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ABSTRACT

As blockchain technology continues to evolve and expand across
various industries, ensuring optimal performance and scalability of
decentralized systems has become a critical concern. In this paper,
we provide a comprehensive outlook for analyzing and optimizing
blockchain performance across multiple layers of the blockchain
stack, including system, data, and application levels. We address
the performance challenges inherent in blockchain platforms, such
as network architecture complexities, consensus mechanism ineffi-
ciencies, and data management bottlenecks. Our study underscores
the importance of a holistic approach to performance optimiza-
tion and also examines real-time performance tuning and adaptive
optimization strategies. We offer practical insights into enhanc-
ing blockchain scalability, efficiency, and responsiveness. The dis-
cussions in this paper aim to equip developers, researchers, and
practitioners with the tools needed to optimize blockchain perfor-
mance effectively, ensuring these platforms can meet the evolving
demands of diverse applications.
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1 INTRODUCTION

The performance of blockchain platforms has become a critical area
of focus as these technologies evolve and are adopted across vari-
ous industries. Blockchains, by their decentralized nature, require
the careful coordination of multiple components, such as nodes,
validators, consensus mechanisms, smart contracts, ledgers, and
databases, to ensure secure and reliable transaction processing [24].
However, as transaction volumes increase and the complexity of
smart contracts grows, performance bottlenecks can emerge at
various layers of the blockchain stack, impacting throughput, la-
tency, and resource utilization [23]. Addressing these performance
challenges is essential to improve scalability and meet the high
demands of modern applications.

To simplify the discussion and better understand the perfor-
mance implications, we consider the complex blockchain stack to
be made up of three abstract layers: the system layer, the data
layer, and the application layer. At the system level, performance
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is influenced by the underlying network architecture, consensus
mechanisms, and the configuration of nodes that validate and prop-
agate transactions. This layer is crucial for ensuring the integrity
and availability of the blockchain network but can suffer from issues
like network latency and consensus delays [36, 103]. At the data
level, the focus shifts to smart contracts and how information is
stored, retrieved, and managed across the blockchain. Efficient data
handling is vital to prevent bottlenecks caused by data redundancy,
storage limitations, and slow data access speeds, which can degrade
overall system performance [20, 21, 97]. Finally, the application
layer deals with how users interact with the blockchain through
decentralized applications. Performance at this layer is impacted by
the underlying business process model, transaction handling and
user interface responsiveness [109].

Given the complexity and interdependence of these layers, there
is a pressing need for a comprehensive approach to performance
analysis and optimization for blockchain platforms. Traditional
performance assessment methods often focus on isolated layers,
failing to provide a holistic view of the blockchain’s performance
landscape [23, 52, 62, 63, 74, 83, 93-95, 107]. This lack of integration
makes it challenging to identify and address root causes of ineffi-
ciencies that span multiple layers. To meet this need, we present a
comprehensive outlook on performance analysis and optimization
strategies for blockchain platforms. We explore various techniques
and methodologies for enhancing blockchain performance at the
system, data, and application levels. By providing a detailed ex-
amination of each layer, the paper aims to offer a nuanced under-
standing of where performance bottlenecks typically occur and
how they can be mitigated. For instance, at the system level, op-
timizing network configurations and consensus algorithms can
significantly reduce latency and improve throughput. At the data
level, employing advanced data management techniques like prun-
ing and compression can help manage storage costs and improve
data retrieval speeds. Meanwhile, at the application level, refining
transaction processing and optimizing the business process model
can enhance user experience and application responsiveness.

Moreover, we also discuss real-time performance optimization
approaches that dynamically adjust blockchain configurations based
on ongoing performance data. This data-driven approach enables
blockchain systems to adapt to changing workloads and conditions,
optimizing resource utilization and maintaining performance stan-
dards even under high transaction volumes or network congestion.
Techniques like dynamic parameter tuning, real-time data indexing,
and adaptive smart contract execution are discussed for keeping
blockchain platforms agile and responsive. Further, we also present
a case study of Hyperledger Fabric, where we discuss our previous
research and other related work that quantifies the benefits of a
comprehensive outlook on performance optimization.
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In summary, we offer a holistic perspective on the challenges
and strategies for optimizing blockchain performance across multi-
ple layers. We emphasize the need for a comprehensive approach
that integrates performance analysis and optimization across the
system, data, and application layers to achieve better scalability,
efficiency, and reliability. The insights and methodologies presented
here are aimed at helping blockchain developers, researchers, and
practitioners better understand the intricacies of blockchain per-
formance and how to effectively enhance it to meet the growing
demands of various applications.

2 BACKGROUND

The rise of blockchain technology has introduced a variety of plat-
forms, each tailored to meet specific industry needs while also
addressing the challenges of decentralization, scalability, and se-
curity. As these platforms mature, understanding their underlying
architectures, components, and transaction flow becomes essential
for optimizing performance across different use cases. This section
provides a background on seven prominent blockchain platforms —
Hyperledger Fabric, Quorum, Multichain, Corda, Solana, Algorand,
and Avalanche — each offering unique features and facing distinct
performance challenges.

2.1 Hyperledger Fabric

Hyperledger Fabric [45] is a permissioned blockchain framework
designed for enterprise use, offering a modular architecture that
provides high flexibility and scalability. Its architecture consists
of key components such as peers, orderers, endorsers, and clients.
Peers are the nodes that maintain the ledger and execute smart
contracts (called chaincode in Fabric), while orderers are responsi-
ble for ordering transactions into a block and delivering them to
peers in the correct order. Endorsers are specific peers that simulate
and endorse transactions before they are added to a block. The
transaction flow in Hyperledger Fabric starts with a client submit-
ting a transaction proposal to endorsing peers, which simulate the
transaction without updating the ledger and provide an endorse-
ment signature. Once the required endorsements are collected, the
transaction is sent to the ordering service, which batches transac-
tions into blocks and delivers them to committing peers for final
validation and ledger update.

2.2 Quorum

Quorum [89] is an enterprise-focused version of Ethereum de-
signed to provide a permissioned environment for financial in-
stitutions. It features a modified Ethereum architecture to enhance
privacy, performance, and throughput. The key components of
Quorum include the Quorum Node (a modified Geth client), the
Tessera/Constellation privacy manager for handling private trans-
actions, and Raft or Istanbul BFT consensus mechanisms. The trans-
action flow in Quorum begins when a transaction is submitted by a
client to a Quorum node. If the transaction is private, it is encrypted
and sent to the Tessera nodes for secure handling. The transaction
is then broadcast to the network, and based on the consensus mech-
anism (Raft or IBFT), the nodes agree on the transaction order. Once

consensus is reached, the transaction is executed and the state is up-
dated across the network, ensuring both privacy and transparency
as needed.

2.3 Multichain

Multichain [81] is a permissioned blockchain platform that offers
a simple and flexible architecture designed for rapid deployment
of private blockchains. Its architecture is built around a peer-to-
peer network of nodes, each of which maintains its own copy of
the blockchain. Key components include nodes, streams (for data
management), and permissions that control who can participate
and perform specific actions in the network. The transaction flow
in Multichain starts when a node creates a transaction and signs
it with its private key. The transaction is then propagated to other
nodes in the network for validation. If the transaction complies with
the network’s rules and permissions, it is added to the mempool.
The nodes then work to solve a proof-of-work or follow a round-
robin approach to produce the next block, which is then added to
the blockchain and broadcasted to all nodes.

2.4 Corda

Corda [32] is a distributed ledger platform designed primarily for
business and financial applications that require privacy and scala-
bility. Unlike traditional blockchains, Corda does not use a global
broadcast mechanism for transactions; instead, transactions are
shared only with parties involved, enhancing privacy. Its architec-
ture consists of nodes, notaries, and a unique contract state model.
The key components include the Corda node, the notary service
for preventing double-spending, and flows (automated workflows
for transaction management). The transaction flow in Corda starts
when two or more parties negotiate and agree on a transaction. The
transaction is then digitally signed and sent to a notary service for
validation to ensure no double-spending occurs. Once validated,
the transaction is recorded in the respective parties’ ledgers with-
out broadcasting to the entire network, maintaining privacy and
efficiency.

2.5 Solana

Solana [100, 116] is a high-performance blockchain platform de-
signed for decentralized applications and crypto-assets, emphasiz-
ing scalability and low transaction costs. Its architecture is built
around a single-layer blockchain leveraging a unique consensus
algorithm called Proof of History (PoH), which provides a historical
record to prove that events have occurred in a specific sequence.
Key components include validators, which verify transactions and
produce blocks, and a series of cryptographic timestamps that en-
able fast ordering of transactions. The transaction flow in Solana
begins when a client submits a transaction to a validator, which
adds a timestamp and propagates it to other validators. Validators
Verify transactions against the current state, and once consensus
is achieved, transactions are bundled into blocks and added to the
blockchain, all while maintaining high throughput and minimal
latency.



2.6 Algorand

Algorand [2] is a pure proof-of-stake (PPoS) blockchain platform
focused on achieving high scalability, security, and decentralization
without compromising performance. Its architecture includes key
components such as nodes (participation nodes and relay nodes),
consensus protocol participants, and the Algorand Virtual Machine
(AVM) for smart contract execution. The transaction flow in Algo-
rand starts when a user submits a transaction to a participation
node, which propagates it to relay nodes for broader network distri-
bution. The consensus mechanism uses a verifiable random function
(VRF) to randomly select a small committee of participation nodes
to propose and vote on the next block. After reaching consensus,
the block is added to the blockchain, and all participating nodes
update their state accordingly, ensuring quick finality and high
throughput.

2.7 Avalanche

Avalanche [13] is a highly scalable and flexible blockchain platform
designed to support custom blockchain networks and decentral-
ized applications. Its architecture consists of multiple chains, each
optimized for different use cases: the X-Chain (exchange chain),
C-Chain (contract chain), and P-Chain (platform chain). Key com-
ponents include validators that participate in the consensus process,
subnets (independent networks within Avalanche), and the Snow-
ball consensus protocol that enables quick and probabilistic finality.
The transaction flow in Avalanche starts with a transaction sub-
mitted to a validator on a specific chain. The validator propagates
the transaction to other validators in the subnet, and through re-
peated sub-sampled voting rounds, consensus is reached. Once
consensus is achieved, the transaction is confirmed and added to
the respective blockchain, allowing for high transaction throughput
and scalability.

3 PERFORMANCE ISSUES

Blockchain platforms face a variety of performance challenges
that stem from their underlying architectures, consensus mecha-
nisms, and data management strategies. This section delves into
the specific performance issues encountered at the system, data,
and application levels in different blockchain platforms. By identi-
fying these bottlenecks, we can better understand the root causes
of inefficiencies and develop targeted optimization strategies.

3.1 System Level

Performance issues at the system and network levels are critical
challenges faced by different blockchain platforms, impacting their
scalability, efficiency, and overall effectiveness. These issues stem
from various factors, such as network latency, block propagation
delays, resource allocation, and the communicational and com-
putational demands of consensus mechanisms. Each blockchain
platform has unique architectural features and operational require-
ments that contribute to its specific performance challenges.

In Hyperledger Fabric, one of the key performance issues is the
resource-intensive nature of its architecture, particularly as trans-
action volumes increase. As more transactions are processed, the
demands on system resources such as CPU, memory, and storage
grow, leading to potential bottlenecks. These bottlenecks can affect

the efficiency of validating peers and orderers, which are crucial for
maintaining consensus and transaction ordering [46, 61]. Another
significant issue is the network latency that arises from the commu-
nication overhead between different components (e.g., endorsers,
orderers, and committers), which can slow down the transaction
processing time and overall system throughput [54, 107].

Corda also faces several performance challenges at the system
and network levels. One primary issue is the bottleneck associated
with transaction notarization, which is a critical step in ensuring
the validity and uniqueness of transactions. As transaction volumes
increase, a single notary or a limited set of notaries can become
a point of congestion, slowing down transaction finality [33, 64].
Additionally, the complexity of Corda’s flows—automated processes
that manage communication and coordination between nodes—can
lead to increased network communication round trips, which fur-
ther exacerbates latency issues [78]. Another significant challenge
in Corda is the length of the state history; as all state changes need
to be replicated to counterparties for verification, maintaining a
lengthy state history can impact transaction times and system per-
formance. This replication requirement adds overhead, especially
in high-volume environments where numerous state changes occur
frequently [36].

Platforms like Algorand, Solana, and Avalanche face perfor-
mance challenges due to their distinct consensus mechanisms and
architectural designs. In Algorand, block propagation delay and net-
work latency are significant issues. The speed at which blocks are
disseminated across the network and synchronized among nodes
can impact transaction throughput, causing delays in confirming
transactions [44, 65]. Solana, on the other hand, is prone to cen-
tralization risks due to the high computing resources required to
become a validator, which can limit network participation and in-
crease the chances of network outages and downtime [86, 103]. Ad-
ditionally, Solana faces throughput challenges due to the high rate
of transaction submissions relative to its capacity to process them,
leading to network congestion and failed transactions [18, 104].
Avalanche also experiences throughput issues, which can be at-
tributed to the time interval between consecutive blocks [53]. This
block period limits the speed at which new transactions are added
to the ledger, thereby constraining overall network throughput
regardless of the available computational power or network band-

width.

3.2 DataLevel

Performance issues at the data level in blockchain platforms are
primarily driven by limitations in data management, data storage,
and smart contract execution, all of which can significantly impact
the overall efficiency and scalability of the system. One major bot-
tleneck is associated with the way smart contracts are processed
and executed on blockchain networks. Smart contracts can intro-
duce significant delays in transaction processing due to their inher-
ent complexity and the need for extensive computation [91]. Each
smart contract execution requires multiple steps of verification
and state updates across the network, leading to increased latency.
For example, smart contracts that perform multiple read and write
operations can slow down the entire network, particularly when
the contracts are not optimized for minimal data handling [97].



This inefficiency is exacerbated in public blockchains, where all
nodes need to validate each transaction, further contributing to the
slowdown.

Data storage presents another significant performance challenge
across different blockchain platforms. Blockchains are facing a
growing storage problem due to the ever-increasing amount of
data generated by transactions. Every transaction must be stored
permanently across all nodes, leading to exponential growth in data
storage requirements. The cumulative size of the blockchain can be-
come a bottleneck as it increases the time needed for nodes to sync
and validate new transactions [20, 73]. Additionally, data storage
inefficiencies can lead to increased operational costs for running
nodes, as they require more disk space and higher storage capabili-
ties. This can significantly affect the blockchain’s performance and
scalability [59, 112].

The challenges in data management and data retrieval further
compound the performance issues at the data level. Traditional
methods of querying and retrieving blockchain data are not de-
signed for efficiency, often resulting in slow and cumbersome op-
erations. The lack of structured data formats and standardized
APIs means that data extraction is typically resource-intensive and
slow, which can hinder real-time analytics and decision-making
processes. For examples, Fabric’s reliance on state databases like
CouchDB can lead to performance degradation due to inefficient
querying and state management when handling large volumes of
data [23]. In platforms that rely heavily on historical data analysis,
such as financial services and supply chain management, the ineffi-
ciencies in data retrieval can become a significant bottleneck [73].
Moreover, the lack of data organization and efficient indexing mech-
anisms in blockchains results in slow query performance, which
directly impacts applications that require rapid data access and pro-
cessing. As the data stored on blockchains continues to grow, these
issues will likely worsen, underscoring the need for more robust
data management strategies to maintain performance [20, 21, 115].

3.3 Application Level

Performance issues at the application level for different blockchain
platforms are primarily caused by bottlenecks in components that
handle user interactions and transaction processing. One bottleneck
is the API gateway, which serves as the initial entry point for incom-
ing requests [19, 109]. The API gateway is responsible for various
functions, such as routing, request validation, authentication, and
authorization. These functions can introduce processing overhead,
especially when handling a high volume of requests, leading to
increased response times [39]. For instance, in a blockchain-based
payment system, frequent transactions and queries from multiple
users can overwhelm the API gateway, causing delays in process-
ing and response. Additionally, scalability limitations of the API
gateway can further exacerbate these issues during peak load times,
resulting in a degraded user experience due to increased latency
and slower transaction throughput [108].

Another performance issue arises from the web server and trans-
action queue components, which manage the flow of transactions to
the blockchain nodes. The web server is responsible for retrieving
information and generating responses. If the web server is not opti-
mized or lacks sufficient computational resources like CPU, memory,

or disk I/O, it can significantly slow down the handling of con-
current requests, leading to increased response times and reduced
throughput. Moreover, the transaction queue can become congested
when overloaded with a high volume of transactions [118]. With-
out efficient concurrency management, this congestion can lead to
synchronization delays, where transactions are delayed in process-
ing and dispatching to the blockchain node. Such bottlenecks are
particularly problematic for applications requiring high-frequency
transactions, such as decentralized exchanges or real-time bidding
platforms, where delays can significantly impact performance and
user satisfaction [108, 109].

In addition to these component-level bottlenecks, issues with
business process models also affect the performance of blockchain
applications. In enterprise scenarios, blockchain-based applications
often need to interact with complex business processes that involve
multiple steps and dependencies. For example, in supply chain
management systems built on blockchain, each transaction may
represent a step in a complex process, such as inventory updates,
shipment tracking, and payment settlements [24, 43]. If these busi-
ness process models are not optimized for performance, they can
lead to increased latency and reduced throughput. Overly complex
process models may require multiple blockchain interactions for
each step, increasing the load on the network and slowing down
the overall process. Moreover, synchronization and consensus re-
quirements for each step add additional latency. Simplifying and
optimizing these business process models can help reduce the num-
ber of necessary blockchain interactions and improve the overall
performance of the application, ensuring smoother and more effi-
cient user experiences [88].

4 PERFORMANCE OPTIMIZATION

Optimizing the performance of blockchain platforms requires a
multifaceted approach that addresses the entire blockchain stack.
In this section, we discuss various possible strategies that can be
applied at each abstract layer to optimize system configurations,
data management, and application-specific processes.

4.1 System Level

Different blockchain platforms have distinct architectures and com-
ponents that influence their performance characteristics. Therefore,
performance optimization at the system level requires a tailored ap-
proach that includes strategically configuring system components
and fine-tuning parameters relevant to each platform’s unique re-
quirements to enhance overall efficiency and throughput [48]. This
section explores the strategies and techniques for improving perfor-
mance across diverse blockchain technologies, highlighting specific
examples and best practices for each.

In Hyperledger Fabric, performance can be optimized by care-
fully balancing the distribution and count of system components,
such as validating peers, endorsers, orderers, and clients. For in-
stance, increasing the number of endorsing peers may improve en-
dorsement throughput, but it requires careful load balancing across
peers to prevent bottlenecks [24, 27, 58]. In this regard, choosing
the right endorsement policy aids in preventing endorsing peer
bottlenecks [23, 107]. Network latency can be reduced by strategi-
cally placing peers and orderers to minimize communication delays.



Additionally, optimizing Fabric’s state database by choosing be-
tween LevelDB and CouchDB based on query requirements can
significantly impact performance [23, 107]. It is also beneficial to
tune various system configuration settings such as block size, batch
timeout, and database parameters to balance throughput and la-
tency based on the application’s specific needs, ensuring optimal
resource utilization and performance [23, 87]. Over 50 parameters
have been identified in Fabric that have a significant impact on
performance [71].

We can make similar observations regarding the effect of node
distribution and parameter tuning on performance in other blockchain
platforms. In Quorum, for example, full nodes with a privacy man-
ager can handle process-intensive tasks, but the optimal perfor-
mance might be achieved by deploying a mix of light nodes for less
intensive tasks [51]. Furthermore, configuring boot nodes versus
static nodes impacts the peer discovery strategy, which influences
network latency and transaction speed [28, 29]. Adjusting the con-
sensus protocol to Raft or Clique based on the desired fault tolerance
also plays a critical role in optimizing system performance [30].

For Corda, efficient handling of transaction notarization is neces-
sary, as notary nodes can become bottlenecks under heavy load [33].
By optimizing notary configurations and deploying multiple notary
clusters, the overall throughput can be significantly enhanced [34].
Additionally, there are multiple configuration parameters that can
be fine-tuned to reduce unnecessary delays and improve transaction
processing efficiency. This includes parameters related to cache,
flow retries, timeout, connection pools, batch size, Java Virtual Ma-
chine (JVM), and Artemis message broker [34-36]. For example,
to optimize throughput, it is recommended to use asynchronous
flows wherever possible, reducing the blocking time and allowing
the system to handle multiple transactions concurrently [31].

Multichain’s performance can be significantly improved by fine-
tuning its mining parameters, such as enabling skip proof-of-work
checks and adjusting mining diversity [79]. Multichain also in-
troduces the concept of data streams, where nodes subscribe to
specific streams to ensure faster and more efficient information
retrieval [80]. Configuring these streams appropriately allows for
quicker data access and enhanced performance across the network.

Algorand also offers opportunities for performance optimization
through parameter tuning and system configuration adjustments.
Algorand’s recent upgrades demonstrate a five-time increase in
performance achieved by increasing the block size and reducing
average round times [4]. Algorand includes numerous other node
configuration and consensus protocol settings, though there is a
lack of documentation or experimental evidence on how to best
tune these parameters [1, 3, 49]. Algorand has implemented (or
plans to implement) various other system optimizations such as
opportunistic compression, congestion management, and identity
checks to prevent duplicate peer connections [6, 65]. These strate-
gies, which can also be useful for other blockchain platforms, reduce
round times and improve overall network efficiency, supporting
higher transaction volumes with reduced latency.

Solana’s performance can be improved with block optimiza-
tion and the strategic configuration of validator nodes [72, 98]. By
limiting ledger size and optimizing transaction processing at the
RPC node level, Solana can achieve better performance [101, 102].
Avalanche’s performance can be enhanced by tuning parameters

like quorum size, which impacts security and liveness, and by opti-
mizing node setup for Avalanche subnets [10, 12, 18]. This includes
optimizing hardware resources, such as CPU and memory alloca-
tion, configuring nodes for optimal network bandwidth usage, and
tuning the AvalancheGo settings for maximum throughput and
low latency [8, 11, 14]. Proper node setup and subnet management
can ensure that Avalanche handles high transaction volumes with
efficient parallel processing capabilities [15].

4.2 Data Level

Performance optimization at the data level for different blockchain
platforms focuses on improving efficiency through effective data
management and smart contract optimization. In Hyperledger Fab-
ric, several techniques can be applied to enhance data-level per-
formance. Transaction dependency conflicts are a key reason for
transaction failures in Fabric [23]. Therefore, one optimization
approach is using delta writes, where transactions that perform
increment or decrement operations are converted into write-only
transactions to unique delta keys, reducing transaction dependency
and failure rates [24]. This technique minimizes the need to read
a key before every write, thus improving transaction throughput.
Another method is smart contract partitioning, which involves
splitting a smart contract into multiple contracts that access sep-
arate world states. This reduces transaction conflicts by ensuring
that different contracts handle different parts of the data, akin to
partitioning tables in a relational database. Additionally, altering
the data model can also mitigate hotkey conflicts. For instance,
in scenarios where a single key is accessed frequently, changing
the primary key can distribute the data load more evenly across
transactions, significantly improving performance.

Effective data storage is a key optimization strategy at the data
level. For example, Algorand’s planned implementation of the Al-
gorand Vault addresses the challenge of local storage by using
transaction expiration and sharding techniques, which minimize
the need for nodes to check all blocks continuously [7, 70]. This
approach reduces the storage overhead on local nodes, facilitating
faster bootstrapping and synchronization of new nodes joining
the network. Additionally, smart contract optimization in Algo-
rand involves practices such as minimizing the complexity of smart
contracts, optimizing logic to reduce computational requirements,
and efficiently managing stateful contract interactions [5, 106]. For
example, developers can improve the throughput of smart con-
tracts by employing strategies like reducing the size of stateful
data and avoiding expensive operations in the contract code [5, 17].
These optimizations can help Algorand maintain high transaction
throughput and low latency, particularly in environments with high
volumes of smart contract interactions.

In Solana, data-level performance optimization focuses on max-
imizing the efficiency of compute usage to enhance overall net-
work performance. The Solana network allows developers to op-
timize their programs by carefully managing the compute budget
assigned to each transaction [99]. This involves writing programs
that are as lightweight as possible, minimizing the number of com-
pute units consumed by each operation. Key techniques include
avoiding unnecessary loops, using efficient data structures, and



reducing function calls, which can significantly cut down on com-
pute time [37, 99]. By optimizing compute usage and ensuring that
programs run within their allocated compute limits, Solana can
maintain high throughput and low latency, enabling the network
to efficiently handle a large volume of transactions.

Smart contract optimization techniques in Solidity, commonly
used in Ethereum-based platforms, are also applicable across vari-
ous blockchain networks to reduce gas consumption and enhance
execution speed. Key strategies include minimizing storage opera-
tions, which are costly in terms of gas fees, and leveraging events
instead of state variables to reduce state changes [22, 105, 113].
Developers can also use fixed-size data types and avoid dynamic
array resizing to save gas. Moreover, careful contract design to
prevent redundant calculations and consolidate repetitive logic into
single operations can significantly reduce the computational load.
By focusing on these aspects, blockchain platforms using Solid-
ity for smart contracts can achieve lower transaction costs and
faster execution times, contributing to more efficient and scalable
decentralized applications.

Further, blockchain storage optimization techniques such as
replication-based, redaction-based, and content-based optimiza-

tions can enhance data management efficiency [41, 57, 117]. Replication-

based optimizations reduce data duplication across nodes, which is
particularly useful for minimizing storage overhead in scenarios
where multiple copies of the same data are not necessary. Redaction-
based optimizations allow the modification or removal of data al-
ready committed to the ledger, which could help manage storage
requirements and improve efficiency by discarding irrelevant or
outdated information. Content-based optimizations involve com-
pressing data before or after committing it to the ledger, which can
be effective in reducing the size of the stored data, thereby saving
storage space and improving access times.

4.3 Application Level

Performance optimization at the application level for blockchain
platforms can be significantly enhanced using various strategies
that focus on refining the process model and managing transac-
tions effectively. One interesting approach is process mining, which
involves analyzing data from event logs to understand actual trans-
action workflows and identify inefficiencies or deviations from ex-
pected behaviors. This insight allows organizations to refine their
process models, remove bottlenecks, and reduce latency, thereby
improving overall blockchain performance [88, 110].

Using process mining results, various strategies can be applied
to optimize transaction execution [24]. Activity reordering involves
analyzing the dependencies and data correlations of transactions to
find reorderable pairs that can be executed in a different sequence
to reduce conflicts and enhance parallel processing. Meanwhile,
process model pruning removes unnecessary or redundant steps
from the workflow, focusing only on essential transactions that con-
tribute to the process’s value. This reduces computational overhead
and enhances application efficiency by eliminating superfluous ac-
tivities. There are also techniques that enable the translation of
Business Process Model and Notation (BPMN) models into Solidity
smart contracts via minimized Petri nets. This method allows for

the identification and removal of non-essential tasks and transi-
tions, effectively pruning the process model to its most efficient
form [47].

Transaction rate control and batching are techniques aimed at
managing transaction submission to optimize network performance.
Rate control involves monitoring transaction rates over time and
adjusting the flow of transactions during peak loads to prevent con-
gestion and reduce failures. Configurable thresholds can help main-
tain a balance between throughput and network stability. Batching
groups similar transactions into a single batch to minimize process-
ing overhead and improve throughput. For repetitive tasks, such
as mass token transfers, batching can significantly reduce the total
number of transactions, making the process more cost-effective
and time-efficient [24, 108, 111].

To further enhance performance, transaction monitoring, early
cancellation, and notification systems play a crucial role. Trans-
action monitoring to track transaction statuses in real-time can
be done and prompt actions can be taken for pending transac-
tions. Early cancellation and acceleration techniques can be applied
for expediting or canceling transactions that are delayed or no
longer necessary, reducing network congestion. Additionally, im-
plementing notification systems ensures that users and applications
receive real-time updates on transaction completions, preventing
duplicate submissions and maintaining a smooth transaction flow.
These strategies collectively improve the efficiency and reliability
of blockchain applications [24, 56, 108].

5 REAL-TIME OPTIMIZATION

Blockchains often operate under dynamically varying workloads,
network congestion, and node capabilities, all of which can signif-
icantly impact performance metrics such as throughput, latency,
and energy consumption. Therefore, real-time optimization is es-
sential for blockchains because it enables these systems to respond
dynamically to the unpredictable and fluctuating conditions that
characterize decentralized networks. By employing real-time opti-
mization, blockchains can adaptively modify system configurations,
data management settings, and application processes to maintain
optimal performance.

5.1 System Level

At the system level, real-time optimizations can focus on adapting
the configuration of network components and consensus proto-
cols to manage workload efficiently and reduce latency. Dynamic
architecture adaptations based on workload variations have been
discussed in the literature with significant improvements to perfor-
mance [114]. Further, dynamically adjusting the number of val-
idators or modifying the consensus mechanism based on real-
time transaction throughput can help balance security and per-
formance. Adaptive leader selection [119] and validator size selec-
tion [69] strategies found in the literature could be incorporated
into blockchains. Further, blockchains can handle variable loads
more effectively, minimizing delays and improving overall network
responsiveness by continuously tuning system parameters to match
current network conditions [25, 71, 92].



5.2 Data Level

At the data level, real-time optimization strategies should focus
on adapting data storage, retrieval, and processing capabilities to
manage the growing volumes of blockchain data more efficiently.
Extensive research on dynamic resource allocation, configuration
parameter tuning, query optimization, partitioning, storage layout
configuration, and indexes has been conducted by the database
community, which can be redesigned to fit the blockchain architec-
ture [26, 38, 55, 60, 66—68, 7577, 84, 85, 120, 122]. In a blockchain
scenario, this would mean using adaptive data management tech-
niques such as pruning unnecessary data, compressing stored data,
and dynamically allocating storage resources based on usage pat-
terns and data access frequencies. By optimizing data handling
strategies in real-time, blockchain platforms can reduce storage
costs, improve data access speeds, and ensure that the system re-
mains responsive even as the amount of data increases [42, 90, 121].
These techniques are particularly valuable in applications that rely
on timely data processing and high transaction throughput, such
as financial services.

5.3 Application Level

At the application level, real-time optimization can focus on adjust-
ing transaction handling and application logic to improve the perfor-
mance of decentralized applications. This includes dynamically tun-
ing transaction batching, prioritizing critical transactions, and opti-
mizing the execution paths of application workflows to minimize
processing delays [50, 96]. By leveraging real-time performance
metrics, blockchain platforms can detect bottlenecks in transaction
processing or application execution and make necessary adjust-
ments to maintain high throughput and low latency [24, 108, 111].
This dynamic approach to application-level optimization ensures
that decentralized applications can operate smoothly and efficiently,
providing a responsive user experience even under varying network
loads and conditions.

6 CASE STUDY: HYPERLEDGER FABRIC

In this section, we present a study of Hyperledger Fabric based on
our previous research and related work that quantifies the need and
effectiveness of a comprehensive outlook to performance optimiza-
tion in blockchains. Our research consisted of three pivotal phases.
We initially focused on benchmarking Hyperledger Fabric to iden-
tify the key factors contributing to performance bottlenecks [23].
At the system level, we identified various factors that significantly
impacted the performance, such as the distribution of components
and tuning of configuration parameters. For example, we observed
up to 60% improvement in success throughput when the block size
parameter was tuned optimally. At the data level, we analyzed
the effect of different database types on performance and further
measured the latency of various smart contract function calls to
understand the root causes for the inefficient database type. At the
application level, we conducted extensive experiments with multi-
ple realistic workloads to understand their impact on performance.
The findings from our experiments allowed us to identify various
optimization strategies that can improve performance across the

system, data, and application layers of the Fabric blockchain archi-
tecture. Many related works also conducted benchmarking studies
on various aspects of the Fabric blockchain [9, 16, 40, 87, 107].

In the next phase of our research, we shifted our attention to
automating the generation of these optimization strategies tailored
to specific workload conditions [24]. We analyzed the data in the
blockchain ledger, which is representative of the workload, to derive
suitable optimization strategies at each layer of the blockchain stack.
We developed a tool called BlockOptR that performs data analysis
on the ledger and automatically generates ideal optimization recom-
mendations for the current workload. When these strategies were
implemented manually, they led to a significant improvement in
performance (an average of 40% improvement in latency). Further,
various optimized extensions of Fabric that tackle performance
bottlenecks at different layers of the blockchain stack can be found
in the literature [23, 23, 52, 62, 82, 93, 95].

The final phase of our study aimed at automating the implemen-
tation of these optimization strategies and dynamically adjusting
them in response to workload variations [25]. We explored the po-
tential of creating a self-driving blockchain system that continually
enhances performance. We set up three demonstrative autonomous
systems, each focusing on a different blockchain layer. Initial results
show promising improvements in performance with up to 11% im-
provement in success throughput. This is a significant first step to-
wards implementing a fully autonomous system in the future. Many
related works also explore the possibility of an autonomous Fabric
or Fabric-like blockchain [71, 114]. Our three-phase research, along
with the related works that focus on the performance of Hyper-
ledger Fabric, highlights the importance and quantifies the benefit
of holistic approaches to performance optimization in blockchains.

7 CONCLUSION

In conclusion, this paper presents a comprehensive outlook on the
performance analysis and optimization of blockchain platforms,
emphasizing the need for a holistic approach that spans across
system, data, and application layers. We have identified various
performance bottlenecks inherent in different blockchain archi-
tectures and discussed targeted optimization strategies to address
these challenges effectively. Our study highlights the significance of
real-time optimization techniques that dynamically adapt to vary-
ing workloads and network conditions, ensuring that blockchain
systems remain scalable, efficient, and reliable under diverse opera-
tional scenarios. Furthermore, the case study on Hyperledger Fabric
exemplifies the practical benefits of such an integrated approach,
demonstrating significant improvements in throughput and latency
when optimization strategies are applied across all layers. This
reinforces the value of adopting a comprehensive framework for
blockchain performance enhancement, which not only addresses
immediate performance issues but also prepares these platforms
to meet the evolving demands of future applications. The insights
from this paper serve as a resource for future researchers, offer-
ing a foundational understanding of performance dynamics and
optimization techniques in blockchain systems. By building on our
discussions, future work can further explore new dimensions of
optimization and contribute to the advancement of more robust
and adaptable blockchain technologies.
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