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Abstract

Blockchain is the decentralized technology which is changing the way businesses operate traditionally, due to its peer
to peer characteristic and distributed consensus algorithms it is exhibiting low transaction throughput. Consensus
algorithms play an important role in analyzing the performance of blockchain platforms. This study applies and
analyzes three consensus protocols named Proof of Work (PoW), Proof of Authority (PoA) and Proof of Stake (PoS)
on Split-Join Blockchain Framework. The Split-Join blockchain framework processes the block of transactions in
parallel thus allowing more blocks to be committed to the decentralized ledger. Experiments are conducted in five
rounds for all three consensus algorithms and with different transaction volumes starting with 50 transactions, then
100 txns, 500 txns, 1000 txns, 5000 txns in an increasing fashion. Observed the transaction latency over all rounds of
experiment and considered the average latency and throughput to determine the efficient consensus algorithm. During
the experiments it is observed that the PoA outperformed the PoW, PoS algorithms.
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1. Introduction

Blockchain was introduced in the year 2008 by an anonymous author named Satoshi Nakamoto (2008) .Initially the
blockchain technology is used for cryptocurrency, later it has developed rapidly and become a popular choice for
applications such as healthcare (Hasselgren 2020), supply chain (Queiroz 2020), and the Defi (Werner 2022). The
blockchain technology offers a distributed ledger, which is a database of all transactions that are happening in the
network and is tamper-proof i.e., nobody can modify the record of transactions once they are stored to the blockchain
ledger. Consensus protocols are used for agreeing upon a block of transactions by all network participants (Harish
Vemula et al. 2020). Performance of the blockchain platforms plays an important role while promoting widespread
adoption of blockchain technology (Harish Vemula, R. Sridevi 2023). Depending on the blockchain platform,
application requirements there are various consensus algorithms available such as Proof of Work. It consumes a lot of
energy in order to solve the cryptographic puzzle, validators who ever solve the puzzle first get the chance of
publishing the block which is verified and approved by other network participants. The alternative consensus
mechanisms that avoid excess energy consumption are PoS, PoA etc. PoS reduces the energy consumption through
the selection of validators depending on the number of tokens they have and they are willing to "mint" as collateral.
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Consequently, PoA is another alternative consensus that relies on the feedback of validators and their past performance
to reach a consensus, thereby reducing the overall computational burden unlike PoW.

The objective of this study is to analyze the performance of these consensus mechanisms under a split-join blockchain
(Vemula Harish et al. 2024a ) in which blocks of transactions are processed in parallel. This study will help to examine
their efficiency by comparing PoW, PoS and PoA. This paper is organized as follows: Section II covers the related
study. Section III, the experimental methodology and evaluation metrics. Section IV discusses the results, Section V
concludes and provides potential areas for future research.

2. Literature Review

The consensus algorithms play a crucial role in blockchain, many researchers have studied several aspects of
consensus algorithms. Proof of Work consensus, which was introduced by Nakamoto in the Bitcoin whitepaper, is
widely accepted, and became popular for its security and decentralization. However, the huge energy consumption
requirement for its operations has significantly limited its transaction processing efficiency. Lasla et al. introduced the
Green-PoW consensus algorithm, for mitigating the high energy consumption, which proposes a more energy-efficient
approach by optimizing the computational overhead of traditional PoW while maintaining its security properties (Lasla
et al. 2022). Similarly, Todorovi¢ et al. (2022) introduced an approach to blockchain mining called Proof-of-Useful-
Work (PoUW), which requires miners to solve real-world optimization problems, making the computational effort
more useful, reduce the environmental impact of blockchain mining by utilizing the resources meaningful applications,
such as logistics and machine learning optimization. Todorovi¢ et al. also addressed the challenges of integrating
PoUW with existing blockchain technologies, ensuring that essential characteristics like decentralization and security
are maintained. Their research aims to make blockchain mining meaningful by utilizing computational power for real-
life problem-solving. These improvements, Bitcoin is suffering from the inefficiency of the PoW consensus. It remains
the most significant challenge, especially its environmental impact.

The PoS emerged as an alternative consensus for PoW, The validators are selected to publish the block of transactions
based on their stake in the network instead of solving the cryptographic puzzle that requires high energy consumption.
Li et al. (2017) improved the security of PoS. They analyzed the vulnerabilities associated with PoS systems and
proposed solutions to address the security concerns such as long-range attacks and nothing-at-stake problems, which
threaten the integrity and reliability of PoS-based blockchains. Li et al. proposed modifications and improvements to
the existing PoS mechanisms to enhance resistance to these types of attacks. Similarly, Abbasi et al. (2023) proposed
anew consensus mechanism called Aging-Based Proof of Stake (ABPoS). This approach enhances the traditional PoS
by introducing an aging factor which increases the fairness of the staking process. In ABPoS approach, probability of
the node getting selected to validate the next block increases with the amount of stake and also with the age of the
stake. This ensures that the long-term participants have a better chance of getting selected, this helps in enhancing the
overall reliability of the network trust. Although centralization remains a valid concern regarding large stake holders,
these issues must be addressed.

PoA uses the identity and reputation of nodes to reach the consensus, it requires less computational overhead when
compared to PoW, PoS. De Angelis et al. (2018) compared the Practical Byzantine Fault Tolerance (PBFT) and PoA
consensus mechanisms to permissioned blockchains. They have used the CAP theorem to deal with the trade-offs
between consistency, availability. De Angelis et al. highlighted that while PBFT emphasizes fault tolerance and
consistency it is suitable for systems requiring strong security guarantees, PoA focuses on efficiency and performance
by relying on trusted authorities for block validation. However, concerns about the need for reliable validators raise
issues about PoA security, as pointed out by Ekparinya et al. (2019) in their paper The Attack of the Clones Against
Proof-of-Authority, highlighting the challenges in the PoA trust model. Matthias Fitzi et al.(2018) introduced a Parallel
Chains model for transaction processing, which was developed to improve the throughput by enabling parallelism in
transaction execution. This method significantly enhances throughput and minimizes latency for both PoS and PoW.
M. Zamani et al. (2018) proposed a solution called RapidChain, which also facilitates parallel transaction processing,
showing significant improvements in throughput while reversing latency issues in sharded blockchains. However,
despite these research efforts, the problem of scalability remains still open as the increase in parallel processing
introduces new challenges, particularly in synchronizing parallel blocks and ensuring effective parallel execution.
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3. Methodology

Split-Join blockchain is designed to process blocks of transactions in parallel to enhance throughput and reduce the
latency. Vemula Harish et al. (2024b) Implemented the load balancer within the split-join architecture, and conducted
a performance study. The results demonstrated enhanced throughput compared to the system without the load balancer.
The split-join blockchain structure consists of the following components (Figure 1).
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Figure 1. Split-Join Blockchain Framework Architecture

An empirical study is conducted by integrating consensus algorithms and comparing the throughput and latency of
PoW, PoS, and PoA. The experimental setup uses a split-join framework for evaluating these consensus mechanisms,
offering practical insights into their performance in a parallel processing environment. This study is useful in
understanding the impact of parallel transaction processing on different consensus algorithms. Each block consists of
a set of transactions, timestamp, previous block hash, and a random number known as nonce. The transactions are
generated with random values and added to mining pools. Inorder to allow parallel block processing Transactions
from the mining pools are distributed across both the validator node sets. Each validator set processes a subset of
transactions simultaneously. Blocks are created and validated in parallel, with mechanisms in place to ensure
consistency and prevent double-spending. It uses a Merkle tree structure to organize transactions within blocks,
facilitating efficient verification.

4. Results and Discussion

To evaluate the performance of various consensus algorithms in split-join blockchain, conducted a series of
experiments by considering three consensus mechanisms PoW, PoS, and PoA. Each of these algorithms was integrated
into the spit-join blockchain framework to evaluate their performance in a parallel processing environment. The
performance metric parameter used for experiments is number of transactions processed per second (TPS) and time
taken to process the transactions (Latency).

Throughput (TPS) = Total Transactions/Total Time (seconds)

Based on the empirical study conducted the PoW algorithm showed the lowest throughput, with an average of 8.33
TPS, due to the computational requirement of solving cryptographic puzzles and the PoS algorithm achieved a 16.67
TPS, reducing block creation time and transaction processing by eliminating computationally expensive puzzles, fair
selection through stake distribution among validators. Finally PoA achieved the highest throughput at 25.00 TPS,
using predefined validators, absence of complex cryptographic puzzles, and periodic rotation of validators, which
ensured faster block creation and validation.

The Table 1, Table 2 and Table 3 below displays the throughput and latency observed while sending 50 transactions
to the split-join blockchain framework in 5 rounds for each PoW, PoS, and PoA algorithms.
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4.1 50 transaction Arrival Rate
Table 1 summarizes the performance metrics of a PoW algorithm, conducted in five rounds. The key metrics evaluated
are latency measured in milliseconds and throughput i.e., transactions per second (Figure 2, 3, 4, 5,6, 7, 8,9, 10, 11)

Table 1. PoW Consensus Algorithm

Rounds Algorithm Latency (ms) Throughput (TPS)
1 PoW 49.12 1017.91
2 PoW 44.12 1133.34
3 PoW 52.84 946.18
4 PoW 61.23 816.64
5 PoW 53.37 936.81
Average 52.74 970.17

Table 2 summarizes the performance metrics of a PoS algorithm, conducted in five rounds.

Table 2. PoS Consensus Algorithm

Rounds Algorithm Latency (ms) Throughput (TPS)
1 PoS 20.48 2441.36
2 PoS 25.31 1975.27
3 PoS 22.77 2195.58
4 PoS 23.49 2128.16
5 PoS 21.53 2322.33
Average 22.52 2212.34

Table 3 summarizes the performance metrics of a PoA algorithm, conducted in five rounds.

Table 3. PoA Consensus Algorithm

Rounds Algorithm Latency (ms) Throughput (TPS)
1 PoA 25.65 1949.61
2 PoA 22.73 2199.65
3 PoA 21.62 2313.19
4 PoA 24.92 2006.32
5 PoA 1991 2511.36
Average 22.96 2294.02

The results are summarized in Table 4. The highest average latency for PoW is observed at 52.74 ms, and the lowest
average throughput observed for PoW is 970.17 transactions per second (TPS).

Table 4. Average Throughput and Latency 50 Arrival Rate

Algorithm Proof of Work Proof of Stake Proof of Authority
Average Throughput (50
txns ) 970.17 2212.34 2294.02
Average Latency in ms
(50 txns) 52.74 22.52 22.96
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Figure 3. Average Throughput 50 Arrival Rate

Among all three consensus algorithms POA outperformed POS and POW for 50 transaction arrival rate.

4.2 100 transaction Arrival Rate
Average Throughput and Latency 100 Arrival Rate is presented in Table 5.

Table 5. Average Throughput and Latency 100 Arrival Rate

Algorithm Proof of Work Proof of Stake Proof of Authority
Average Throughput
(100 txns ) 1108.49 2438.52 2373.39
Average Latency in ms
(100 txns) 91.36 41.43 42.89
100
N 75 91:36
£
a 50
E 25 41-43 42.89
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mm Latency in ms (100 txns)

Figure 4. Average Latency 100 Arrival Rate
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Figure 5. Average Throughput 100 Arrival Rate
Among all three consensus algorithms POS could achieve high TPS for 100 transaction arrival rate.

4.3 500 transaction Arrival Rate
Transaction arrival rate are presented in Table 6, Table 7, Table 8, Table 9.

Table 6. Average Throughput and Latency 500 Arrival Rate

Algorithm Proof of Work Proof of Stake Proof of Authority
Average Throughput
(500 txns ) 1091.37 2433.18 2399.48
Average Latency in ms
(500 txns) 459.72 211.98 216.84
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Figure 6. Average Latency 500 Arrival Rate
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Among all three consensus algorithms POS could achieve high TPS for 500 transaction arrival rate.

4.4 1000 transaction Arrival Rate

Table 7. Average Throughput and Latency 1000 Arrival Rate

Algorithm Proof of Work Proof of Stake Proof of Authority
Average Throughput
(1000 txns ) 1023.30 2012.66 2570.33
Average Latency in ms
(1000 txns) 977.77 506.99 391.31
1000
977.77
750
£
E: 500
g 506.99
T o0 391.31
]
Proof of Work (POW) Proof of Stake (POS) Proof of Authority (POA)

mm  Latency in ms (1000 txns)

Figure 8. Average Latency 1000 Arrival Rate
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Figure 9. Average Latency 1000 Arrival Rate
Among all three consensus algorithms POA could achieve high TPS for 1000 transaction arrival rate.

4.5 5000 transaction Arrival Rate

Table 8. Average Throughput and Latency 5000 Arrival Rate

Algorithm Proof of Work Proof of Stake Proof of Authority
Average Throughput
(5000 txns ) 974.46 1970.82 2442.21
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Figure 11. Average Throughput 5000 Arrival Rate
Among all three consensus algorithms POA could achieve high TPS for 5000 transaction arrival rate.
4.6 Overall Throughput

Table 9. Overall throughput for all transaction arrival rates

Transaction Proof of
Volume Proof of Work Proof of Stake Authority
50 txns 970.17 2212.34 2294.02
100 txns 1108.49 2438.52 2373.39
500 txns 1091.37 2433.18 2399.48

1000 txns 1023.3 2012.66 2570.33
5000 txns 974.46 1970.82 2442.21
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The empirical study reveals that PoA offers the highest throughput with respect to the increasing transaction arrival
rate, while PoS offers a balanced approach with lower energy consumption. whereas PoW is secure but is less efficient
in terms of throughput and energy consumption.

5 Conclusion

The study examines the performance of consensus algorithms Proof of Work , Proof of Stake and Proof of Authority
in a split-join blockchain environment. The results show that PoW provides robust security but has limitations in
performance and scalability due to high energy consumption and computational requirements. PoS offers a balanced
approach with better performance and energy efficiency, but also carries risks of centralization. PoA delivers the
highest throughput and scalability, making it ideal for specific use cases where throughput is critical and validators
can be trusted. Future research includes a focus on optimizing parallel processing techniques in blockchain and
exploring hybrid consensus models. It is possible to build more efficient, scalable, and secure blockchain systems that
meet the diverse needs of various applications. Need for further research to optimize parallel processing techniques is
essential.
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