, reflecting a pronounced increase in herding behaviour. In this
intermediate phase, the actions of newcomers start to align more closely, amplifying the herding effect.
However, as the share of newcomers rises beyond 0.55, γ2 begins to increase, although it remains negative. This
trend marks the onset of a saturation effect. At this point, the market might experience collective uncertainty,
leading to a shift towards more individualistic behaviour, characterized by a less pronounced negative γ2,
indicating reduced herding. The relationship between γ2 and BGCI return is nonlinear and fluctuating.
Interestingly, instead of increasing herding behaviour, a strong performance in the cryptocurrency market
seems to reduce it in the art NFT market. Typically, assets subject to institutional herding experience initial
return spikes, but these gains are short lived as prices correct to intrinsic values. Herding inflates prices
temporarily, which then revert over time. A strong BGCI, indicating a healthy cryptocurrency market, leads
investors to shift capital from NFTs to cryptocurrencies, thereby reducing herding in the art NFT market. Thus,
strong BGCI performance stabilizes investor behaviour and reduces herding‐induced distortions in art NFTs. (a)
Newcomer proportion and γ2 and (b) BGCI return and γ2. [Color figure can be viewed at
wileyonlinelibrary.com]
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herding tendencies in the NFT market but this effect is complex and variable. In practice, when
the BGCI is performing well, it signifies strength in the broader cryptocurrency market. As
herding in the NFT market ceases and leads to negative returns, investors in the NFT market
may seek alternative avenues for investment, often transitioning their capital into more stable
or promising assets, like, cryptocurrencies. This inflow of capital positively impacts the BGCI. A
strong BGCI performance serves as a signal or even a magnet for capital reallocation away from
the NFT market, thereby moderating herding behaviour in NFTs. This mechanism acts as a
balancing force across the two correlated but distinct asset classes, art NFTs and crypto-
currencies represented by the BGCI. This balancing act ensures a more stable market en-
vironment, reducing the distortions typically caused by herding and allowing for a more
rational asset pricing across both markets. Hence, the performance of the BGCI serves not only
as a reflection of market sentiment but also as a moderating variable that indirectly influences
investor behaviour in the NFT market.

5 | CONCLUSIONS

We have analyzed the value determinants and herding behaviour in the art NFT market,
establishing a ranking system for artists and examining the factors that drive NFT prices. Our
analysis reveals a nuanced picture of the NFT ecosystem. We find a positive relationship
between the number of trades and floor prices with the average price of NFTs, underscoring the
influence of market activity and perceived value on pricing. In contrast to prevailing as-
sumptions, our research indicates that social media activity may inversely affect NFT prices,
potentially due to market oversaturation and reduced perceived rarity. This challenges the
conventional wisdom that increased visibility invariably boosts demand.

We observe a pronounced herding behaviour, particularly among top and mid‐tier artists,
manifesting in a market heavily skewed towards a select few, creating pronounced inequalities.
This finding is critical as it highlights the concentration of market influence and wealth within
a small segment of artists, reflecting a broader trend of inequality that transcends the art world
into the digital space. Additionally, herding behaviour is influenced by the entrance of new
investors and fluctuations in the cryptocurrency market. While newcomers tend to reinforce
herding, an increase in their numbers could lead to a saturation effect, ultimately introducing
more volatility. Conversely, a strong cryptocurrency market appears to moderate herding
within the NFT market, likely due to a reallocation of capital towards more “stable” crypto
investments. Furthermore, our study provides insights into the complex dynamics of consumer
choices, showing that higher artist rankings do not guarantee continued future demand. This
suggests a market that values novelty and the discovery of new talents over established
reputations.

Our findings validate a prevalent belief in the crypto space as a whole, that due to the
unregulated nature of the industry, cryptocurrency‐related endeavours attract swindlers that do
more harm than good both in terms of reputation and finances. However, this does not imply
that art NFTs have no artistic worth. As speculative activities diminish and the market stabi-
lizes, there is an opportunity for the art NFT sector to foster a more creative and sustainable
environment that benefits both artists and collectors. While the art NFT market is subject to the
whims of speculation and herding, it also appears to possess the potential for innovation and
value creation. The key lies in understanding and navigating the market's complex dynamics,
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from social media influences to broader economic factors, to harness the potential of NFTs as a
novel artistic medium.
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APPENDIX A: DATA EXTRACTION, CLEANING AND PREPARATION
For the on‐chain part of our analysis, we use Dune, Etherscan and the Application Program-
ming Interfaces (APIs) of Alchemy and OpenSea, while for the off‐chain portion, we employ
the price oracle of Chainlink and the APIs of Discord and Twitter.

Using Dune, we extract every on‐chain transaction involving ERC‐721 and ERC‐1155 tokens on
six of Ethereum's largest NFT marketplaces, specifically OpenSea, Rarible, NFTX, LooksRare,
Foundation and SuperRare. The extraction period spans from the establishment of the ERC‐721
standard in January 2018–February 2022.2 From the retrieved transactions, we identify 14,580
collections that have sold at least one NFT. Using Etherscan and OpenSea, we identify the deployers
and the artists behind each collection and gather all the available metrics on a collection level, such
as floor price, the total number of owners, collection name, number of transfers, the total volume
traded in ETH and the artists' characteristics, like, gender and the total number of artists.

In a second step, we exclude the collections whose NFTs were involved in fewer than 30
sales to establish statistical significance within collections. Following the categorization criteria
of https://Nonfungible.com, we divide the collections into six categories: art, collectibles, game,
metaverse, utility and other. Since our research focuses on art NFTs, we omit collectibles as
they are comprised of a single artwork with minor variations per NFT. We also exclude NFTs
associated with games and metaverses since their price is also influenced by the in‐game or
metaverse mechanics. Further, we remove utility NFTs such as liquidity provider positions in
Uniswap V3 and other NFTs that do not fit in any of the preceding categories, like, music NFTs
or those with unique features.

2The data extraction stopped in February 2022 due to the Russo‐Ukrainian war, which introduced substantial levels of
systematic volatility, making it impractical to examine the volatility of an individual asset class.
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TABLE A1 Variable descriptions.

This table reports all the variables extracted from on and off blockchain sources alongside their short descriptions.

Variable Description

average price Average nonfungible token (NFT) price

BGCI return Daily Bloomberg Galaxy Crypto Index last price in USD

black Percentage of black color in the NFT image

blue Percentage of blue color in the NFT image

buyer ETH address of the NFT buyer

buyer seller pair Unique buyer–seller combined ETH addresses

collection name Name of the NFT collection

CSAD Cross‐sectional absolute deviation

cum score Artist cumulative score

cum score year rank Artist yearly cumulative score

demand Demand of NFTs by each artist category, as ratio between share and its
geometric mean

deployer creator generalities Deployer type: Single artist (male, female), artists collaboration, company

deployer creator name Name of the deployer

discord account Presence of a Discord account representing the artist or the NFT collection

discord server Name of the artist Discord account

floor price NFT floor price

followers count Number of followers per Twitter account

following count Number of following per Twitter account

gray Percentage of grey color in the NFT image

green Percentage of green color in the NFT image

last price NFT last selling price

listed count Average number of public lists memberships per Twitter account

market return Overall mean return across NFT collections

marketplace collection NFT belonging to one between: Foundation (FND), Editional,
KnownOrigin, SuperRare

max price Maximum NFT price

newcomer proportion Proportion of newcomers in the NFT market

nft Single NFT's ETH address

nft type Belonging to the ERC721 or ERC1155 protocol per single NFT

norm shannon entropy Normalized Shannon Entropy per NFT image

num of colors Number of colors in the NFT image

num of owners Number of NFT's owners overtime

(Continues)
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On the basis of this data set, we continue with the off‐chain data extraction on Twitter and
Discord. After manually identifying the Discord Servers and Twitter handles of the NFT col-
lections (or in the case where these were missing their artists), we retrieve all publicly available
metrics such as the number of followers, retweets, likes, replies, number of messages as well as
discord messages and users that where involved in the general and announcement channels. At
the end of the data extraction and cleaning on a collection level, our data set comprises 531 art
NFT collections containing a total of 1,460,718 NFTs.

Using the Alchemy and OpenSea APIs, we retrieve all on‐chain available information on
these NFTs.3 Consequently, we further exclude the NFTs whose data are missing, those that are
in video or animated Scalable Vector Graphics (SVG) formats and those with wrong data
formats. In a final step, we download every file associated with each NFT and converted SVG

TABLE A1 (Continued)

Variable Description

num of trades Number of trades per NFT

orange Percentage of orange color in the NFT image

platform of last sale Blockchain platform of last sale per NFT

purple Percentage of purple color in the NFT image

red Percentage of red color in the NFT image

quote count month Average number of “Retweets” with comments per Twitter account per month

score Artist score

seller ETH address of the NFT seller

share Artist market share, computed as ratio between artist specific volume and
the overall market volume

sold ratio Percentage of NFT sold per artist's collection

timediff Time difference (in days) between the collection creation and the selling
dates per NFT

twitter account Presence of a Twitter account representing the artist or the NFT collection

twitter handle Name of the artist Twitter account

usd amount NFT transaction specific USD amount

volume Artist's market capitalization

verified Presence of “verified” badge per Twitter account

white Percentage of white color in the NFT image

year collection creation Year of creation per NFT collection

yellow Percentage of yellow color in the NFT image

3We opted for the use of both APIs because we identified that each has missing data. By utilizing both, we were able to
cover most of the gaps.
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images to Portable Network Graphics (PNG) to allow for easier image analysis. Our final
sample contains 2.15 terabytes (TB) of PNG, Joint Photographic Experts Group and Graphics
Interchange Format (GIF) files of 875,389 NFTs.

From the extracted files, we determine their colour proportions and the total number of
colours present by utilizing the Hue, Saturation, Value (HSV) colour model.4 We group every
colour around nine commonly used colours: black, white, grey, red, green, blue, yellow, purple
and orange. In addition, we assess the complexity of the files using Shannon's entropy and the
block decomposition method, with the use of the coding theorem method, because it is re-
garded as one of the best approaches both from a statistical and an algorithmic point of view. In
the case of GIF files, we average the values of each frame.

So‐called wash trading relates to a form of market manipulation where a small number of
investors repeatedly buy and sell the same asset, generating an inorganic market activity. It
creates artificial trading volume and gives the appearance that the asset is more in demand than
it actually is. Wash trading can greatly affect the price, the traded volume and the selling
frequency. We exclude in our analysis all individual NFTs that have been involved in wash
trading and all collections whose trading volume is greater than 90% due to wash trading, such
as Terraforms by Mathcastles. Additionally, we eliminate NFTs whose first sale took place after
01‐01‐2022, since more than 75% of the total volume in January 2022 and 55% of the total
volume in 2022 was a result of wash trading and identifying the genuine transactions would be
complicated and risky.

Using Dune, we determine that 875,389 of the aformentioned art NFTs were involved in
385,884 sales. On the basis of these sales, we generate two data sets, one containing data
pertaining to every sale of the extracted art NFTs (Transaction data set in Table 1), and the
other comprising aggregated data per NFT, which was augmented with data from Discord and
Twitter, and colour and image complexity data (Aggregate data set in Table 1). In both data sets,
the sale price is measured in USD, for which we utilize the exchange rates provided by
Chainlink at the time of the sale for the individual NFT sales and at the end of the day on 10
February 2022 for the collection floor price.

4HSV is a mathematical abstraction that describes how colours can be represented by electronic systems. In this model,
colours are represented by a cylindrical geometry whose angle represents the hue, the x‐axis determines saturation and
the value depends on the y‐axis.
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1 INTRODUCTION
The digital representation of value and ownership, in the form of fungible and non-fungible tokens
respectively, provides the basis for the token economy. Unlike traditional economies, the token
economy does not rely on trusted third parties to verify transactions [61, 64]; instead, Distributed
Ledger Technology (DLT) and smart contracts ensure integrity in a pseudonymous peer-to-peer
network of interactions [7, 73]. Advancements in the token economy with a focus on financial ser-
vices and products materialized under the heading of Decentralized Finance (DeFi) [3, 6, 59, 71].

DLT enables people to coordinate themselves on-chain—that is, transactions and interactions are
“mediated by a set of self-executing rules [i.e., smart contracts] deployed on a public blockchain” in-
dependently from central control [36, p. 1]. To achieve decentral control in DeFi, developers created
and allocated so-called voting rights tokens—(fungible) tokens that stipulate voting entitlements to
vote upon change proposals to a project [47]. An example is the Decentralized Exchange (DEX)
Uniswap, a project which uses smart contracts to automate the exchange of fungible tokens of the
Ethereum protocol. Its voting rights token, UNI, allows holders to cast votes and decide upon the
use of resources stored in a treasury (defined in a smart contract). The participants and holders
of voting rights tokens are typically referred to as members of a Decentralized Autonomous
Organization (DAO).

The distribution of voting rights tokens, however, is considered as controversial given that the
initial allocation often favors a minority of insiders (developers, investors, etc.). Tokens allocated
to insiders are common within initial coin offerings [14], hence a differentiation between initial
allocations that favor insiders (labeled, “private”) or those that do not (labeled, “public”) [28, p. 10].
History repeats itself as insider allocations of voting rights tokens are common in DeFi DAOs [6].

One outlier to insider allocations is Yearn Finance. Its core developer, Andre Cronje, denoted that
at inception voting rights tokens are majoritarily allocated to “friends and family” [20]—impossibly
leading to decentral control. As solution, he implemented a type of initial token allocation for the
voting rights tokens of the Yearn Finance (YFI) DAO—the fair launch—whereby all community
members have an equal opportunity to receive a portion of the initial supply [63]. Although in the-
ory this allocation strategy achieves equity through principles of fairness (see [54]), reality looks
dire in the long run: Barbereau et al. [5] demonstrate how, as with most other voting rights tokens,
for YFI concentration of wealth and voting power persists. Because holders rarely use these to cast
votes, Barbereau et al. [6] denote a common theme and propose a purposefully descriptive theory of
voting rights tokens as justification for concentration: they are tradable assets on cryptocurrency
markets. This description may not seem surprising against the consideration that wealth in the to-
ken economy is concentrated (c.f. concentration in Bitcoin and Ethereum [32]), and so are capital
markets more broadly (see [52]). Indeed, the common feature of tradability appears to justify, on
an intuitive level, the expectations that “wealth trickles up in free-market economies” [12].

The hypothesis whether the experiment of Andre Cronje’s fair launch was inherently doomed to
fail, given that the underlying tokens are tradable, remains unaccounted for. Taking the principle
of a ‘fair’ launch (n.b., all tokens are allocated ‘fairly’), one can consider weather alternative alloca-
tions are successful in achieving decentral control in the long run. Correspondingly, to challenge
this consideration, this article addresses the following two research questions:
RQ1: Does trading behavior affect voting rights token distributions over time?
RQ2: Do alternative, ‘fair launch’ token allocations affect voting rights token distributions over

time?
Provided the context in which these novel governance structures are deployed, our research

topic—‘fair launch’ token allocations—is of importance to Information System (IS) and requires
the adoption of multidisciplinary perspectives [66]. Hence, we lean on previous theory on
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governance of public protocols/DAOs and token design, and use quantitative methods rooted
in agent-based simulation—that is, Agent-Based Modeling (ABM). Guided by an ambition
“for discovery and explanation” [8, p. 516], we specifically adopt ABM to simulate the trade and
eventual distribution of voting rights tokens post three distinct ‘fair launch’ allocations (n.b.,
scenarios denoted Sn ). The developed model is going from “real world to simulation world”
[8, p. 516], an approach that is particularly suitable for the exploration of understudied, novel
phenomena—here, the fair launch allocation. Within IS, the utility of ABM for the study of
phenomena with “nonlinear behavior” [35, p. 158] is well recognized. At large, the discipline is
receptive of contributions emerging from simulation research [8, 21, 23, 72].

Davis et al. [21, p. 482] advise to ground the model within “simple theory”—theory that pro-
vides the “basic concepts and process that describe a phenomenon” [8, p. 506]. Here, we focus on
governance of public-permissionless systems in general, and DeFi DAOs in particular (Section 2).
To establish further “epistemic credibility in the simulation model” [8, p. 517], aside from theory
(deductive approach) we use empirical data (inductive approach) from Yearn Finance (Section 3).
The development of our model (Section 4) is informed by the artificial cryptocurrency markets de-
signed in the work of Cocco et al. [19] and Roşu and Saleh [57]. Therein, agents represent traders
that are endowed with an amount of fiat currency and seek to acquire the (artificially created)
voting rights tokens (TKNs). The market rules are loosely based on understandings of clearing
houses [41]. To investigate RQ2, we developed two alternative scenarios to Andre Cronje’s fair
launch scenario (S0) which respectively consider fairness in egalitarian terms (S1) and ‘at random’
(S2). The principles underlying these allocations build on political philosophy [43, 53]. We measure
concentration in terms of the Gini coefficient [31] and Shannon entropy [62]. With our work, we
make the following three contributions:

— We provide an agent-based model for the analysis of token distributions under various mar-
ket conditions reflective of trading.

— Our simulation results show how over time, regardless of the ‘fair’ initial token allocation,
concentration is imminent.

— We extend understandings on the governance of DAOs and tokenomics to formerly include
initial token allocations as part of governance parameters.

2 RELATED WORK
2.1 Governance in Public-Permissionless Systems
Bitcoin [46] led to a burgeoning movement of developers who saw decentralization beyond techni-
cal terms, not least as an ambiguous mix of political, economic, and organizational ideals [60] that
materialized in the emergence of alternative protocols. Commonly, the next generation of DLT in-
cludes smart contracts and the possibility to deploy tokens [7, 73]. Collectively, these technologies
enable new, decentral business opportunities, modes of organization, and governance frameworks
[61, 64].

While in public-permissionless systems ‘decentralization’ in technical terms is achieved, in po-
litical terms it is often contentious [11, 60]. Over the decision to increase the size of Bitcoin blocks,
community debates led to an outright “civil war” [22, p. 8] that pitted parties against each other
over socio-political motives. The core developers, who act as gatekeepers to protocol changes and
are de facto in charge of governance, eventually took an autocratic decision against that increase—a
behavior pejoratively described as “senatorial” [49]. Ethereum, too, faced its share of controversy.
Following an exploited smart contract bug, the Ethereum Foundation’s leaders decided to irre-
versibly fork the ledger [26]. Against this backdrop, Penzo and Selvadurai [51, p. 19] denote how
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Table 1. Excerpt of the Token Classification Proposed in the Work of Oliveira et al. [47]

Governance Parameters

Representation Digital Physical Legal

Supply Schedule based
Pre-mined,
scheduled

distribution

Pre-mined, one-off
distribution Discretionary

Incentive system Enter Platform Use Platform Stay Long-Term Leave Platform

in public-permissionless systems, governing communities resort to informal adjudications, typi-
cally “immune . . . from state scrutiny.”

Consequently, scholars distinguish between on-chain and off-chain governance of DLT systems.
The former refers to rules that enforce the ‘code-is-law’ dictum—in other words, using smart con-
tracts (and tokens) to define governance mechanisms and structures (“now the code runs itself”)
[55]. The greatest degree of on-chain governance is typically achieved within and as part of DAOs
(see the definition proposed by Hassan and de Filippi [36]). The informal resolution mechanisms in
Bitcoin and Ethereum, however, are examples that demonstrated the shortcomings of the dictum
and shed light on ulterior powers and politics that are at play [22, 26]. Off-chain governance refers
to the formalization of control via the intermediary of endogenous (through the foundation of
institutions like consortia, cooperatives, etc.) or exogenous (national laws, regulations, standards,
etc.) structures [55, 74] that are typically registered and held liable [4].

2.2 Voting Rights Token-Based Governance
Within DeFi, beyond improvements made to the financial value chain [3, 59], experiments were
made at implementing governance structures fully on-chain—most notably by embedding voting
rights into tokens. These tokens grant holders the ability to cast votes on proposals. While the
features of these tokens are contextual to the individual project, the majority of these follow the
fungible token standard ERC-20. Like most cryptocurrencies, they are tradable on regular and
decentralized exchanges [5]. By nature, the study of these tokens is at the intersection of research
of blockchain governance and tokenomics—subdomains of cross-disciplinary research on DLT—
and contribute to research on DAOs (see [6, 9, 34, 36, 58]).

Oliveira et al. [47, p.8] define Governance Parameters of tokens as those parameters that “relate
to what [it] effectively represents and how this connects to the way the platform is governed and
managed.” The authors introduce three parameters (Table 1): (1) “Representation” (the type of asset
represented by a token), (2) “Supply” (the way tokens are distributed), and (3) “Incentive system”
(the way a token exerts influence over the network and/or its holder). Given the focus on on-chain
governance, our scope is on token allocations and distributions—hence, the prime subject of study
being on the “Supply” parameter. Oliveira et al. [47, p. 9] note how “Supply” strategies can either
be on a one-time basis (“fixed”) or following increments (“schedule based”). Tokens can also be
“pre-mined” (or “pre-sold” [28])—that is, a portion of the tokens is created and distributed before
the official launch date. As such, they are means to overcome the chicken-and-egg problem [25].

For the supply of voting rights tokens, whose fair deployment is motivated by a normative am-
bition of political decentralization, the story is more ambiguous. Uniswap developers pre-mined
a part of all voting rights tokens (UNI) and allocated some to a group of insiders. Among others,
the DeFi projects SushiSwap (SUSHI) and MakerDAO (MKR) followed similar paths, opting for an
allocation that favored insiders. Over time, in all of these cases, wealth concentration was emi-
nent [6]. Voting rights tokens are not exclusive to DeFi projects—they are also used to distribute
governance power in blockchain-based metaverse projects—where, similarly, concentration was
observed [34].
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Concentration of wealth and power is inherent to human societies and economic systems [52].
Pareto [48] exposed the land concentration in the Italian novecento (20th century), subsequently
lending his name to the Pareto principle. Financial markets are no exception to the principle [42]. In
cryptocurrency markets, the same phenomena may be observed. Both Bitcoin and Ethereum have
centralized token distributions, and the trend appears to only increase [32]. This is true even in
the case of proof-of-stake cryptocurrencies where the project’s security is closely tied to the level
of dispersion [57]. Likewise, Nadini et al. [45] and Klein et al. [38] observe concentration of wealth
in markets for non-fungible tokens. When it comes to voting rights tokens, Barbereau et al. [5]
identified that the level of concentration among voting rights tokens is even higher, highlighting
cases where a handful of people hold more than 50% of all tokens. Interestingly, these tokens are
barely used by their holders to vote [6].

Andre Cronje’s project Yearn Finance (YFI) sought to eliminate favoritism and insider alloca-
tions [63]. By opting for the first, “fixed” supply strategy, YFI were not allocated to a minority of
insiders. Instead, the implemented fair launch allocation followed the principle of ‘fair equality of
opportunity’ (see [54])—effectively, the idea that each user has the same opportunity to obtain YFIs.
Despite its failure to achieve an equitable distribution over time [5, 6], at least in theory, a fixed
initial token allocation that is ‘fair’ would help achieve ambitions of decentral control. Evaluating
this proposition is the subject of this study.

2.3 Agent-Based Modeling
To evaluate the phenomenon of initial token allocations and concentration of tokens, we designed
ABM, which is a computational method used to simulate the actions and/or interactions of au-
tonomous agents to understand how systems behave and what determines outcomes [40]. As an an-
alytical method, applications of ABM are found in a variety of disciplines from energy and pathol-
ogy to risk management and finance. In IS research, the value of ABM was acknowledged given its
methodological versatility to investigate systems whose “emergent properties unfold over time”
[35, p. 158] and its supportive value in the development and/or verification of theory [10, 21, 23].
The literature studies of Beese et al. [8] and Dong [23] illustrate the breadth of ABM applications
in IS research—citing the potential for scholars to embed theory in the exploration of complex
phenomena.

For the study of cryptocurrencies and DLT-based systems, numerous works applied ABM. Born-
holdt and Sneppen [13] proposed a model to study the emergence of cryptocurrencies vis-à-vis
Bitcoin—considering factors such as trading, mining of new coins, and agent-to-agent interactions.
Their findings show that Bitcoin may be interchangeable with cryptocurrencies of similar charac-
teristics. Cocco et al. [19] built an artificial cryptocurrency marketplace based on an order book
simulation of the Bitcoin market where agents trade autonomously. Their model is able to repro-
duce real price formations and market volatility—hence, our adaptation of it in this work. Roşu
and Saleh [57] propose an environment to model the behavior of investors/agents in a proof-of-
stake-based blockchain of cryptocurrency issuance. They denote, contrary to expectations, that
agents seek to stabilize their portfolio instead of accumulating more wealth.

3 DATA PREPARATION
Given their open and auditable characteristics, DeFi projects, for the most part, are built on public-
permissionless ledgers [3, 59]. These ledgers provide a rich source for the collection and analysis
of quantitative data. Chen and Bellavitis [17] observe that 80% of DeFi platforms, are in fact built
on the Ethereum ledger. Ethereum records a variety of details, not least on tokens, data about their
creation, their initial distribution, and transaction histories.
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Fig. 1. Graphs for the Crypto FGI and YFI price.

Table 2. Overview of Data Extraction

Extracted Addresses 96,227
Addresses Used in Analysis 86,752
Extraction Period 2020-07-17 to 2021-08-15

The fair launch was originally created as part of Yearn Finance, hence its practice informs our
study inductively [8]. Specifically, data on Yearn Finance is used to (1) define the base scenario
S0 (“Cronje”), (2) ‘feed’ our model based on reality, (3) calibrate the model, and (4) validate our
model. For (2), we also extracted the price of YFI (from CoinGecko.com) and the Crypto Fear &
Greed Index (FGI). The graphs for these two additional data sources are presented in Figure 1.

Yearn Finance is built on Ethereum and uses the ERC-20 token standard for its voting rights
token YFI. YFI was launched with a fixed supply whereby no tokens were allocated to insiders.
Instead, the initial supply of 30,000 tokens in circulation was distributed via a liquidity providing
scheme. Users could earn YFI by supplying liquidity into three distinct pools, allowing every user,
regardless of their initial capital or other restrictions, to earn a portion of YFI’s supply proportion-
ate to the contributed liquidity. This type of allocation strategy was coined as a fair launch [63].

To generate data for our model, we used Dune to extract those addresses that have been holding
YFI from Ethereum’s public ledger. Then, we organized the data such that we could determine how
many tokens are owned daily by each address. Finally, we excluded a number of address ‘types’
from the dataset: smart contracts (since they never utilized their voting rights, despite holding YFI
[6]), addresses holding YFI valued less than $1 (since these rarely vote or trade their tokens owing
to Ethereum’s gas fees being significantly higher than the token’s value), and addresses used to
burn tokens (e.g., 0x000. . . 0000) (since no one controls them and YFI is effectively taken out of
circulation). Table 2 presents our final dataset.

Following the finalization of our dataset, we utilized Exploratory Data Analysis (EDA) to deter-
mine the model’s initial conditions and variables. We chose September 1, 2020 (i.e., 45 days after
the project’s launch) as the starting date since at that point the Yearn Finance fair launch took
place; in other words, all tokens were allocated to and claimed by liquidity providers. Using the
Anderson-Darling test [2] and the Akaike information criterion [1], we identified that the prob-
ability distribution of the initial YFI allocation follows a Lomax distribution (λ = 0.4, α = 0.5).
Relying on the same methods, we found that the daily number of new addresses that have been
holding YFI increases following an asymmetric Laplace distribution ALap(0.71, 58, 76).
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4 THE MODEL
The proposed model for initial allocations builds on an agent-based artificial cryptocurrency mar-
ket (c.f. [19]). Subsequently, we describe the model in terms of the agents, the market rules, and the
trading behavior. Then, we describe the initial token allocations of the three fair launch scenarios.
Finally, we introduce the metrics used to evaluate concentration over time.

4.1 Agents
For our model, we take timesteps t ∈ N+ = {1, 2, 3, ...} which correspond to a single day and
a new, individual trading round. The first timestep in our model is at t = 45 (all tokens were
allocated, claimed, and are in circulation). For each timestep, we define agents i ∈ I as the addresses
that hold voting rights tokens (TKNs) at the beginning of each trading round. The number of
agents at timestep t is given by NA(t) ∈ N+. At the beginning of each trading round, a subset
of I is selected to trade TKNs (the selection mechanism as well as the trading strategy of agents
is described subsequently) and new agents (endowed solely with fiat currency) enter the market
with the desire of placing buy orders to acquire TKNs. The new agents entering (NA(t +1)−NA(t))
followALap(0.71, 58, 76) for every t > 45. In other words, at each trading round, the 95% confidence
interval of the number of new agents is [114, 119]. We run our model for 347 days (t = 392), and
the 95% confidence interval for the final number of agents (NA(392)) is [47113, 50890].

Agents are endowed with fiat holdings fi (t) and TKN holdings yi (t). Based on Dragulescu and
Yakovenko [24] and Brzezinski [15], the amount of fiat held by both individual agents at t = 45
and those agents entering the market at each trading round is drawn from a Pareto distribution
with α = 2.1 and min(fi (t)) = $400k for the richest 10% of our agents and from an Exp( 1

40000 ) for
the remaining, bottom 90%. The amount of TKNs held by agents at t = 45 depends on the chosen
fair launch scenario Si with i ∈ {0, 1, 2}.

Independently of fiat or TKN holdings, each agent i is assigned to one of two populations, Dia-
mondHands (DHs) and Random Traders (RTs), representative of respective trading strategies.
DHs are risk-averse traders, who pragmatically invest in the market and are more likely to not
incur in trades. RTs, then, are agents who enter to market for a variety of reasons (portfolio diver-
sification, gambling, etc.). Following Cocco et al. [19], the agent populations is split into 30% DHs
and 70% RTs.

4.2 Market Rules
The TKN market is given by a mechanism comparable to a clearing house, whereby buy and sell
orders are accumulated over time and cleared (‘matched’) periodically [41]. The purpose of the
model and developed market is not exploring how price is formed; instead, it is to simulate how
tokens circulate (and concentrate) based on clear conditions. The mechanism we utilize is not a
formal clearing house, as it does not account for price formation, nor does it include adjustments
of price after every transaction over time. Instead, at each timestep, the TKN priceTp (t) is updated
based on YFI’s historical price data. Agents can autonomously decide whether they are willing to
trade. Agents do not, however, have information about the orders other agents are placing. The
scope of this work and the developed ABM is on token concentration, not the way price is formed.
Clearing houses offer a simple and effective system for matching orders between agents, requiring
limited computation overhead and facilitating a realistic flow of tokens, which makes them suitable
for large ABMs [18].

At t ≥ 45, the total number of tokens in circulation is given by the constantTs = 36666. For the
trade of TKNs, we model a two-sided market with a number of buyers, each willing to buy TKNs,
and several sellers, each willing to sell TKNs. Additionally, at every timestep, the buy/sell orders

ACM Trans. Manag. Inform. Syst., Vol. 15, No. 1, Article 5. Publication date: March 2024.



5:8 J. Delgado Fernandez et al.

created by the agents are matched in a first in first out method, and at the end, the unmatched
orders are canceled.

4.3 Trading Behavior
Depending on the population agents belong to, they exert a choice—to trade (T ) or not to trade—
at every timestep t . This decision is given by the probability Pi (T ). For RTs, who randomly wish
to trade following a uniform distribution, Pi (T ) = 0.5. For DHs, Pi (T ) is dependent on two inde-
pendent variables. The first is the FGI (FGI (t)), which fluctuates between a value of 0 (“Extreme
Fear”) and 100 (“Extreme Greed”) [70]. In our case, we consider the values of the index as “Extreme”
(FGIe ) when FGI (t) > thh or FGI (t) < thl , and “Normal” (FGIn ) when thh > FGI (t) > thl with thh
and thl thresholds for the extreme values of FGI. The second is the agent’s wealth (W ), given by
an agent’s individual holding denominated in fiat fi (t). An agent’s wealth at time t is considered
“High” (Wh ) when fi (t) is above the 90th percentile of the wealth distribution and “Low” otherwise.
Therefore, the probability of a DH agent to trade is given by

Pi (T ) = P(T ‖FGIe ,Wh)P(FGIe )P(Wh) + P(T ‖FGIe ,Wl )P(FGIe )P(Wl )
+ P(T ‖FGIn ,Wh)P(FGIn)P(Wh) + P(T ‖FGIn ,Wl )P(FGIn)P(Wl ). (1)

If an agent is willing to trade, the subsequent decision to execute a buy or sell order depends
on the population they belong to. For RT, the buy and sell orders follow a Bernoulli distribution
with p = 0.5. Initially, the same holds for DH, but in their case the probability is calibrated at a
later stage based on the data from Yearn Finance (c.f. Section 5). In the trading behavior, we do not
consider protocols that allow to stake/sell voting rights token entitlements (e.g., Bribe Protocol),
as these add yet another degree of complexity. At each timestep, the amount of fiat currency an
agent spends on buying tokens follows a N(μ = fi (t )

2 , σ =
μ
3 ) and the number of TKNs an agent

sells follows a N(μ = yi (t )
2 , σ =

μ
3 ). In our model, the average buy and sell values are considerably

higher than those in the work of Cocco et al. [19]. This choice was intentional to increase the
trading volume since agents trade at most once per day.

Admittedly, the agents of our model have limited intelligence since the only market factor that
influences their decisions is the FGI. Although agents with more sophisticated decision making
(e.g., taking into consideration the price volatility of YFI) could potentially enhance the accuracy
of the model, they are challenging to implement in our case due to the large number of agents
considered. Despite that, existing literature indicates that ABMs that are composed of even less
sophisticated agents (also known as zero-intelligence agents) have been able to capture some of the
core characteristics of financial markets (see [27, 33]).

4.4 Fair Launch Scenarios
Our simulation is set up around three distinct scenarios representative of initial token allocations
understood as ‘fair.’ Their design is informed on the basis of the epistemic dichotomy described in
the work of Beese et al. [8] as well as in that of Dong [23].

The ‘base’ scenario, S0, is created following an inductive approach (its design is informed by data
extracted from Yearn Finance), and the distribution ofTs is modeled to follow a Lomax distribution
with λ = 0.4 and α = 0.5. The artificially created fair launch scenarios S1 and S2 are designed
following a deductive approach on the basis of theory—here, philosophical interpretations of what
might be seen as ‘fair.’

The first alternative scenario, S1 (“Bentham”), considers ‘fairness’ in egalitarian terms: equity
is achieved in terms of uniformity such that the total supply of tokens is divided equally among
the participants. Formerly, it considers Jeremy Bentham’s dictum that “everybody to count for
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Table 3. ‘Fair’ Initial Token Allocation Scenarios

Scenario Allocation Perspective

S0 “Cronje” (Yearn Finance) Everyone gets the same opportunity Social liberalism
S1 “Bentham” Everyone gets the same Egalitarianism
S2 “Rawls” Everyone gets a random amount Darwinism

one, nobody for more than one” (see [43]), without consideration of individual interests or mate-
rial situation. For S1, Ts is uniformly distributed such that each agent i at t = 45 holds yi (45) =

Ts
NA(45) .

The second alternative scenario, S2 (“Rawls”), considers randomness, and more specifically, the
principle of a lottery as ‘fair’: equity is achieved in terms of a token allocation—at random—and in
our case following a Normal distribution. It rehashes the idea that the outcome of each individual’s
position, like the outcomes of ordinary lotteries, is a matter of good or bad “luck” [53, pp. 74–
75]. Randomness and chance are central to the theory of Darwinian evolution [68]. For S2, Ts is
distributed among agents following a truncated Normal distribution (μ = 0.103,σ = 0.192) defined
on [0,∞].

In sum, we investigate two additional scenarios aside from the base scenario (Table 3). While
keeping the market conditions and parameters fixed, changing the initial allocation of tokens pro-
vides further insight into the concentration of wealth.

4.5 Metrics
Given the aim of analyzing the distribution of voting rights tokens post fair launch allocation,
select metrics are computed at every timestep. These metrics are the Gini coefficient [31] and
Shannon entropy [62]. This choice was made based on an evaluation of related works seeking to
quantify and measure the distribution of tokens in a system—notably as discussed in the work of
Gervais et al. [30], Gochhayat et al. [32], Barbereau et al. [6], and Klein et al. [38].

The Gini coefficient is typically used to assess the distribution of wealth in a given country.
It was, however, also applied to study wealth distribution in Bitcoin and Ethereum [32], in non-
fungible tokens markets [38], and the distribution of voting rights tokens in DeFi projects [5, 6].
For our model, the Gini G indicates the concentration of TKNs amid agents. The Gini is given
by

G =

∑NA
i=1

∑NA
j=1 |pi − pj |

2NA ·∑NA
j=1 pj

, (2)

where pi corresponds to the share of TKNs held by agent i and NA the total number of agents. It
is maximized through the Dirac distribution δi0 (i.e., pi0 = 1 for some i0 ∈ {1, . . . ,NA} and pi = 0
for all i � i0) and minimized through the uniform distribution (i.e., pi =

1
NA

for all i).
Shannon entropy was initially developed to assess the information loss in telecommunication

networks [62]. It has found application in multiple areas predominantly as a measure of uncer-
tainty or randomness. In the context of blockchain technology, it was used to measure the level of
decentralization in the consensus mechanism [32], network structure [29], and governance [67] of
both Bitcoin and Ethereum.

Normalized Shannon Entropy (NSE) then takes values between 0 and 1, and determines the
unpredictability of a distribution. We assume that a system where the voting tokens are distributed
can exhibit high unpredictability (1), given that more agents influence the outcomes. The NSE is
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Table 4. Optimal Parameter Values

Parameter Description Optimal Value

PDH (Buy) Buy probability of DH 0.7
DH/NA(t) Population share of DH 0.3
thh FGI threshold high 80
thl FGI threshold low 20
P(T ‖FGIe ) Trading probability under extreme market conditions 0.7
P(T ‖Wh) Trading probability under high wealth 0.7
P(T ‖FGIn) Trading probability under normal market conditions 0.8
P(T ‖Wl ) Trading probability under low wealth 0.9

given by

NSE = −
NA∑
i=1

pi log(pi )
logNA

, (3)

where 0 log(0) ≡ 0 by convention since limp→0 p log(p) = 0. It is 0 for δi0 and 1 for the uniform
distribution (i.e., the extremes are interchanged compared to the Gini coefficient). To ease graph-
ical observation, we opted to consider 1-NSE instead of NSE such that, as in Gini, higher values
correspond to higher degrees of centrality.

5 IMPLEMENTATION AND CALIBRATION
The model was implemented in Python using the MESA framework [37]. The simulation and cal-
ibration of the model was performed in a High Performance Computing (HPC) facility. The
hardware provided, depending on the allocation of the HPC, was a Dual Intel Xeon Broadwell or
Skylake with 128 GB of RAM.

For the calibration, we followed the recommendations of Richiardi et al. [56, p. 4], whereby a
“full exploration” of the parameters is required. To do so, we implemented a Grid Search (GS)
to find a set of optimal values of parameters. GS performs an exhaustive search over all the pos-
sible combinations of parameters until finding the optimal one. The goodness of the fit and the
stopping condition of GS are computed using Root Mean Squared Error (RMSE) and Mean Ab-
solute Percentage Error (MAPE) the actual (extracted from the dataset) and calibrated model.
The respective equations are given by

RMSE =

√√(
1
n

) n∑
i=1

(xi − x̂i )2 and MAPE = 100
n

n∑
t=1

����xi − x̂i

xi

���� , (4)

where xi is the actual observation and x̂i is the simulated value.
The optimization was executed over all eligible parameters. The FGI threshold takes values from

0 to 100. For all other parameters, we considered values between 0 and 1. The optimal parameter
values are displayed in Table 4.

The optimal values of the DH/RT population ratio were close to the ratio used by Cocco et al.
[19]. Therefore, we fixed it at 30% DHs and 70% RTs. Similarly, the buy probability was optimized
to be 70% for DH. For the DHs, we found that high trading probabilities indeed lead to lower error
rates (Table 5). This, as demonstrated in Roşu and Saleh [57], represents an expected behavior
as more trading is linked with higher wealth concentration. Diametrically opposed to the high
trading probability parameter set is an artificially created parameter set, with relatively low trading
probabilities. The error rates for this parameter set are relatively worse than the optimal set of
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Table 5. DH Trading Probabilities Parameter
Sets with Their Correspondent Error Rates

Parameter High Medium Low

P(T ‖FGIe ) 0.7 0.3 0.1
P(T ‖Wh) 0.7 0.4 0.1
P(T ‖FGIn) 0.8 0.3 0.2
P(T ‖Wl ) 0.9 0.5 0.2
Pi (T ) 0.77 0.38 0.15
MAPE 0.1859 0.224 0.255
RMSE 0.007 0.009 0.012

high trading probabilities. We also artificially generated and investigated a compromise between
the two sets (medium probability) without extreme trading probabilities.

In sum, we investigate three scenarios (see Table 3) under three trading probabilities (see Table 5).
The results might vary due to the stochastic nature of ABM. In anticipation of this variance and
to ensure the robustness of our results, we applied a Monte Carlo method [39] by repeating the
experiment of the three simulation sets within HPC, resulting in more than 1,000 simulations (or
approximately 300 per set of trading probabilities). For all simulations, the agents can place buy
or sell orders depending on the probability defined in PDH = 0.7 for DH (optimized value) and
PRT = 0.5 for RT (constant), respectively.

6 SIMULATION RESULTS
6.1 Effects of Trading Probabilities on the Three Scenarios
The first simulation considers the model’s behavior under high trading probability (Figure 2). High
trading probability refers to a relatively high likelihood for DH agents to place an order. The sec-
ond simulation is the artificially created edge case with low trading probabilities (Figure 3). It is
diametrically opposed to the former and explores the behavior of DH agents when the market
dictates a relatively low likelihood to place a trade. (The graphs for S0 and S2 are visually coincid-
ing.) The third simulation set was created artificially as middle ground between the high and low
trading probabilities (Figure 4).

Across all trading probabilities, for S0 and S2, the Gini values of the simulated data overlap
considerably with the extracted YFI data for t ≥ 100. Until the end of the simulation time frame, the
Gini values of the extracted data diverge by at most by 1.1% on S0 and 1.7% on S2 across all trading
probability scenarios. The close fit between the extracted data from Yearn Finance and the three
simulations, and in particular for S0, is expected given the performed optimizations. The exception
to the convergence is S1, whose graph is below the extracted data in all three simulations. It appears
that an egalitarian initial token allocation would then lead to relatively less concentration in the
time frame of the simulation.

We expect variations in the initial values of Gini and NSE, because even though our model starts
with the same number of agents at each simulation, the initial token allocation is not fixed, and
as discussed earlier, the token distribution in S0 follows a Lomax distribution. Regardless of the
scenario and trading probability, after the 1-NSE stabilizes, all distributions move in a lateral and
parallel direction with regard to the extracted 1-NSE values from YFI. Although our simulation
results seem to coincide with the Yearn Finance data for Gini, we observe high variations of the
NSE. This divergence may be interpreted in two ways.
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Fig. 2. Simulations for the parameter set representative of high trading probabilities.

Fig. 3. Simulations for the parameter set representative of low trading probabilities.

At inception of Yearn Finance some contracts held a large amount of YFI and distributed them
shortly after. Given the scope of our model, we did not consider such behavior. We argue that
the smart contracts that emitted YFI rapidly result in sharper rises in the metrics’ values. This is
consistent with our findings, which indicate that when there is a large amount of YFI accessible
for trading in a short period of time, the metrics rise.

The second interpretation pertains to the token supply (Ts ). Formerly, the supply of YFI was
“schedule based” [47]: it began with a supply of 30,000 YFI allocated following the fair launch, and
subsequently an additional 6,666 YFI tokens were distributed. For simplicity, we start with 36,666
supply dispersed to the starting holders in our simulations. Again, the distribution of 6,666 YFI
in a short period of time theoretically results in higher concentration than our model, which, in
contrast, distributes YFI more slowly over time. The schedule-based supply of YFI can be observed
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Fig. 4. Simulations for the parameter set representative of medium trading probabilities.

Table 6. Share of Agents That Control 90% of TKNs in Circulation at t = 392

High Probability Medium Probability Low Probability Extracted

Scenario Percentage Actual Percentage Actual Percentage Actual Percentage Actual
S0 Cronje 2.59% 1137/43830 2.63% 1188/45092 3.63% 1499/41248 2.02% 849/41926
S1 Bentham 10.80% 4777/44214 10.73% 4847/44950 11.38% 4999/43895
S2 Rawls 0.76% 376/49397 1.29% 572/44300 2.83% 1250/44056

in the ‘bumps’ around t = 100. While the change is more subtle in Gini, within 1-NSE the change
is more clearly observable. This is due to the comparatively higher sensitivity of the latter metric
with regard to minor fluctuations (see [6]), which can also be observed in the preceding figures,
where the standard deviation of NSE is substantially higher than that of Gini.

6.2 Actual Concentration of Wealth amid Whales
Following the three simulation sets focusing on the trading probabilities, we performed a more
granular analysis of the actual concentration of TKNs amid the population of agents (NA(392)). In
particular, we sought to investigate the share of agents that hold 90% of all tokens in circulation.
These agents are so-called whales, “‘wealthy,’ above-average token-holders” [6]. In consideration
of the amount of available data following the Monte Carlo simulations, in Table 6 we present a
more feasible analysis on the basis of the results from the first simulation round. For the sake of
comparison, the extracted column refers to reality (i.e., the Yearn Finance data).

Unsurprisingly, in consideration of the values metrics took in the previous analysis, we observe
a concentration of TKNs in the hands of the few. These few individuals are de facto in control,
as they may exert significant political pressure. In relative terms, as reflected in the metrics, the
egalitarian allocation S1 shows that the actual number of whales is higher. Regardless, our results
align and support the timocratic description of DeFi governance by Barbereau et al. [6] and the
observations on whales (in metaverse DAOs) by Goldberg and Schär [34].

6.3 Extending the Simulation of S_1 “Bentham”
After running the first set of simulations, we opted to run a separate simulation to explore whether
S1 indeed demonstrates more or less concentration over time. To do so, we extended the simulation
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Fig. 5. Simulation for the Bentham scenario under the three trading probabilities.

rounds from t = 392 (August 15, 2021, the last data point extracted from Yearn Finance) to t = 545
(March 1, 2022, the last point of the simulations). This represents an extension of 44.39%. The
results of the simulation are presented in Figure 5.

From our previous simulations on the effects of different trading probabilities, we observe how S1
Bentham’s initial token allocation positively affects both metrics. It is to be expected that an equal
distribution of tokens at origination will reduce concentration, at least early on. In this simulation,
we observe similar phenomena to what was demonstrated in the work of Roşu and Saleh [57]:
even though the delayed effect of an egalitarian initial token allocation (like the one simulated)
might generate, concentration is, judging from our simulation results, inevitable in the long run. To
corroborate this observation, we fitted linear regressions on Gini from the three trading scenarios.
In the worst-case scenario, the slope of the linear regression is 4 ∗ 10−4.

7 VALIDATION OF THE MODEL
Validation is an essential part of ABM [8, 21, 23]. There are numerous techniques for validation, all
of which are used to establish credibility in the simulations [8]. To validate our model, we opt to use
three different techniques: event validity, parameter variability (sensibility analysis), and extreme
condition tests.

7.1 Event Validity
For the event validity, simulated events are compared with those occurring in real-world systems
[8]. Specifically, we take the share of agents that control 90% of TKNs in circulation between t =
1 and t = 392 for S0 Cronje. (The values at t = 392 are identical to those displayed in Table 6.) The
real-world (extracted) data is taken from Yearn Finance (c.f. Section 3). The comparison between
these datasets is displayed in Figure 6.

The model during calibration was not given any information regarding the token concentration.
From Figure 6, we visualize how both the simulated and real-world values converge after approxi-
mately 100 steps (100 natural days). At the end of the simulations, the difference is 0.4 percentage
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Fig. 6. Validation through event validity for the share of agents that control 90% of the circulation between
Yearn Finance and S0.

Fig. 7. Impact of different population allocations on Gini and NSE.

points. These results present a solid base for the validity of the model, as it closely replicates
reality [21].

7.2 Parameter Variability
For the parameter variability, input parameters are modified and the resulting changes analyzed
[8]. We evaluated the impact of alternative DH/RT population ratios—with 10%, 30%, 50%, 70%, and
90% DH—on the scenario S0 relative to reality. The change was observed in terms of the metrics.
Here, too, we applied the Monte Carlo method using HPC. Figure 7 gives the simulated metrics
for the five ratios along the actual distribution of the Yearn Finance token.

The procedure yields variability between the different population ratio and reality. We define
the Δ as the difference between the simulated scenario and the extracted data. The simulations
with 90% (ΔGini = 1.95%; ΔN SE = 34.89%), 70% (ΔGini = 1.30%; ΔN SE = 29.42%), and 50% DH
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Fig. 8. Impact of extreme population allocations on Gini and NSE.

(ΔGini = 0.71%, ΔN SE = 25%) perform relatively worse than those with 30% (ΔGini = 0.015%; ΔN SE
= 19.65%) and 10% (ΔGini = 0.4%; ΔN SE = 16.52%). In consideration of the Δ values and Cocco
et al. [19] (who take 70% irrationality), the 30% DH is most appropriate and therefore justifies the
models’ validity [21].

7.3 Extreme Conditions Test
For the extreme conditions tests, we tested whether our model behaves reasonably when extreme
values are selected for specific parameters [8]. To do so, we selected parameters to be tinkered
with, all while keeping the other parameters at their optimal value (refer to Table 4). Here, the
considered scenario is S0 relative to reality.

In the first analysis, we considered extreme values for the ratio of DH. Figure 8 displays our
model if the population share of DH (DH/NA(t)) is at 0.01 and 0.99. The results displayed here
support our argument that the more the tokens are traded, the more concentration is to be observed.
Conversely, fewer trades yield less concentration.

In the second analysis, we considered extreme values for the FGI threshold (th). Figure 9
displays our model under different thh and thl . As we note minor differences (0.33 < ΔGini <
0.54; 2.71 < ΔN SE < 4.56) between the extreme FGI scenarios and the optimal scenario, we con-
clude that the impact of extreme values for the FGI threshold is moderate on the model. This
meets expectations as the model ought to behave “reasonably” when extreme values are selected
[8, p. 512].

8 DISCUSSION
Using ABM, we evaluated how trading probabilities affect distribution over time within three dis-
tinct scenarios representative of ‘fair’ initial token allocations. Our findings are consistent with
Barbereau et al. [6] timocratic description, as the ability to trade voting rights tokens appears to
be one of the causes of concentration (RQ1). Amid all three simulation sets with high, medium,
and low trading probabilities, the three scenarios tend toward concentration (RQ2). Subsequently,
we discuss our contributions, implications, and limitations.
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Fig. 9. Impact of extreme FGI thresholds on Gini and NSE.

Table 7. Italicized Refinements to the Token Classification of Oliveira et al. [47]

Governance Parameters

Representation Digital Physical Legal

Supply
Distribution Schedule based

Pre-mined,
scheduled

distribution

Pre-mined, one-off
distribution Discretionary

Allocation Fair launch ‘Unfair’ launch, pre-sale

Incentive system Enter Platform Use Platform Stay Long-Term Leave Platform

8.1 Contributions and Implications
The concentration of wealth in the long term, as observed in our constructed ABM, aligns with
findings on the concentration of wealth in public-permissionless [6, 32, 34], and general under-
standings on the concentration of wealth [52]. The implications of our findings are of theoretical
and practical nature.

Our findings allow to “sharpen” theory [21, p. 440] on tokenomics and DAO governance. Specif-
ically, we contribute to the token classification of Oliveira et al. [47], as we refine the “Governance
Parameters” in favor a distinction of the “Supply” parameter in terms of “Distribution” and “Alloca-
tion.” The “Distribution” parameter is accounted for already, as it is equivocally used for the “Sup-
ply” of tokens. For “Allocations,” we distinguish between “Fair Launch” allocations (like the ones
described) and all other token allocations that may favor a minority of insiders (e.g., like Uniswap
did). This contribution parallels research on initial coin offerings which account for these ‘unfair’
allocations as so-called “private pre-sale[s]” [28, p. 10]—a terminology we adopt here.

Table 7 showcases our refinement vis-à-vis the original classification of Oliveira et al. [47]. While
our findings do not allow to distinguish causation or correlation between allocation and concen-
tration of tokens over time, the inclusion of “Allocations” in the token classification provides an
indication for the normative ambitions of on-chain governance frameworks. Certainly, these are
of value to research on DAOs, their governance, and concentration of power (see [6, 9, 34, 36, 58]).
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The practical implications of our findings are for the design of future governance frameworks
that leverage voting rights tokens. Our work provided additional evidence that trading largely
determines the extent to which governance power is concentrated. Hence, beyond the alternative
to move governance of DAOs ‘off-chain’ (which carries a high risk of concentration of power (see
[22, 26, 49, 55])), the possibility to transfer tokens must be addressed.

In practice, this can be achieved through a new class of tokens described as soulbound. The
introduced definition refers to “accounts, or wallets, that hold publicly visible, non-transferable
(but possibly revocable-by-the-issuer) tokens” [69, p. 2]. In other words, the (albeit pseudonymous)
identity of a holder is encrypted into a Soulbound Token (SBT) that is linked to the respective
wallet. The opportunities for on-chain governance are promising:

— They mitigate Sybil attacks.
— They (could) grant more voting power to reputable holders.
— They enable for “proofs-of-personhood.”
— They allow to correlate between SBTs which support particular causes and prevent a

“tyranny of the majority” [44].
These opportunities provide avenues for research as they require contextual analysis. To date,

we note the intended application of SBTs for Know-Your-Customer processes and user creden-
tials as the cryptocurrency exchange Binance stipulated the intent to explore SBT on its native
blockchain. Binance’s SBT would grant access to specific functions of the BNB Chain [50]. An-
other, experimental application of SBTs is in electronic health records (see [65]). It remains to be
seen how these are implemented in practice and to what extent they achieve said promises.

8.2 Limitations
The research is subject to a number of limitations. In turn, some also offer potential research
directions in the field of modeling cryptocurrency/token markets and organizational works in
IS research.

The first limitation pertains to the defined market rules. Although these followed the principles
stipulated in the work of Mendelson [41], the clearing mechanism lacks a formal price clearing
method. As we aim to replicate the behavior of YFI and evaluate the concentration of tokens, we
acknowledge that the defined market mechanics may result in an oversimplification of reality.
Fitting a model that accurately replicates the price of the mentioned asset poses challenges due
to the high volatility and stochasticity observed in cryptocurrency markets. (This limitation was
acknowledged by Cocco et al. [19].)

The second limitation pertains to the awareness of agents. In the designed model, the decision
making of individual agent’s does not depend on past decisions or those of other agents. To address
these shortcomings, future work may build upon and extend our model to include a public order
book where agents are aware about other orders. Further, a distinction may be made between
trading mechanisms and clearing methods on centralized and decentralized exchanges.

The third limitation pertains to the trading behavior of agents. For our simulations, we heavily
rely on the FGI as a proxy for market conditions. Subsequent work could opt for the use of more
granular indicators, such as the price or the volatility of different DeFi assets or social media data.

Last, because this study focused on initial token allocations, we did not consider the different
techniques to cast the actual votes. While the allocation might lead to concentration, specific vot-
ing techniques may prevent whales from skewing the outcomes of elections. Quadratic voting—
whereby preferences in terms of strength instead of a simple ballot are cast [16]—is now effectively
used in some DAOs (e.g., Synthetix) and discussed in others (e.g., OlympusDAO, CurveDAO). That
method, however, is yet to prove fruitful in the long run: one of the considered cases in the work
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of Barbereau et al. [6], Synthetix, uses quadratic voting, and although the findings reveal rela-
tively less concentration, all metrics are still high. The evaluation of different voting techniques
represents a notable research direction for interdisciplinary IS research.

9 CONCLUSION
Within the DeFi space, recent scholarship observed the implementation of on-chain governance
frameworks for DAOs that leverage tokens embedded with voting rights. The initial allocation
of these voting rights tokens ought to follow principles of fairness to achieve normative goals of
political decentralization. The fair launch allocation of Andre Cronje gained prominence, as it did
not allocate any tokens to a minority of insiders. However, in practice it fell short, as over time
YFI tokens became highly concentrated.

The contributions of this study are threefold. First, on the basis of Cocco et al. [19] and Roşu and
Saleh [57], we proposed ABM to simulate fair launch initial token allocation. Using the model, we
simulated alternative initial token allocation scenarios understood as ‘fair’ [43, 53]. Second, as our
simulation results showed, over time, independently of market conditions and agents’ willingness
to trade, concentration is imminent. At last, the implications of our results allowed to extend un-
derstandings on DAOs and tokenomics to formerly include allocations as formal part of developed
governance understandings.
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