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Abstract

The Bitcoin Lightning Network (BLN) is a second layer blockchain solution, which emerged
to address scalability issues. However, potential centralization concerns have surfaced as
current distribution might indicate a trend toward centralization. The Gini coefficient, a
measure of inequality, can be applied to BLN to assess its centralization by analyzing the
distribution of channel capacity among nodes. This research proposes a data processing
method specifically designed to utilize the Gini coefficient for evaluating centralization
within the BLN. Main challenge in applying the Gini coefficient to assess BLN centralization
is limitations of existing research. The lack of description on how to process data makes it
difficult to replicate these studies and verify the conclusions made by other researchers. The
proposed data processing method addresses the challenges associated with collecting data
from both Bitcoin blockchain and Lightning Network, including data linking, storage, and
variable selection. Results of the experimental research of the proposed method show that
Gini coefficient increased from 0.829 to 0.930. The results are confirmed by existing research
and can be used for future research to explore the BLN centralization.
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1. Introduction

Since its beginning Bitcoin (BTC) has undergone a remarkable evolution — a growing demand for
faster transactions has emerged the Lightning Network (LN), a second layer blockchain solution [1].
LN acts as a separate layer (Layer 2) built on top of the BTC blockchain (Layer 1). It functions like a
network of channels designed for micro-payments. Instead of adding every individual payment to the
blockchain, two counterparts open a secure channel with each other on the BTC blockchain. This
channel, established through a multi-signed transaction, allows them to send and receive a
predetermined amount of BTC back and forth quickly and efficiently [2].

Originally LN was designed to address scalability issues in BTC by enabling faster and cheaper
transactions while maintaining decentralization. But as Bitcoin Lightning Network (BLN) grows, it
appears to be shifting towards a more centralized architecture [3]. While BTC was designed to be
decentralized, the LN has witnessed a trend towards centralization, particularly evident in the
concentration of power among specific nodes. These nodes, often referred to as "hubs," possess a
disproportionately large share of the network's total channel capacity [2]. The hubs with the largest
capacity in the network earn super linearly more than nodes with lower capacity. This occurs when
the routing algorithm prioritizes routes based on capacity rather than minimizing fees [4]. This
concentration of resources and influence raises questions about the integrity of the LN decentralized
architecture.
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One of the most common methods for determining the level of centralization in LN is the Gini
coefficient. It is used to measure inequalities in the distribution of specific resources or characteristics
within a certain population [5]. Gini coefficient is an important measure used in many different fields,
including healthcare economics, sociology, tourism management, social determinant of diseases and
BLN centralization studies. It can be measured using various parameters like income, population
demographics, channel capacity or resource allocation, and offering a quantitative method to evaluate
inequalities within a system [6, 7, 8, 9]. In healthcare, Gini coefficient was used to analyze inequalities
in tuberculosis incidence, where it was demonstrated how it is associated with various social
determinants of health - including income inequality, education, and demographic [6]. Similarly, the
Gini index was utilized in tourism management research to evaluate the seasonal concentration of
tourism demand, gaining insights into the distribution of visitors across different periods [8].
Furthermore, the Gini index is used to assess the distribution of healthcare resources, which revealed
disparities in the availability of physicians, paramedics, and hospital beds [9]. Moreover, in BLN
centralization studies, Gini coefficient is used to measure inequal distribution between nodes,
associating it with node capacity and channels being controlled by a few nodes [10, 11]. Overall, Gini
coefficient applications in different fields show Gini’s versatility in quantifying inequality across
different fields and this way allowing for comparisons between them.

Existing studies which assessed the centralization of the BLN by applying Gini coefficient showed
a possible centralization. Research [10] presented the average high coefficient of 0.95 for node
capacity and average coefficient of 0.76 for the number of channels in nodes. Another research [3] also
reveals an average Gini coefficient value of 0.88 of channel count per node. Furthermore, authors [11]
presented Gini value for BLN of 0.77, while research [12] also highlighted the gradual growth of Gini
coefficient from 0.82 to 0.92 between April 2019 and January 2021.

When utilizing the Gini coefficient in assessing the centralization of the LN, it can be measured

using the following formula:
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where N should be used to represent a total number of nodes, X; and X; to represent the capacity of
nodes and X as an average capacity across all nodes. The Gini coefficient ranges between 0 (perfect
equality) and 1 (maximum inequality), where 0 signifies everyone having an equal share of the
resource and 1 represents a scenario where one individual has everything [3], [11].

The problem in applying the Gini coefficient when assessing the centralization within the BLN is
data collection across Layer 1 and Layer 2, including data linking, storing, and choosing variables for
calculations. Existing research often overlooks how data is extracted from blockchain and how data
from both layers can be linked ensuring consistency. The aim of this study is to establish a data
processing method for applying the Gini coefficient to assess the centralization of the BLN. To achieve
this aim, the research will focus on the following objectives:

1. Extract data from both Layer 1 (L1) and Layer 2 (L2) to gather relevant datasets on node
activity and capacity.

2. Categorize data and link datasets from different sources, ensuring consistent integration of L1
and L2 data without distortions.

3. Propose a data processing method and scheme for applying the Gini coefficient to assess the
centralization within the BLN.

4. Implement and conduct experimental calculations using the Gini coefficient and provide visual
representation of the results.

This research focuses on developing a data processing method specifically designed for applying
the Gini coeflicient to assess centralization within the BLN. First, data will be collected across from
both L1 (BTC blockchain) and L2 (LN). This includes aspects like data linking, storage and selecting
appropriate variables. Subsequently, a data processing method will be proposed. Finally, the paper
will apply the method in calculating the Gini coefficient for BLN. The results will be presented
visually.



2. Data processing method

Within the framework of the LN, the Gini coefficient serves as a metric for assessing centralization.
This method involves aggregating nodes under common or similar aliases to evaluate the distribution
of channel capacities and the consolidation of authority within the network. While other studies
measure Gini coefficient in BLN by considering node capacity, this paper proposes a method that goes
beyond analyzing individual nodes by grouping them into entities based on aliases. Through the
systematic analysis of the Gini coefficient across these entities, our objective is to discern the degree of
centralization inherent within the BLN ecosystem. This attempt facilitates a comprehensive
exploration of the network's structural composition and its implications for decentralization.

To research the centralization tendencies withing the BLN, data will be gathered from 2 primary
sources — LN Research [13] and BTC blockchain.

LN Research meticulously investigates the LN, a second-layer solution built on the BTC blockchain
to tackle scalability and fees [13].

To access BTC blockchain Bitcoin Core was utilized, the authoritative BTC protocol
implementation which validates transactions and confirms blocks and Electrum node which indexes
BTC blockchain for fast information retrieval.

LN gossip messages do not contain information when channels have been opened or closed. To
address this limitation the ‘MyNodeBTC’ environment was utilized — an operating system designed to
manage different BTC node types — to synchronize a BTC full node and an Electrum node for the
transaction indexing [10]. BTC blockchain transactions dataset includes all transactions that have
occurred on the BTC network. This includes information on the date and time when BTC was locked
in a transaction, the specific amount, and the status of the channel — whether it was closed or still
open. Examples of BTC blockchain blocks database table can be found in Figure 4 and BTC
transactions database table in Figure 5.

BLN works by exchanging messages to enable finding payment routes within the LN. These
messages have been broadcast to all network participants and have been collected by LN Research
team. This information provides the foundation for the research. The data has been imported from
both the BTC blockchain and the LN Research repository as shown in Figure 1.
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Figure 1. Initial database tables



This information exchange is specified in the gossip protocol, where nodes broadcast 3 types of
messages to the network — ‘Channel Announcement’, ‘Channel Update’ and ‘Node announcement’.
For the purposes of this study, 2 specific message types will be leveraged — channel announcements
and node announcements [13]:

‘Channel Announcement’ message announces the creation of a new payment channel on the LN,
including the unique identifier (ID) of the channel and the public keys of the two nodes participating
in the channel. Example of channel announcement database table is presented in Figure 2. The
‘ShortChannelID' provides concise information about the channel. 'NodeID1' and 'NodeID2' represent
the IDs of LN nodes that initiated the channel specified in the preceding 'ShortChannelID' field.
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Figure 2. Example of channel announcement database table

‘Node Announcement’ message informs other nodes about a new node joining the LN, typically
containing the unique identifier (ID) of the node and optional information such as the node's operator
or its public key (depending on the implementation). As shown in Figure 3, in ‘NodeAnnouncement’
messages, there are two fields ‘NodeID’ and ‘Alias’. "NodeID’ field contains a unique identifier
assigned to the node within the LN, enabling identification and communication. The ‘Alias’ field
provides a user-friendly name or identifier associated with the node, allowing for easy recognition

and interaction without the need to refer to the ‘NodeID’.
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Figure 3. Example of node announcement database table

The LN does not contain information about when the channel was opened or closed to address this
limitation, the ‘MyNodeBTC’ operating system was utilized — an operating system designed to
manage different BTC node types — to synchronize a Bitcoin full node and an Electrum node for the
transaction indexing [10]. BTC blockchain contains all transactions that have occurred on the BTC
network. This includes information of the date and time when BTC was locked in a payment channel,
the specific amount, and if the channel was closed — date and time when it was closed. Example of data
fragment is shown in Figure 4. The 'BlockIndex' column denotes the height of each block in the
blockchain, starting from 0 for the Genesis Block. The 'BlockHash' serves as a unique identifier for
each block in the blockchain. The "Timestamp' represents the UNIX timestamp of each block. The
"Time' and 'Date’ fields are derived from the "Timestamp' field and are utilized for easier data selection
in subsequent calculations.

Table: =] Blockchain_Blocks = 2 &
Blockindex BlockHash Timestamp Time Date
Filter Filte Filter Filter Filter

1 503000 0000000000000000002d17bf3815... 1515324197 2018-01-07 13:23:17  2018-01-07

2 502000 00000000000000000035a2b5939f... 1514785532 2018-01-0107:45:32  2018-01-01

3 502001 00000000000000000026dd6332e... 1514785986 2018-01-0107:53:06 2018-01-01



Figure 4. Example of blockchain blocks database table

For transactions identified as spent, it was further investigated by assigning the specific block
height where the spending transaction has occurred.

Table: | =] Blockchain_Transactions QA = &
ShortChannellD FundingBlockindex Value SpendingBlockindex
Filter Filter Filter Filter
1 553951550347608065 503816 0.000372 9999999999
2 554317687705305088 504149 0.01 9999999999
3 554460624201252865 504279 0.01 9999999999

Figure 5. Example of transaction database table

The database table ‘Blockchain_Transactions’ comprises a relevant BTC transaction list for our
research, with all imported transactions involving the opening and closing of the LN channels. Among
the fields present, 'ShortChannellD' encapsulates crucial channel details, including the block height,
transaction index within the block, and the output index within the transaction, while
'FundingBlockIndex', 'FundingTxIndex', and 'FundingOutputlndex' are derived from the
‘ShortChannelID' field, signifying the block height, transaction index, and output index associated
with channel funding. Additionally, 'FundingTxID' serves as the hash of the transaction that funded
and initiated the channel, while 'Value' represents the amount of BTC locked within the lightning
channel. Furthermore, the ‘SpendingBlockIndex' column denotes the block height of the transaction
that closes the channel, with open channels during the research marked with an arbitrary large
number, '9999999999', in the 'SpendingBlockIndex' field. Lastly, 'SpendingTxID' indicates the hash of
the transaction responsible for closing the channel, remaining empty if the channel remains open.

The data collected by LN Research was linked to the relevant blockchain transactions that opened
the channels. This link was facilitated by the ‘ShortChannellD’, which consists of the block height, the
transaction index within the block, and the transaction output index, facilitating the linking of data
collected by LN Research to the relevant blockchain transactions that opened the channels.

A method utilizing the Gini coefficient and Lorenz curve was developed to assess centralization in
the BLN. Data was imported from the BTC blockchain and LN research, grouped based on node ids
and node aliases. Filtered at six timestamps to capture a snapshot of network channels capacity
distribution. The Gini coefficient quantified centralization into a single number for a specific moment
of time, while the Lorenz curve depicted channel capacity distribution at a specific moment of time
throughout the nodes in the network. This approach enabled comprehensive analysis and trend
identification.

Data collection and processing workflow is presented in Figure 6. This scheme illustrates data
retrieval, storage, and calculation workflow to calculate Gini coefficient of weighted degree centrality
throughout the time grouped by ‘NodeID’. At the very beginning BTC full node needs to be
synchronized, which will be used to retrieve information from the blockchain such as timestamps of
the transactions, their values and when those transactions have been spent. All transactions do not
need to be imported from the BTC blockchain — LN research’s collected BLN gossip data is utilized to
identify which transactions need to be imported by using ‘ShortChannellD’ in the
‘ChannelAnnouncement’ message. At this stage necessary data is imported to the initial database
tables.

The research then proceeds with analysis of imported data. In this example Gini coefficient is
calculated on weighted degree centrality, grouped by nodes. To achieve this, the opened channels are
filtered at the specific moments of time and their channels capacity are summed up and then stored in
the next database table °_CACHED_WeightedDegreeCentralityByNode’ for further calculations. Date
variable is iterated with a granularity of 1 month, for example 2018-03-01, 2018-04-01, etc. In the
newly created database table named *_CACHED_WeightedDegreeCentralityByNode’ amount in BTC
is locked in BLN channels for each public node in the network at each moment of time of the iteration
- in this study it is every month since BLN inception.

The research then utilizes the grouped data from the previous step and Gini coefficient
formula is applied to the data at each moment of time. The results are stored in the new database table



named °_CACHED_GiniByWeightedDegreeCentrality’. This database table has the information about
the whole network in the form of Gini coefficient, which allows to query the Gini coefficient data
whenever it is needed by the frontend or chart creation tool to visualize the data.
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Figure 6. Gini coefficient calculation workflow

After processing data according to Figure 6, data is ready to be utilized to apply Gini coefficient
calculations to assess the level of centralization of the BLN.

3. Experimental research of proposed method

The research employs a static analysis approach, examining the snapshots of the asset distribution
at specific points in time - timestamps. Six timestamps were utilized, starting in March 2018, then
Lightning Labs’ Ind became the first LN implementation was released, and ending in March 2023, the
most recent available data. Fach timestamp and number of nodes is presented in Table 1. Static
analysis allows to track changes, analyse trends, and understand the dynamics of a phenomenon over
time. However, the research is interested not only in its static distribution at any given timestamp, but
also in its dynamic flow across different time periods.

Table 1
Lightning Network nodes at specific timestamps
Abbr. Timestamp Date Number of nodes
T1 1519855474 Mar. 2018 467
T2 1551391683 Mar. 2019 4347
T3 1583014153 Mar. 2020 4978

T4 1614550557 Mar. 2021 6893




T5 1646088233 Mar. 2022 15933
T6 1677621623 Mar. 2023 11889

The Gini coefficient is a widely employed metric for evaluating inequality and plays a crucial role
in understanding the distribution of transaction activity within the LN. The Gini coefficient aids in
gauging the concentration of transactions among nodes.

‘Weighted degree centrality’ for a node in the BLN is calculated by summing the capacities of all its
channels. This helps to understand how important or central a node is within the network based on
the capacity of its channels. Unlike ‘Degree centrality’, which counts the number of channels a node
has, ‘weighted degree centrality’ considers the capacity of these connections [14].

The experimental research results of Gini coefficient of BLN nodes are described in Table 2. Results
show that the Gini coefficient of the BLN has been increasing over time. At timestamp 1 Gini
coefficient is 0.832 and when with each timestamp it gets bigger and reaches 0.95 at the timestamp 6,
which indicates greater inequality. Calculations reveal an average coefficient of 0.918 and indicate
that a few nodes have a much higher weighted degree centrality than others.

Table 2
Gini coeflicient of Bitcoin Lightning Network nodes on weighted degree centrality aspect
Abbr. Timestamp Date Gini Coefficient
T1 1519855474 Mar. 2018 0.832
T2 1551391683 Mar. 2019 0.892
T3 1583014153 Mar. 2020 0.930
T4 1614550557 Mar. 2021 0.950
T5 1646088233 Mar. 2022 0.951
T6 1677621623 Mar. 2023 0.954

The experimental research results of the proposed method are shown in Table 3. These results
present the Gini coefficient of BLN entities, instead of nodes. The coefficient values a lower compared
to Table 2, but nevertheless it shows an apparent centralization of BLN entities. It was 0.829 in March
2018 and steadily grew to 0.930 in March 2023.

Table 3
Gini coeflicient of Bitcoin Lightning Network entities on weighted degree centrality aspect
Abbr. Timestamp Date Gini Coeflicient
T1 1519855474 Mar. 2018 0.829
T2 1551391683 Mar. 2019 0.855
T3 1583014153 Mar. 2020 0.899
T4 1614550557 Mar. 2021 0.921
T5 1646088233 Mar. 2022 0.912
Té6 1677621623 Mar. 2023 0.930

The results in Table 3 are visually represented by utilizing Lorenz curves. Figure 7 presents Lorenz
curves for the BLN entities on weighted degree centrality aspect captured at six specific timestamps.
The Gini coefficient is the area below the line of perfect equality (45 degrees), minus the area beneath
the Lorenz curve, and then this difference is divided by the total area under the line of perfect equality
[12]. Figure 7 shows how weighted degree centrality of BLN entities moves further away from the
perfect equality and area which covers Gini coefficient grows. This graph was created by retrieving
data from intermediate database table °_CACHED_WeightedDegreeCentralityByNode’ at specific
moments of time, joining the data with ‘Lightning_Entities’ and ‘Lightning_NodeAliases’ tables to
retrieve entity name and then grouping by the entities and summing up BTC amounts. Last step
sorting all the entities in ascending order by amount and calculating cumulative percentages of the
whole network in 1% granularity to calculate Lorenz curve.
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Figure 7. Lorenz curves of weighted degree centrality of BLN entities

Experimental research results of proposed method agree with the results of the existing research —
Gini coefficient values inequalities in the BLN. As previously analyzed, other research also measured
high values of the Gini coefficient - the values range between 0.76 and 0.95 depending on specific
timestamps and method used for calculations. This confirms that the data processing method
proposed in this paper is reliable and can be used in the future studies of assessing the centralization
within the BLN and utilizing Gini coefficient for this task.

4. Results and conclusions

In this paper, to assess centralization within the BLN, data was successfully extracted from
separate sources for L1 and L2. L1 data on transactions was taken from Bitcoin Core blocks and
Electrum Nodes facilitated transaction indexing. L2 data was obtained from LN research, where
specific gossip messages were used to gather relevant data.

This study ensured consistent integration of data from both layers by focusing on specific details
within each data source. Channel-related data messages provided information on nodes IDs and
channel capacities from L2 which was then linked to blockchain transactions in L1 using a unique
identifier ‘ShortChannelID’. This linking process connected channel information directly to the actual
locked BTC within the channel and ensured consistent data without distortions.

The data processing method for applying the Gini coefficient to assess the centralization within the
BLN was proposed and explained in detail. This paper contributes to the research of applying Gini
coefficient in BLN by grouping nodes into entities based on aliases and this way providing a broader
understanding of network distribution. This approach utilizes data from both the BTC blockchain and
LN research, this way ensuring that data for calculating the Gini coefficient is accurate.

To evaluate the quality of the proposed data processing method, experimental calculations using
the Gini coefficient were implemented with a static analysis for the specific six different timestamps.
The data processing method proved reliable as results obtained were verified by already existing
research. In this paper, Gini coefficient for entities reached 0.930 in March 2023, and as well as other
authors’ articles, demonstrated a clear trend of increasing inequality in the BLN over time.

5. Discussions

This research proposes a data processing method for applying the Gini coefficient to assess
centralization within the BLN. While Gini coefficient is a valuable measure, the proposed method
opens doors for future research to explore the BLN centralization.



This method could be potentially adapted to incorporate alternative network centrality measures,
such as degree, betweenness, eigenvector or closeness centrality, providing a more comprehensive
picture. This study might lay the path for extending the proposed method to analyze dynamic
centralization trends — future studies could incorporate real-time data collection, tracking trends and
identifying potential transition towards centralization within the BLN.

This research also contributes to the standardized approach to centralization assessment. The
proposed method could serve as a foundation for future work towards standardizing data collection
and processing methodologies.
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