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Abstract

In September 2022, as the Ethereum blockchain shifted from a proof-of-work
to a proof-of-stake consensus mechanism, the block generation process has un-
dergone a remarkable transition with the widespread adoption of the Proposer-
Builder Separation (PBS) mechanism. This separation allocates the roles of block
building and block validation to distinct stakeholders (builders and proposers).
Additionally, entities called relays act as intermediaries and connect builders to
proposers. Finally, another key stakeholder, the searchers, try to capitalize on
profit opportunities by dispatching transaction bundles to builders. This estab-
lishes a 3 tier layered structure (searchers, builders, and proposers), where each
tier may optimize for maximum profit. In this study, we delve into the dynamics
and interplay amongst the PBS market stakeholders and asses the current status
of the PBS mechanism compared to its original objectives. Our findings reveal
that both the relay and builder segment are characterized by an oligopolistic
structure and are dominated by a handful of players. Further, we show that pro-
posers consistently hold the largest profit share, followed by searchers and then
builders. In contrast, a more granular analysis of individual players’ weekly prof-
its suggests a potential disproportionate favoring towards builders as opposed to
individual proposers and searchers. Additionally, we conceptualize the bidding
auctions where builders compete against each other for their block to be cho-
sen for chain inclusion. On one hand, our research suggests high potential for
improvement of the builders’ bidding strategies and, on the other hand, reveals
that notable percentage of builders use a reactive bidding strategy as opposed to
bidding solely based on a block’s value.
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Chapter 1

Introduction

Over the last decade, the Ethereum blockchain has undergone a remarkable trans-
formation continuously working towards greater decentralization. The process of
generating blocks, from individual transactions of users to attested blocks in the
chain, has always opened opportunities for different players to participate. In
2019, the concept of Maximum Extractable Value (MEV) emerged [1], which
refers to the potential profits miners can extract by including, excluding, or re-
ordering transactions. This has opened the playing field for many miners to
compete against each other for MEV opportunities. However, malicious MEV
extraction such as sandwich attacks can have detrimental effects on users [1] and
to mitigate such negative implications, the block creation mechanism has funda-
mentally changed in September 2022. As Ethereum shifted from a proof-of-work
(PoW) to a proof-of-stake consensus mechanism (PoS), the Proposer-Builder Sep-
aration mechanism has found widespread adoption. PBS distinguishes the roles
of block producers and block proposers, whereas in PoW both roles were held by
miners. While validators remain responsible for proposing and voting on blocks,
a new entity called block builders have been introduced to order transactions and
assemble blocks. Block builders and block proposers both connect to entities
called relays, which create a channel between the two. From all the blocks that
are forwarded from the relays, the proposer picks the most lucrative one. Finally,
there exists another key player in the ecosystem - the searchers. Their role is
to identify MEV opportunities, and capitalize on them by creating transaction
bundles which are handed to the block builders. During this entire process, on
one end, searchers bribe builders to include their transaction bundles in the block
and, on the other end, builders bribe proposers to select their block. This struc-
ture gives rise to intriguing dynamics among the various stakeholders. In this
study, we aim to shed light on how different players in this newly emerged PBS
market interact with each other and evaluate how the current status of the PBS
mechanism aligns with its original goals.

The following are the main contributions of this study:

• A longitudinal time analysis of the market dynamics of PBS. This includes
an overview of the wide spread adoption of PBS, as well the different players
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1. Introduction 2

(builders, relays, proposers) and how they share the market.

• A profitability analysis comparing the profit shares between the searchers,
builders and proposers. While past papers have focused on the profits of
individual or 2 of the players (e.g. [2], [3]), this study provides a generalized
approach by illustrating the entire flow of tokens from searchers to builders
to proposers.

• An analysis of the auctions that arise when different builders compete for
their block to be chosen by proposers. This includes the analysis of newly
collected auction data of over 350’000 auctions which has not yet be thor-
oughly explored, as well as a deeper dive into two different bidding strate-
gies: fraction-based bidding based on block value and reactive counterbid-
ding.



Chapter 2

Background

In this section, we introduce background information and concepts that are rel-
evant to understand the analysis conducted in this thesis.

2.1 Ethereum 2.0 Architecture

In September 2022 the Ethereum network, the most popular decentralized blockchain,
underwent a significant transition to a proof of stake (PoS) consensus mechanism.
This transition known as "The Merge" involved connecting the original execution
layer with its new proof-of-stake consensus layer, the Beacon Chain [4].

2.1.1 Execution Client, Consensus Client and Validators

Figure 2.1 illustrates the relationship between the execution and consensus clients
in PoS Ethereum. Both clients connect to their respective peer-to-peer (P2P)

Figure 2.1: Ethereum 2.0 Client Architecture [5]
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2. Background 4

networks. The Execution Client manages transaction handling, transaction gos-
sip, state management and supporting the Ethereum Virtual Machine (EVM).
It serves as a gateway for users to interact with the blockchain, enabling them
to submit queries and transactions, and deploy smart contracts. In contrast, the
consensus client is responsible for the synchronization logic necessary to keep
nodes up to date with the Ethereum network. This involves receiving blocks
from peers and running a fork choice algorithm to ensure the node consistently
follows the chain with the highest accumulation of attestations. The consensus
client itself does not participate in attesting or proposing blocks. These actions
are carried out by validators, which are an optional extension of the consensus
client. Node operators can add a validator by depositing 32 ETH. Running the
validator software also makes a node eligible to be selected to propose a new block.

In the Ethereum network, a block can be added to the blockchain in each
slot, where every slot lasts 12 seconds. During each slot, a single validator is
pseudo-randomly selected to propose a block (using the RANDAO algorithm)
[6].

2.2 MEV, PBS and MEV-Boost

2.2.1 Maximal Extractable Value (MEV)

Maximal extractable value (MEV) has gained considerable attention since it was
introduced by Daian et al. [1]. It refers to the maximum profit that can be
attained through the manipulation of transaction ordering, in addition to the
standard block reward and gas fees. By including, excluding, and changing the
order of transactions, users gain the ability to extract MEV. This extraction can
be accomplished through various methods, with the most common types being
arbitrage, front-running and sandwich-attacks.

In PoS Ethereum, MEV in theory accrues entirely to validators since they
are the only parties capable of guaranteeing the execution of a profitable MEV
opportunity. However, in practice, a substantial portion of MEV is extracted by
independent network participants known as searchers [6].

There already exists extensive literature on the security implications of MEV
bidding strategies: Malicious MEV extraction can cause users to directly loose
money [7], can lead to on-chain bidding wars resulting in network congestion and
high gas fees [1], and has been argued to be a centralizing force because finding
the most profitable MEV opportunities requires significant resources which only
big players can afford [8]. In order to mitigate such negative implications, several
MEV countermeasures may be considered [9], including in-protocol Proposer-
Builder Separation.
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2.2.2 Proposer-Builder Separation (PBS)

Proposer-Builder Separation (PBS) is a proposed solution aimed at reducing the
negative impact of MEV on Ethereum’s decentralization and security. PBS intro-
duces a significant change to the consensus protocol, primarily by separating the
block producer and block proposer roles. While validators remain responsible for
proposing and voting on blocks, a new class of specialized entities called "block
builders" is introduced to order transactions and construct blocks. This separa-
tion of roles has the goal of promoting greater competition and decentralization,
as any user can become a block builder and extract MEV. Although PBS is not
yet implemented in-protocol, there are ongoing efforts to introduce in-protocol
support in the future [6].

2.2.3 MEV-Boost

Figure 2.2: MEV-Boost Architecture [10]

MEV-Boost serves as an intermediate realization of PBS - a separate piece of
open source software, which outsources block-building to a network of builders.
As illustrated in Figure 2.2, MEV-Boost operates as follows [11]:

• Builders assemble full blocks by collecting transactions from users/searchers,
the public mempool, and by inserting own transactions to extract MEV.
They then submit their blocks to relays, containing promised payments
to block proposers. Notable examples of block builders include Flashbots,
Eden, BloXroute and Blocknative. All builders which were labelled in this
analysis (and their respective addresses) are included in Tab. A.2 in the
Appendix.

• Relays aggregate blocks from multiple builders in order to select the block
with the highest fee and propagate the received blocks to listening pro-
posers (validators). There are different types of relays which distinguish
themselves with regard to how they connect to builders and what censor-
ship they deploy. Relays may either connect to their own internal builders
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(e.g. Blocknative and Flashbots) and/or connect to external builders in
a permissioned (e.g. Eden and Bloxroute) or permissionless manner (e.g.
Flashbots and Manifold). Furthermore, some relays censor certain trans-
actions to be OFAC-compliant [12]. Table 2.1 provides an overview of the
relays analyzed in this study and their characteristics.

• Validators (i.e. proposers in PoS) ultimately select the most profitable
block and propose it to the Ethereum network for attestation and block
inclusion.

• Searchers are another critical type of participant in the Ethereum block-
building funnel who extract a large portion of MEV. They run complex
algorithms (usually bots) to detect profitable MEV opportunities and sub-
mit a bundle of transactions through a private channel to a builder (such
as Flashbots, Eden, Bloxroute, and many more). Additionally, searchers
include a bidding amount to the builders, in order for the builder to include
their transaction bundle in the block. All transactions in a bundle will be
carried out atomically and as they are not revealed to the public mempool
the searchers do not run the risk of becoming the victim of a front-running
attack.

Relay Name Builder Connections Censorship
Flashbots internal & permissionless OFAC-compliant
bloXroute (E) internal & permissioned x
bloXroute (M) internal & permissioned x
bloXroute (R) internal & permissioned OFAC-compliant
Eden internal & permissioned OFAC-compliant
UltraSound permissionless x
Agnostic Gnosis permissionless x
Blocknative internal OFAC-compliant
Aestus permissionless x
Manifold permissionless x

Table 2.1: The table above summarizes the different types of relays and their
main characteristics. The 2nd column outlines to what types of builders the
relays connect to and the 3rd column indicates if they are are regulated under
OFAC and censor certain transactions. We obtained this information directly
from the relay websites A.1 as well as [3].



Chapter 3

Data Analysis

3.1 Market Dynamics

In the following we present a high-level overview of the PBS market dynamics
and provide the reader with a first intuition on how the market is structured,
what different players exist and how they interact with each other. Overall, the
findings align with those presented in previous papers, for example [2] and [3].
Compared to previous papers, this analysis covers a longer time period, which
provides a more holistic view of the current ecosystem and illustrates potential
risks associated with network centralization.

3.1.1 Data Retrieval and Methodology

In order to conduct this analysis we require data on MEV blocks, in particular
the different players which have participated in the block building process. For
each MEV block, the MEV-Boost Relay Data API [13] allowed us to retrieve the
payloads that were delivered from each relay to all proposers. This includes in-
formation on the block builder, relay and proposer which allowed for the analysis
presented in the next section. Data was collected from September 15th 2022 until
June 15th 2023.

3.1.2 Results

MEV-Boost has found rapid adoption since its introduction on September 15th

2022 and has been proposers’ preferred choice of block-building: the share of
blocks using the MEV-Boost software (’PBS blocks’ or ’MEV-boosted blocks’)
reached 86% on November 3rd 2022, and has been relatively stable between 85-
94% since then (Figure 3.1). On April 13th one can observe a drastic decrease
in the share of MEV-boosted blocks (reaching under 66%), which was likely
due to the Ethereum Shapella upgrade on April 12th. Capella changes required
proposers, relays and block builders to update there software stack which may
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3. Data Analysis 8

have incurred delays and temporary unavailability of some relays and builders
[14].

Figure 3.1: The above figure illustrates the proportion MEV-boosted blocks over
time. ’MEV-boosted blocks’ or ’PBS blocks’ refer to blocks which have gone
through the MEV-boost block creation funnel (builder to relay to proposer). In
contrast, non-PBS blocks are blocks which have been built by the block proposer
itself and were not submitted through a relay.

Figure 3.2 illustrates the shares of PBS blocks corresponding to the different
relays. A total of 11 relays exist (10 are displayed in the graph) creating a strong
dependence on very few players. This leads to a high network fragility, and an
up-time below 100% can quickly lead to missed slots, which may have caused of
the dip in PBS blocks on April 13th during the Shapella upgrade. We observe,
that the Flashbots relay was initially dominating the market (with over 80%
market share). However, over time other relays gained higher market shares and
decentralization has increased. Nevertheless the top 3 relays (Flashbots, Agnostic
Gnosis and Ultrasound) still accrue for the majority of PBS blocks and the relay
landscape continues to be highly centralized.

Figure 3.3 illustrates the share of PBS blocks built by different builders. Sim-
ilar to the relay landscape, we can observe that Flashbots was initially the single
dominant builder (building over 40% of PBS blocks), and other builders gained
increasing market share over time. In contrast to the relay landscape, many
small builders exist which are summarized in Fig. 3.3 in the "Other" category,
however, they don’t account for a large percentage of blocks (typically between
10-20%).

We conclude that the concentration of both the builder and relay market
decreased with time, however, in particular the relay landscape remains highly
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Figure 3.2: The above figure illustrates the proportion of mev-boosted blocks
(y-axis) over time (x-axis) split into individual relays. Each color represents one
relay, and we plot the daily share of blocks of each relay.

Figure 3.3: The above figure illustrates the proportion of mev-boosted blocks
(y-axis) over time (x-axis) split into individual builders. Each color represents
one builder, and we plot the daily share of blocks of each builder. Only the most
well-known builders are labelled inidivdually, the remaining ones fall into the
category "Other".

centralized. The builder market is slightly more competitive and decentralized as
many small builders exist, but nevertheless, the market is strongly dominated by



3. Data Analysis 10

a few large players. Further analysis on the market concentration of relays and
builders can be found in [3], where the Herfindahl-Hirschman Index is calculated
as a measure of market concentration.

3.2 Distribution of Profits

In this section we present the results of a profitability analysis, comparing the
profit shares between the searchers, builders and proposers. Past papers have
so far either focused on comparing builder and proposer profits (e.g. [2], [3]), or
comparing searcher profits to the bribes they send to builders. In this analysis
we generalized the previous approaches by illustrating the entire flow of curren-
cies from searchers to builders to proposers. This extension allows us to offer a
more comprehensive understanding of how MEV is shared within the Ethereum
ecosystem.

3.2.1 Data Retrieval and Methodology

To conduct this analysis we require three metrices: (1)searcher profit, (2) builder
profit and (3) proposer profit.

For a transaction to be included in a block the user (and thus also searcher)
pays a fee (total fee), which is the sum of the base fee and the priority fee. The
base fee is paid per unit of gas and depends on the computational complexity of
the transaction. It is dynamically set by the network according to demand and
burned by the system. The priority fee, on the other hand, is set by the user and
serves as a bribe for the transaction to be included in the block. Additionally,
users can tip the block creator via direct transfers to the fee recipient address.
Correspondingly, the searchers costs are also composed of the transaction costs
(base fee and priority fee) and any direct transfers. The revenue of searchers is
simply the revenue from the arbitrage and sandwich-attack transactions ("MEV
revenue"). This gives us the following searcher profit :

Searcher Profit = MEV Revenue − (Transaction Costs + Direct Transfers)

Based on the the priority fees and direct transfers which users pay for their
transactions to be included in a block, we define the total block reward for builders
and validators as follows:

Block reward = Sum of priority fees + Sum of direct transfers
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For non-PBS blocks this block reward is accrues entirely to the validator.
For PBS Blocks, which we focus on in this analysis, the block builder receives
the block reward and pays the proposer a separate reward by including a direct
transfer to the proposer as the last transaction in the block. This transaction
can be easily traced and constitutes the Proposer Profit. Consequently, the
builders profit is defined as follows:

Builder Profit = Block Reward − Proposer Profit

After having theoretically defined the searcher, builder and proposer profit,
we now consider how they were computed in practice.

To compute the proposer profit we retrieved PBS block data from the MEV-
Boost Relay Data API [13] which directly includes this information for each block.
For the builder profit, we calculated the sum of priority fees of all transaction of
a block and added any direct transfers to the block builder.

In order to compute the searcher profit one would need to trace all MEV-
transactions from the public mempool and from private transaction pools (as
searchers often submit their transaction bundles via private channels). Flashbots,
who operate one of the largest private transaction pools, encourage transparency
of the ecosystem and make their private transactions openly available. For the
scope of this analysis, we focus solely on transactions within Flashbots private
transaction pool. To ensure a fair comparison between the profit of searchers,
builders and proposers, we compute the builder profit and proposer profit ex-
clusively from blocks built by the 5 Flashbots builders which include private
transactions (see list of builders in Appendix A.2). In future research, one could
generalize this study to encompass all searchers.

To calculate the MEV revenue of searchers we trace each Flashbot private
transaction and compute the profit of all arbitrage and sandwich attack transac-
tions1. Since the MEV revenue is not necessarily in Ether, we use the Binance
Klines API endpoint [15] to translate the revenue value into Ether at the time
of the transaction. This allowed us to convert 88.5% of all transactions and the
remaining 11.5% were disregarded.2 Finally, we subtracted the transaction costs
(gas fee ∗ gas used) and any direct transfers to builders from the revenue giving
us the searcher profit. Note, that other types of MEV transactions exist (e.g.
liquidations and NFT MEV [16]) which where not considered in this study. As
a result, the effective searchers profit may be higher than the value calculated in
this study.

1For arbitrage transactions (/ sandwich attacks), we calculate the searcher’s balance differ-
ence before the execution of the first arbitrage (/front-run) transaction and after the execution
of the last arbitrage (/back-run) transaction.

2The Binance Klines API endpoint [15] does not contain all currency exchange rates, espe-
cially those of smaller tokens are often missing.
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3.2.2 Results

In Figure 3.4 we illustrate the daily profit distribution among searchers, builders,
and proposers, and in Figure 3.5 their weekly sum of profits. Proposers consis-
tently hold the most substantial portion of profits throughout the studied period
and typically captured 75-90% of profits. Searchers claim the next significant por-
tion, with a profit share between 5-20%. Finally, the builder profit constitutes
the smallest share rarely exceeding 10%.

Notably, the searcher and builder profits show a high volatility. We could not
identify direct causes for their profit peaks and dips, and it seems it is mainly due
to their dynamic nature in the PBS ecosystem. Many factors such as dynami-
cally changing MEV opportunities, fluctuating transaction costs and bidding auc-
tions between searchers may influence this volatility. In order to check whether
searchers, builders or proposers are favored during moments of high volatility
on Ethereum, we conducted correlation tests between ETH-USD price changes
and their weekly profits.3 Data points of ETH to USD price changes were down-
loaded from Etherscan [18] and we tested for correlations of this data against the
profits of searchers, builders and proposers. However, no statistically significant
correlations were measured (see Table B.1 in the Appendix). As we used rather
coarse-grained data points of the ETH to USD price changes (daily), one may
re-evaluate this correlation in future research using smaller time intervals (e.g.
by calculating the volatility of each 12 second slot).

3This notion originated from a study by Gupta et al. which finds that certain builders are
more likely to win in the PBS auctions when volatility is high [17].
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Figure 3.4: The figure above illustrate the profit shares of block builders, block
proposers and searchers. The x-axis represents time and the y-axis profit shares
of the entire profit. The dataset only includes blocks from Flashbots builders.

Figure 3.5: The figure above illustrates the weekly sum of profits of searchers,
builders and proposers. The x-axis refers to the time (i.e. week) and the y-axis
to the sum of profits in ETH.
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At this point it seems like the proposers are the most profitable party, however,
we must also consider the number of users this profit is split between and how it
is distributed: The builder profit accrues entirely to the 5 Flashbot builders due
to the selected dataset. In contrast, the profit earned by searchers is dispersed
amongst approximately 50 to 100 distinct addresses per day, and for proposers
the number varies between 100-200 addresses (driven by the pseudo-random se-
lection algorithm)4. In table 3.1, we proceed to compare the per player profits of
searchers, builders and proposers.

Weekly profit
Flashbot Builders 3 - 551 ETH

Mean weekly profit Median weekly profit
Searchers 0.15 - 4.6 ETH 0.01 - 0.17 ETH
Proposers 0.9 - 3.2 ETH 0.09 - 0.21 ETH

Table 3.1: Summary of profit per player of builders, searchers and proposers. A
more comprehensive viusaliation of the mentioned data point can be found in
Fig. 3.5, Fig. 3.6 and Fig. 3.7

As already previously mentioned, the Flashbots builder profit per week fluc-
tuates significantly which is why we can only indicate a broad range of between
3-551 ETH. For proposers and builders we have a more constant median weekly
profit of all players of between 0.01-0.17 ETH for searchers and 0.09 - 0.21 ETH
for proposers. In Figure 3.6 and 3.7 we illustrate the distribution of weekly profit
per player of searchers and proposers. For searchers we observe that the third
quantile point is typically between 0.1-0.8 ETH. However, there are some out-
liers which achieve a much higher profit and thus increase the mean value. This
would indicate that there are a few searchers outsmarting the majority and as a
result achieve a large proportion of the profit. A similar trend is present for the
proposers, where the third quantile point is typically between 0.2-0.8 ETH, and
again, the mean value is pulled up by a few players achieving a high weekly profit.
However, this is due to staking organizations like Lido [19] or stakefish [20], which
control a significant share of the validator market5 and thus receive the largest
profit share. Note, that these organizations themselves operate a network users
who stake Ether and to whom this profit is passed on to, so we cannot jump to
the same conclusion as for searchers.

In general, it is not possible to give a definite answer regarding which stake-
holder is most profitable, as the variations between the individual proposers and
searchers are significant. However, as the entire builder profit accrues to Flash-
bots (See Fig. 3.5), this analysis seems to indicate that builders achieve an over
proportional share of the entire profit compared to individual searchers and pro-

4See Appendix B.1 for the precise values.
5As of September 2023, Lido controls over 30% of Ether stake [19]
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posers. However, this study only provides an isolated view of Flashbots builders
and accordingly, this notion would need to be validated for more builders. This
may be a focus of future research.
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Figure 3.6: The above figure illustrates how the searcher profit is shared amongst
individual searchers. The x-axis refers to the time (i.e. week) and the y-axis to
the profit amount in ETH. Each box represents the interquartile range (IQR) of
individual searchers profits and the line within a box the median. Individual dots
mark outliers which are outside the whisker limit. Note that not all outliers are
visible on this y-scale.

Figure 3.7: The above figure illustrates how the proposer profit is shared amongst
individual proposer. The x-axis refers to the time (i.e. week) and the y-axis to
the profit amount in ETH. Each box represents the interquartile range (IQR) of
individual proposers profits and the line within a box the median. Individual
dots mark outliers which are outside the whisker limit. Note that not all outliers
are visible on this y-scale.
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3.3 Builder Auctions

This section focuses on analyzing bidding behaviors of builders: After a builder
orders transactions to form a block (from searchers directly or from the public
mempool), they determine a bidding value to be sent with the block header to
one or multiple relays. The relays connected to the current proposer, will forward
the highest received bid together with the block header to the proposer, which
chooses one of received proposals or alternatively assembles a block themselves.

This bidding process is fundamentally related to the goal of PBS to decen-
tralize MEV profits as, in theory, anyone can become a block builder and thus
compete for MEV opportunities.

In the following section we introduce the most important specifications and
constraints of a builder auction. In the context of this notion, we present overall
data characteristics, analyze several bidding heuristics and aim to shed light on
different types of bidding strategies.

3.3.1 Data Retrieval and Methodology

To conduct this analysis we collected two datasets from the MEV-Boost Relay
Data API [13]:

1. Firstly, we collected the auction winners for each MEV-boosted block from
the proposer payload delivered endpoint. We enriched this dataset with the
previously computed builder profit and the proposer profit for each block.6

2. Secondly, for each relay7, we collected all bids that were received for each
block auction from the builder blocks received endpoint. Each relay was
queried individually and the specific endpoints are included in Table A.1
in the Appendix. During the querying process we faced several failure
status codes (for example Status 429 errors with the Flashbots endpoint
and Status 503 with the Blocknative endpoint), resulting is missing data
points for some relays. In order to prevent false results from incomplete
data, we decided to continue the analysis exclusively with blocks from the
relays Eden, Agnostic Gnosis and Ultrasound which had the highest data
completeness (> 99%). In further research, on could generalize this analysis
to data from all relays.

When combining both datasets we noticed that for some transactions (apprx.
5%) the proposer profit equals 0 although the bid value of the winning bid does
not equal 0. During correct execution, these two values match and thus we

6Refer to section 3.2.1 for the definition derivation of builder and proposer profit.
7Flashbots, Blocknative, Bloxroute (ethical), Bloxroute (max profit), Bloxroute (regulated),

Manifold, Eden, Ultrasound, Agnostic Gnosis, Aestus
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removed these transactions. The final dataset consisted of 398’700 blocks from
Sep-15-2022 - Jun-15-2023.

3.3.2 Auction Game Specification and Constraints

A builder auction can be viewed as a sequential game among a set of bidders
(i.e. block builders) who bid against one another to obtain a share of the block
reward. The game has the following properties:

a) Open auction start time: Players can decide freely when to start submit-
ting bids, even before the start time of a slot. This behavior is commonly
observed in practice and beneficial, as relays can immediately send suitable
blocks to the proposer when the slot starts [2].

b) Continuous bidding: Players can submit bids continuously, rather than
in discrete rounds (as the bidding process is asynchronous).

c) Partially revealed information: Players can see one another’s bids by
querying the MEV Relay API [13]. However, bidding information is subject
to network latency, resulting in varying delays among players. This latency
discrepancy can potentially confer a competitive advantage to some players.

d) Rate-limited bidding: Players have the freedom to raise and lower their
bids by arbitrary increments, however, they are constrained by a submission
rate limit. For the Flashbots relay, this rate limit is 2 submissions / second
/ IP address [21]. Although we couldn’t find information on the other
relays, we expect the rate limit to be of similar magnitude. Any new bid
of a player will overwrite a previous one, even if it is less profitable [13].

e) Variable block rewards between players: Players have the potential
to earn varying block rewards, based on the transactions they include in
the block and the block building strategies they employ. For instance,
builders who receive transactions through private channels alongside those
from the public mempool may have an advantage over builders relying solely
on public mempool transactions. Additionally, builders utilizing advanced
algorithms to exploit MEV opportunities may also gain an edge in earning
higher rewards.

f) Evolving block reward of each player: Block rewards for players can
change and increase as the auction progresses. This is due to the play-
ers composing and submitting updated blocks, for example, based on new
transactions that are submitted to the public mempool or sent to the player
directly.

g) Unknown auction duration: The auction does not have a predeter-
mined or fixed duration. Instead, the proposer decides how long to wait for
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new incoming bids and terminates the auction.8 All bids submitted after
termination will be disregarded even if they are higher than the selected
bid.

As an example, Figure 3.8 illustrates the bidding action that occurs during
the auction of block number 16345867 from point of view of the PBS network.
We observe 17 builders submitting bids to the relay Agnostic Gnosis. Eventually,
builder 0xb194b(...) wins the auction with a bid value of 0.0467 ETH.

Figure 3.8: Example auction that was observed for block number 16345867. The
above figure illustrates all bids received by relay agnostic Gnosis where each line
represents one builder.10The x-axis indicates the elapsed time and the y-axis the
bid value in ETH. Each bid is illustrated as a dot, the winning bid is highlighted
in red and the winning builder as the dashed black line.

3.3.3 Overall Auction Analysis

In this section we present general insights regarding the auction dataset in order
to shed light on overall market characteristics and dynamics. Table 3.2 contains
several statistics of the dataset. We observe that the relay Eden is distinct com-
pared to the other two relays in terms of number of bids per auction and number
of builders per auction. One plausible reason for this is that the Eden relay does

8If the waiting time is too long, the block may not receive a sufficient number of attestations
from the validator network, resulting in the original block being discarded and the proposer
losing out on profits. Thus, proposers essentially balance profitability and risk of failure [2].

10The endpoints of the relays Eden and Ultrasound did not send any bids for this slot, which
is common when proposers only choose to connect to some relays.
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no connect to external builders (although anyone can apply to become a builder
[22]). In contrast, Ultrasound and Agnostic Gnosis operate on a permissionless
model, welcoming any builder to connect. Notably, the mean and median winning
bid value is relatively similar for all 3 relays.

Overall Eden Ultrasound Agnostic Gnosis
Number of bids Mean 547 123 561 610

/ auction Median 481 32 486 535
Number of builders Mean 43 7 44 44

/ auction Median 49 4 47 48
Winning bid Mean 0.153 ETH 0.176 ETH 0.147 ETH 0.159 ETH

value Median 0.063 ETH 0.065 ETH 0.063 ETH 0.062 ETH

Table 3.2: General data characteristics of builder bidding auction datset

Number of bids per auction

Fig. 3.9 visualizes the number of bids submitted by builders for each auction. We
observe significant differences over time as well as between the 3 relays. Specif-
ically, auctions won by the Eden relay typically register fewer bids per auction
than those by the Ultrasound and Agnostic Gnosis relays. As previously men-
tioned, one plausible reason for this is that the Eden relay does no connect to
external builders while Ultrasound and Agnostic Gnosis operate on a permission-
less model.

Interestingly, the number of bids of the Ultrasound and Agnostic Gnosis re-
lays follow a similar trend over time: starting at approximately block number
16100000 (Dec-02-2022), the number of bids started increasing significantly, reg-
ularly surpassing 1500 bids by mid-January. At around block number 17000000
(Apr-07-2023) this trend reversed and the number of bids per auction dropped
back down to between 50-500 bids. In order to assess whether the sharp drops in
the number of bids at approx. block 16700000 and block 17000000 are either (1)
due to changes in the number of bidders per auction, or (2) due to the quantity of
bids per bidder per auction, we conducted two correlations tests: firstly between
the mean number of bids per builder per auction vs. the total number of bids
per auction, and secondly, between the number of bidders per auction vs. the
total number of bids per auction. Both tests resulted in a positive Spearman
Rank Correlation Coefficient (0.785 and 0.568 respectively) and a small p-value,
indicating a statistically significant positive correlation for both. Refer to Table
C.1 in the Appendix for the specific values of the correlation tests. As both
correlations are positive, this approach does not yet tell us what caused the ob-
served dips in Fig. 3.9, and thus we additionally plotted the data points from the
correlation tests in scatter graphs (see Fig. C.2 and Fig. C.1 in the Appendix).
Fig. C.2 shows that number of builders per auction significantly drops around
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block numbers 16700000 and 17000000 similar to the total number of bids, while
the mean number of bids per builder (Fig. C.1) does not demonstrate equally
notable changes. This would indicate that the sharp drops are primarily due to
a decrease in the number of builders participating in the auctions, however, it
remains unclear what caused this change in the number of participating builders.

To explore whether auctions with a higher block reward11 lead to increased
competition amongst bidders, we examined correlations between (1) the block
reward and the number of bids, and (2) the block reward and the number of
bidders. Our findings indicate a weak negative correlation across all relays: the
number of bids per auction and block reward correlate with a Spearman rank
coefficient of -0.140, while the number of bidders per auction and block reward
have a coefficient of -0.070. However, given that the coefficients are very close
to zero, the measured relationships are relatively insubstantial. All results, in-
cluding tests for individual relays, are included in Table C.1 in the Appendix. In
conclusion, these findings do not support our initial hypothesis, suggesting that
a higher block reward does not necessarily intensify bidding competition.

Figure 3.9: The above figure illustrates the number of bids submitted to each
auction. The x-axis indicates the auctions’ block numbers and the y-axis the
number of bids. Each dot in the scatter graph represents the number of bids
submitted to a single auction of the relays Eden, Ultrasound or Agnostic Gnosis.

11Refer to section 3.2 for the definition and derivation of an auction’s block reward
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Success frequency of builders

In the following section we analyze the auction success frequency of different
builders. The weekly success frequency of a builder is defined as follows:

Weekly success frequency =
Number of won auctions per week

Number of participated auctions per week
(3.1)

Overall, the mean weekly success frequency of all builders is 2.37% and the
median lies at 0.33%. Fig. 3.10 illustrates the auction success frequency of all
builders over time. During the earlier phase (up to December 2022), the data
points are sparse, primarily because the Ultrasound and Agnostic Gnosis relays
had yet to go live and gain market traction, as shown by Fig. 3.2. Overall,
we observe a strong discrepancy between a minority of builders that obtain a
substantially higher success frequency (up to 35%) in contrast to the majority of
builders whose success frequencies are typically below 5%. This distinction is also
emphasized by the difference between the smaller median and higher mean lines.
Additionally, the success frequency of all builders demonstrates a high variability
12. In April/Mai 2023 we observe an increase in success frequencies, but the cause
of this is unclear. For a break-down of success frequencies into individual relays,
one can refer to Appendix Fig. C.4, C.6 and C.5.

12This is even more visible on a log scale as depicted in Fig. C.3 in the Appendix.
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Figure 3.10: The above figure illustrates the auction success frequency of builders
over time. The x-axis indicates the elapsed time and the y-axis the weekly success
frequency 3.1. Each line represents the 4-week moving average of the weekly
success frequency of a builder. Only the top 12 builders are listed in the legend
and displayed in color in the figure. For builder addresses which are known (see
Table A.2), we have added the corresponding builder organization to the label.

One hypothesis we investigated was, if the number of bids submitted during
an auction is relates to the success frequency of a builder. To test this notion, we
conducted a correlation test between the mean number of bids of each winning
bidder per day and the daily success frequency of each winning bidder. Since nei-
ther dataset is normally distributed, we chose the Spearman Rank Correlation
Coefficient. The computation yielded a coefficient of 0.266, suggesting of a pos-
itive correlation. To further validate this, we used the bootstrap method, which
gave a 95% confidence interval for the Spearman correlation between 0.209 and
0.284. This range reaffirms the presence of a positive monotonic trend between
the two datasets which confirms our hypothesis, that a higher success frequency
is correlated with a higher number of bids. All values of the correlation test can
be found in Table C.1 in the Appendix.

3.3.4 Examination of Individual Bidding Strategies

In this section we dive deeper into builders bidding strategies, aiming to under-
stand patterns which guide their bid submissions during auctions. In particular,
we focus on differentiating and analyzing the following two strategies:
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• Fraction-based bidding is a relatively simple, non-adaptive bidding strat-
egy. The bidder simply calculates the bid value as a fixed fraction of the
total block value (e.g. 99%). As the block value increases over the course
of an auction, the bidder submits increasing bids. This strategy is invariant
to other bidder’s behavior.

• Reactive counterbidding is a bidding strategy where a bidder reacts to
the opponents bids and places a higher bid to win the auction. In the
analyzed builder auctions, we refer to this strategy when a bidder submits
bids based on the block value, and additionally adapts their bid submissions
based on the opponents behavior.

The goal of our analysis is to evaluate the prominence of each strategy, and
assess if builders can be categorized based on using one or the other strategy.

As a first approach we measured the bid value difference between the highest
(winning) bid and the subsequent highest bid (i.e. the highest losing bid). This
is based on the notion, that a builder who adopts reactive counterbidding would
likely exhibit a smaller increment compared to one using a fraction-based bidding
strategy. In Fig. 3.11 we summarize the mean bid difference of each builder in
a histogram. The results of all individual auctions are illustrated in Fig. C.7
and Histogram C.8 in the Appendix. The histogram indicates that a certain
group of builders achieve a small bid difference (between 0.0-0.0025), which may
indicate that these builders use a reactive counterbidding strategy. However,
we cannot draw any definite conclusions, as this could also be caused by other
behaviors: two builders may include similar transactions in their block and bid
a similar fraction of the total block reward. This case would also result in a
small bid difference even in the absence of reactive counterbidding. Nevertheless,
this analysis suggests that there exists high potential for refinement of many
builders bidding strategy as a large bid difference results in unnecessary tokens
being passed on to the proposer. In the next paragraph we move to an alternate
approach to identify reactive counterbidding, which is based on a more rigorous
notion.
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Figure 3.11: The above histogram illustrates the occurrences of builders mean
weekly bid difference, where the bid difference refers to the increment between the
winning bid value and the second highest bid value (highest loosing bid value).
The x-axis indicates the mean bid difference in ETH and the y-axis the observed
frequency of a given bid difference. As we are primarily interested in of small bid
differences, the x-axis is cut off at 0.02ETH.

In a bidding auction, builders may submit the same block multiple times
with different bid values (see section 3.3.2). To identify builders using a reactive
bidding strategy, we assume the notion that reactive bidders submit identical
blocks with different bid values, as opposed to fraction-based bidders, which
only submit one bid for each block hash. Thus, we calculate the number of
duplicate block hash submissions of each builder per auction. Histogram 3.12
categorizes builders based on their mean number of duplicates. Although the
majority of builders submit 0 duplicates (left-most bin), we indeed observe several
builders submitting duplicate block hashes: 15% of all builders submit on average
more than 4 duplicates. The highest builder (0x90000098...) on histogram 3.12
averages at over 80 duplicates per auction. Based on our initial notion, this
analysis would thus indicate that a notable proportion of builders follow a reactive
bidding strategy. However, despite this, when counting the total duplicate block
submissions per builder per auction over all auctions, we determine that 72.5%
of builders per auction submit zero duplicate block hashes. Thus, a large fraction
of builders do not use a reactive bidding strategy and have a high potential for
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improving their bidding strategy.

Lastly, we tested our hypothesis, that bidders using a reactive bidding strat-
egy, achieve a higher success frequency. This may either be due to (1) reactive
bidding directly achieving a higher success frequency than other strategies (e.g.
by bidding a smaller increment compared to the total block value) or, (2) builders
using optimized bidding strategies may also tend to use more sophisticated block
building strategies (resulting in a higher total block value). To evaluate this
hypothesis, we conducted a correlation test between the weekly mean number
of duplicate submissions of builders and the mean weekly success frequency of
builders. The Spearman Rank Correlation Coefficient of 0.137 indicates a weak
positive correlation between the number of duplicate submissions and the success
frequency of builders. Thus, this test indicates that, as suspected, builders using
reactive bidding strategies achieve a higher success frequency. However, note that
the Spearman Rank Correlation Coefficient is close to zero and its significance
might be limited. All values of the correlation test can be found in Table C.1 in
the Appendix.

Figure 3.12: The above histogram illustrates the duplicate block hash submis-
sions of builders. We calculated the mean duplicate submissions per auction per
builder. The x-axis indicates the mean number of duplicate submissions and the
y-axis the corresponding observed frequency.



Chapter 4

Conclusion and Future Research

The purpose of this thesis was to investigate player interactions and behaviors
within the PBS ecosystem. Initially, we provided an overview of the stakehold-
ers that occupy the market. Our observations revealed that both the relay and
builder segment of the market are of an oligopolistic structure, primarily domi-
nated by a handful of players (Section 3.1).

Next, we gave a comprehensive overview of how the block rewards and MEV
profits are shared between searchers, builders and proposers (for blocks built
by Flashbots builders). Our findings revealed that proposers consistently hold
the largest profit portion (75-90%), followed by searchers (5-20%) and builders
(typically <5%). However, when breaking the profits into individual players, the
Flashbots builders on average achieve the highest profit. This may indicate a dis-
proportionate profit margin favoring builders over searchers and proposers, how-
ever, this would have to be confirmed by analyzing a larger number of builders.
Future research could dive deeper into this aspect. Moreover, we revealed a high
profit variability between individual searchers and proposers, and as a result,
we cannot draw any decisive conclusions regarding which stakeholder category is
most profitable (Section 3.2).

In the last section of this thesis, we introduced a model for builder auctions
that arise when builders compete for their block to be selected by a proposer.
Firstly, we assess several auction heuristics (bidding frequency, auction partici-
pants, success frequency) in practice, and secondly, evaluate the presence of two
concrete bidding strategies: fraction-based bidding and reactive counterbidding.
Our finding suggest that while the majority of builders do not seem to use a reac-
tive bidding strategy, a notable fraction of bidders ( 15%) do. Furthermore, our
analysis revealed that many builders employ a very simple and straightforward
bidding strategy and there is high potential for refinement of these strategies. In
future research one could build upon these results by either (1) formally eval-
uating an ideal bidding strategy in this game model or (2) practically testing
different bidding approaches (Section 3.3).

Before concluding this thesis I would like to mention two final thoughts which
became evident to me through the course of this study. Firstly, this thesis contin-

27
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uously revealed that the concept of PBS is still in its infancy (volatility between
players in the network, observed instabilities during major changes, concentrated
markets, etc.). The PBS ecosystem is yet to undergo significant evolution before
achieving maturity. Secondly, PBS sheds light on some philosophical questions
tied to the Ethereum blockchain: there is a fundamental clash between the vi-
sion of decentralization in Ethereum and the need for pragmatic solutions to
market forces. This tension manifests in various ways, the following are a few
examples: (1) PBS strives to democratize MEV access for all, however, currently
less than 10 organizations operate the critical relay segment - far from what one
can call a decentralized network. (2) Further, private transaction channels, on
one hand, may be viewed as a centralizing force, but they also serve to protect
users from malicious entities. (3) Or lastly, one can consider the Lido network,
which controls over 30% of the staked ETH and dominates the proposer segment
[19], however, at the same time Lido strives for decentralization within its own
network of users.

In the future, it will be extremely interesting to observe what smart solutions
will be employed to address these existing challenges and what path will be chosen
balancing the vision of decentralization and on-ground pragmatics.
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Appendix A

Market Dynamics

Relay URL endpoint
Flashbots https://boost-relay.flashbots.net
Bloxroute (ethical) https://bloxroute.ethical.blxrbdn.com
Bloxroute (max profit) https://bloxroute.max-profit.blxrbdn.com
Bloxroute (regulated) https://bloxroute.regulated.blxrbdn.com
Eden https://relay.edennetwork.io
Ultrasound https://relay.ultrasound.money
Agnostic Gnosis https://agnostic-relay.net
Manifold https://mainnet-relay.securerpc.com
Aestus https://mainnet.aestus.live
Blocknative https://builder-relay-mainnet.blocknative.com

Table A.1: List of relay endpoints queried.
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Appendix B

Distribution of Profits

Figure B.1: Number of unique addresses profit is shared between (for searchers,
builders and proposers).

B-1



Distribution of Profits B-2

Variables Spearman
Rank Correla-
tion Coefficient

p-value

(1) Searcher Profit -0.009 0.962
(2) ETH to USD price
changes
(1) Builder Profit -0.264 0.166
(2) ETH to USD price
changes
(1) Proposer Profit -0.139 0.471
(2) ETH to USD price
changes

Table B.1: The above table displays the results of correlation tests between the
searcher, builder and proposer profits compared to price change of Ethereum
(ETH to USD price changes). We used the Spearman Rank Coefficient.



Appendix C

Builder Auctions

C-1



Builder Auctions C-2

Figure C.1: The above figure illustrates the number of bids builder builder per
auction (i.e. block number) over time. The x-axis indicates the elapsed time and
the y-axis the number of bids. Each dot represents the number of bids of a single
builder during one auction (i.e. for each auction we plot one dot for each unique
builder). The scatter dots are colored by the relay which the block was proposed
through.



Builder Auctions C-3

Figure C.2: The above figure illustrates the number of builders per auction (i.e.
block number) over time. The x-axis indicates the elapsed time and the y-axis
the number of unique builders. Thus, each dot represents, the number of unique
builders of a single auction and it is colored by the relay which the block was
proposed through.



Builder Auctions C-4

Variables Dataset Spearman
Rank Correla-
tion Coefficient

p-value 95% Confi-
dence Interval

(1) Nr of Bids /
Auction

All Blocks 0.785 0.0 (0.783, 0.787)

(2) Mean Nr. of
Bids / Builder /
Auction
(1) Nr of Bids /
Auction

All Blocks 0.568 0.0 (0.566, 0.570)

(2) Nr. of
Builders / Auc-
tion
(1) Nr. of Bids All Relays -0.140 0.0 (-0.145, -0.136)
/ Auction Eden -0.189 0.0 (-0.202, -0.177)
(2) Block Reward Ultrasound -0.122 0.0 (-0.128, -0.116)

Agnostic Gnosis -0.079 0.0 (-0.087, -0.071)
(1) Nr of Bidders All Relays -0.070 0.0 (-0.076, -0.066)
/ Auction Eden -0.117 0.0 (-0.129, -0.103)
(2) Block Reward Ultrasound -0.038 0.0 (-0.044, -0.031)

Agnostic Gnosis 0.016 0.0004 (0.007, 0.024)
(1) Mean Nr of
Bids / Auction /
Winning Builder

All Builders 0.266 9.72e-19 (0.209, 0.284)

(2) Success Fre-
quency / Builder
(1) Nr of Du-
plicate Blocks /
Auction / Builder

All Builders 0.137 3.9e-7 (0.086, 0.190)

(2) Success Fre-
quency / Builder

Table C.1: Correlation tests of various data points of builder auctions. We tested
for a correlation between variable x and variable y using the Spearman Rank
Coefficient. Bootstrapping was used to determine the 95% confidence interval.



Builder Auctions C-5

Figure C.3: The above figure illustrates the auction success frequency of builders
over time. The x-axis indicates the elapsed time and the y-axis is a log scale of the
success frequency (number of auctions won / number of auctions participated).
Each line represents the 4-week moving average of the weekly success frequency
of a builder. Only the top 12 builders are listed in the legend, in addition to the
weekly mean and median.
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Figure C.4: The above figure illustrates builders’ bidding success frequency of
auctions where the winning block was proposed through the relay Eden. The
x-axis indicates the elapsed time and the y-axis the success frequency (number of
auctions won / number of auctions participated). Each line represents the 4-week
moving average of the weekly success frequency of a builder. Only the top 12
builders are listed in the legend, in addition to the weekly mean and median.
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Figure C.5: The above figure illustrates builders’ bidding success frequency of
auctions where the winning block was proposed through the relay Ultrasound.
The x-axis indicates the elapsed time and the y-axis the success frequency (num-
ber of auctions won / number of auctions participated). Each line represents the
4-week moving average of the weekly success frequency of a builder. Only the top
12 builders are listed in the legend, in addition to the weekly mean and median.
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Figure C.6: The above figure illustrates builders’ bidding success frequency of
auctions where the winning block was proposed through the relay Agnostic Gno-
sis. The x-axis indicates the elapsed time and the y-axis the success frequency
(number of auctions won / number of auctions participated). Each line represents
the 4-week moving average of the weekly success frequency of a builder. Only
the top 12 builders are listed in the legend, in addition to the weekly mean and
median.
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Figure C.7: The above scatter plot illustrates the bid difference of all auctions,
where the bid difference refers to the increment between the winning bid value
and the second highest bid value (highest loosing bid value). The x-axis indicates
the block number and the y-axis the bid difference in ETH. Each dot represents
the bid difference of a single auction, colour by the relay through which the block
was proposed.
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Figure C.8: The above histogram illustrates the bid difference of all auctions,
where the bid difference refers to the increment between the winning bid value
and the second highest bid value (highest loosing bid value). The x-axis indicates
the bid difference between 0-0.0001 ETH (log-scale) split into 50 bins, and the y-
axis the observed frequency. The minority of bid differences with a value ≤ 0.0001
ETH are not shown in this scale, to improve the readability of the histogram.
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