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Abstract

methods, such as cryptogmphzc hashing and c/zec/fsums are wzdely used but /zave lzmitations, including smgle points of
Jailure and vulnerability to tampering. Blockchain technology offers a decentralized, tamper-proof solution for file
integrity verification by leveraging its immutable ledger and consensus mechanisms. This paper reviews existing file
tntegrity checking techniques, explores blockchain-based approaches, discusses their advantages and challenges, and
presents future research directions.

Introduction
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In today’s digital landscape, the
integrity of files is paramount across
various domains. Ensuring that files
have not been altered, corrupted, or
tampered with during storage or
transmission is a  fundamental
requirement for system security, data
trustworthiness, and regulatory
compliance [17].

1.1 File integrity checking plays a
crucial role in diverse applications,
including:

e System Security Detecting
unauthorized  modifications  to
critical system files, configuration
files, or executable binaries to
prevent malware infections or
privilege escalation attempts [27].

e Forensic Investigations
Maintaining the pristine state of
digital evidence to ensure its
admissibility and reliability in legal
proceedings [37]

e Software Distribution Verifying
the authenticity and untampered
nature of downloaded software
packages, protecting users from
malicious injections or corrupted
installations [4]

e Compliance Auditing Meeting
stringent regulatory requirements
(e.g., HIPAA, GDPR, SOX) that
mandate  the  logging  and
verification of data integrity for
auditing purposes [5].

1.2 Traditional File Integrity

Traditionally, file integrity has been

assured  through  methods like

cryptographic hashing (e.g., SHA-256,

MD35) and checksums. These techniques

generate unique fixed-size strings from

file content, allowing for detection of
even minor alterations. The resulting

hashes are typically stored in a

centralized database or within the file

system itself. However, these
conventional approaches suffer from
inherent vulnerabilities:
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e Single Point of Failure A
centralized database storing hashes
presents a critical vulnerability. If
this central ~ repository  is
compromised or tampered with, the
integrity checks become unreliable
or entirely ineftective [67].

e Lack of Transparency Users and
external auditors must implicitly
trust  the central  authority
managing the integrity database, as
there is no publicly verifiable
mechanism to confirm the integrity
of the stored hashes or the checking
process itself [77].

e Limited Historical Tracking
While some systems can log
changes, traditional methods often
lack an inherent, immutable
historical record of when changes
occurred or when integrity checks

were performed, making
comprehensive auditing
challenging [87].
1.3 Blockchain File Integrity
Blockchain technology, initially

popularized by cryptocurrencies, has
emerged as a promising alternative to
address these limitations. Its core
characteristics decentralization,
immutability, and transparency—ofter a
robust frame- work for building
tamper-proof  and  verifiable file
integrity checking systems [97. This
paper aims to provide a comprehensive
review of existing file integrity
checking techniques, delve into the
mechanisms and benefits of blockchain-
based approaches, highlight their
associated challenges, and outline
prospective future research directions in
this evolving field.

1. Background

To ftully appreciate the innovations
brought by blockchain to file integrity,
it 1s essential to understand both
traditional methods and the
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foundational concepts of blockchain

technology.

2.1 File Integrity Checking Methods
Traditional approaches to file integrity
verification  primarily = rely on
cryptographic principles and centralized
management:

2.1.1 Checksums Hashes

Checksums are simple error-detection
codes that verity the integrity of data by
detecting accidental changes. They are
generated by summing the digits of a
number or by a similar simple
algorithm. While easy to compute, they
are not cryptographically secure and are
highly susceptible to collision attacks,
meaning different inputs can produce
the same checksum, making them
unsuitable for detecting malicious
tampering [107].

2.1.2 Cryptographic hash functions
(e.g., MD5, SHA-1, SHA-256) are far
more robust.

They are one-way functions that take
an input (the file) and produce a fixed-
size, unique string of characters (the
hash or message digest). Even a tiny
alteration to the input file will result in
a completely different hash value,
making them excellent for detecting
changes. However, older hash functions
like MD5 and SHA-1 have known
vulnerabilities to collision attacks,
making SHA-256 and newer algorithms
the preferred choice for security-critical
applications [117]. The security of this
method rests on the assumption that
the stored hash values themselves are
secure and untampered.

2.1.3 Digital Signatures

Digital signatures leverage public-key
cryptography to provide both data
integrity and authenticity. When a file’s
integrity needs to be assured, its
cryptographic hash is generated. This
hash is then encrypted using the
signer’s private key, creating the digital
signature. Anyone can then verity the
signature by decrypting it with the
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signer’s public key and comparing the
resulting hash with a newly computed
hash of the file. If they match, it
confirms that the file has not been
altered since it was signed and that it
originated from the legitimate signer
C127]. While offering strong security,
digital signatures depend on a trusted
Public Key Infrastructure (PKI) for key
distribution and revocation, and the
private key management remains a
critical point of failure.

2.1.4 Centralized Integrity Databases
Many commercial and open-source File
Integrity Monitoring (FIM) solutions,
such as Tripwire and Advanced
Intrusion  Detection  Environment
(AIDE), rely on a centralized database
to store baseline cryptographic hashes
of critical files [137. Periodically, these
systems re-scan the monitored files,
compute their cur- rent hashes, and
compare them against the stored
baseline. Any discrepancies trigger
alerts, indicating potential tampering or
accidental corruption. While effective
for detection within a controlled
environment, these systems are
inherently vulnerable due to their
centralized nature. If the integrity
database itself is compromised or if an
attacker gains administrative access to
the FIM software, the integrity records
can be manipulated, rendering the
entire system unreliable [67]. This
reliance on a single, trusted authority is
a major limitation that blockchain aims
to overcome.

2.2 Blockchain Fundamentals
Blockchain technology is a distributed
ledger technology (DLT) that provides
a secure, transparent, and immutable

record of transactions. Its core
characteristics are crucial for
understanding its application in file
integrity:

2.2.1 Decentralization:

At its heart, a blockchain is a peer-to-
peer network where every participant
(node) maintains an identical copy of
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the entire ledger. There is no central
server, no single point of control, and

no single point of failure. This
distributed architecture makes the
system highly resilient to attacks,
censorship, and data loss, as the

network can continue to operate even if
some nodes fail [97].

decentralised distributed

centralised

Fig. 1: Visual difference between
centralized, decentralized and
distributed network

2.2.2 Immutability:

This is perhaps the most critical feature
for file integrity. Once a block of
transactions is validated and added to
the blockchain, it becomes virtually
impossible to alter or remove. Each
block contains a cryptographic hash of
the “*previous* block, forming a
cryptographically linked chain. If an
attacker at- tempts to tamper with data
in an older block, its hash would change,
which would then invalidate the hash in
the subsequent block, and so on,
propagating the inconsistency
throughout the entire chain. Since all
honest nodes have a copy of the ledger
and constantly verify the chain, any
such alteration would be immediately
detected and rejected by the network
[147.

2.2.3 Consensus Mechanisms:

To maintain agreement on the validity
of transactions and the order of blocks
across a decentralized network,
blockchains employ consensus
mechanisms. These algorithms ensure
that all participating nodes agree on a
single, consistent version of the ledger.

e Proof of Work (PoW) Used by
Bitcoin and older versions of
Ethereum, PoW requires "miners”
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to solve complex computational
puzzles to propose new blocks.
This process is energy-intensive
but  makes it  economically
unfeasible for a malicious actor to
gain enough computing power (51)
e Proof of Stake (PoS) More
energy-efficient, PoS mechanisms
select val- idators based on the
amount of cryptocurrency
they "stake” as collateral.Validators
are rewarded for proposing and
validating blocks, and penalized for
malicious behavior [167. These
mechanisms are fundamental to
ensuring the integrity and security
of the blockchain itself, which in
turn secures the integrity of the
data (hashes) stored on it.
2.2.4 Smart Contracts
These are self-executing agreements
whose terms are directly written into
code and stored on the blockchain.
Smart contracts automatically execute
predefined actions when  specific
conditions are met, without the need for
intermediaries. For file integrity, smart
contracts can automate the hash
generation, on-chain recording,
verification processes, and even trigger
alerts or remediation actions if a file’s
integrity is  compromised.  This
introduces a new level of automated
trust and reliability to integrity
checking [177].

2. Blockchain-Based File Integrity
Checker

The unique properties of blockchain
technology offer a paradigm shift for
file integrity verification, moving from

centralized trust models to
decentralized, cryptographically
secured ones.

3.1 How It Works: A Detailed

Workflow

The integration of blockchain into file
integrity checking involves a systematic,
multistep process:

3.1.1 File Hashing: Generating the
Digital Fingerprint
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The first crucial step involves
generating a  unique, fixed-size
cryptographic hash for the file whose
integrity is to be monitored. This
process remains similar to traditional
methods but is foundational to the
blockchain approach.

e Algorithm Selection: A
cryptographically ~ secure  hash
algorithm, such as SHA-256
(Secure Hash Algorithm 256-bit), is
chosen. SHA-256 produces a 256-
bit (32-byte) hash value, which is
highly resistant to collisions.

e Output: A unique hash value is
produced. Even a single bit change
in the file will result in a drastically
different hash, making it an
excellent indicator of alteration.
This hash acts as the file’s "digital
fingerprint” at that specific moment
in time [187].

e Input: The entire binary content of
the file serves as the input to the
hash function.

3.1.2 Storing on Blockchain: The

Immutable Record

Instead of depositing the generated

hash in a conventional, centralized
database, 1t 1s committed to a
blockchain.  This 1S the  core
differentiator.

e Transaction Creation: The hash,
along with relevant metadata (e.g.,
file name, timestamp of hashing,
owner’s ID, purpose of the file,
storage location if oft-chain), is
encapsulated within a blockchain
transaction.

e Digital Signature: The entity
responsible for the file (e.g., the file
owner, a system administrator)
signs this transaction using their
private  key.  This  ensures
authenticity and non-repudiation,
proving who committed the hash.

¢ Broadcasting to Network: The
signed transaction is then broadcast
to the blockchain network.
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e Validation and Consensus:
Network nodes validate the
transaction  (e.g., check  the
signature, ensure no double-

spending if it'’s a value-transferring
blockchain). Once validated, the
transaction is bundled with other
pending transactions into a new
block. This new block undergoes
the blockchain’s consensus
mechanism (e.g., Proof of Work,
Proof of Stake).

¢ Immutability Achieved: Once the
block is successfully mined or
validated and added to the chain,
the hash record becomes an
immutable part of the distributed
ledger. It is now extremely difficult,
if not practically impossible, to alter
or remove this record without
being detected by the network [197.

This  provides a  verifiable,
timestamped proof of the file’s state
at the moment 1ts hash was
recorded.
il
C = Calculation J-
<> i

Smart contract to

handle the Hash flash

User uploads a file
to the Web-App

pram— L

Fig. 2: Process of uploading a file hash
to the Blockchain

3.1.3 Verification: The On-Demand

Integrity Check

When the integrity of a file needs to be

verified, a straightforward comparison

is performed:

¢ Current Hash Generation: The
current version of the file (from its
storage location, which is typically
off-chain) is re-hashed using the
*same* cryptographic hash
algorithm used initially.

Muhammad Shahid Irfan*

Uploaded



JOURNAL OF EMERGING TECHNOLOGY AND DIGITAL TRANSFORMATION

ONLINE ISSN

' 3006-9726
PRINT ISSN

' 3006-9718

e Blockchain Query: The system
queries the blockchain to retrieve
the corresponding original hash
that was committed for that specific
file.

e Comparison: The newly computed
hash of the current file is compared
byte-for-byte ~ with  the hash
retrieved from the blockchain.

e Integrity Confirmed/Denied: If

the hashes match, it unequivocally
confirms that the file has not been
altered since its hash was recorded
on the blockchain. If the hashes
differ, it indicates that the file has
been modified, corrupted, or
tampered with. The blockchain
provides irrefutable proof of the
original state against which the
current file fails [207.

3.1.4 Smart Contracts: Automated

Integrity Management

Smart contracts elevate blockchain-

based file integrity by automating much

of the process:

e Automated Hashing and
Recording: A smart contract can
be programmed to automatically
trigger  hashing of files at
predetermined intervals or upon
specific events (e.g., file upload,
modification). [t can  then
automatically initiate the
transaction to record the new hash
on the blockchain.

e Scheduled Verification: Smart
contracts can schedule periodic
integrity checks. They can retrieve
current file hashes (from off-chain
storage via oracles or integrated
services), compare them with on-
chain records, and automatically
log the verification results or
trigger alerts.

e Alerting and Remediation: If a
discrepancy is detected during
verification, the smart contract can
be designed to execute predefined
actions. This could include sending
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automated alerts to administrators,
logging the incident for auditing,
initiating a rollback to a previous
version (if a versioning system is
integrated), or even isolating the
compromised file [177].

e Access Control and Permissions:
Smart contracts can also manage
permissions for who can commit
hashes, who can initiate verification
re- quests, and who can view
integrity logs, providing granular

control within the decentralized
environment.
3.2 Advantages Over Traditional
Methods
Blockchain-based solutions offer
significant improvements over
traditional file integrity checking
methods due to their fundamental

architectural differences:

e Tamper-Proof and Immutable
Records: This is the most
compelling advantage. The
blockchain’s cryptographic linking
of blocks and its consensus
mechanisms ensure that once a
file’s hash is recorded, it cannot be
retroactively altered, deleted, or
talsified by any single entity,
including the system administrator
or a sophisticated attacker. This
eliminates the ”single point of
tailure” inherent in centralized
databases, as the integrity record
itselt is secured by the entire
decentralized network [97].

e Decentralized Trust and
Reduced Reliance on
Intermediaries: In  traditional

systems, users must place implicit
trust in the central authority
managing the integrity database.
With blockchain, trust 1s
distributed across the network. The
integrity of the hash records is
maintained collectively by all
participating nodes, eliminating the
need for a single, fallible, or
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malicious trusted third party. This
democratizes ~ the  verification
process and enhances overall
system trustworthiness [217].

Comprehensive Auditability and
Transparency: Every transaction
that records a file hash, along with
its timestamp and the identity of
the committer (or pseudo-identity
in public blockchains), becomes a
permanent and transparent entry
on the blockchain. This creates an
unalterable, cryptographically
verifiable audit trail of all file
integrity checks and modifications.
This level of transparency is
invaluable for compliance, forensic
investigations, and establishing a
clear historical record of file states,
as any interested party can
independently verity the chain of
integrity [227].

Enhanced Automation and Real-
Time  Capabilities: Smart
contracts enable a new level of
automation for file integrity
management. Beyond simple alerts,
they can be programmed to enforce
complex integrity policies, initiate
automatic re-hashing and recording,
trigger notifications, or even
integrate  with  other security
systems for automated responses to
detected tampering. This moves
integrity checking from a reactive,
manual process to a proactive,
automated one, capable of near real-
time detection and response [17].

Non-Repudiation: Due to the
cryptographic signatures involved
in committing hashes to the
blockchain and the immutability of
the record, the entity that
committed a hash cannot later deny
having done so. This provides
strong non-repudiation, crucial for
legal and compliance contexts
where proving who did what and
when is critical.
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3.3 Existing Implementations and
Research Directions

The  theoretical  advantages  of
blockchain for file integrity are being
translated into practical applications
and active research:

3.3.1 Guardtime

A pioneer in the field, Guardtime has
developed its  Keyless  Signature
Infrastruc- ture (KSI) specifically for
enterprise-grade data integrity. KSI
uses blockchain principles to provide
cryptographically verifiable proof-of-
integrity for massive datasets, including
logs, digital assets, and government
records. Rather than full block-chains,
KRSI uses a hash-tree-based distributed
ledger that provides highly scalable and
efficient integrity proofs, demonstrating
how blockchain concepts can be adapted
for specific integrity needs [237].

3.3.2 Decentralized Storage
Networks (Storj, Filecoin)

Platforms like Storj and Filecoin are not
just about storage; they fundamentally
integrate integrity checking into their
architecture. When a file is uploaded,
it's  encrypted, fragmented, and
distributed across a network of storage
providers. The metadata, including
cryptographic proofs of storage and
availability, is managed on a blockchain
or similar distributed ledger. This
ensures that the stored file fragments
remain uncorrupted and accessible, with
built-in mecha- nisms to detect and
penalize malicious or failing storage
nodes. For users, this provides
assurance that their data is immutable
and verifiable without relying on a
single cloud provider [24, 257.

3.3.3 Academic Proposals and Proof-
of-Concepts

The academic community is actively
exploring various blockchain platforms
for file integrity:

Ethereum: Researchers often propose
using Ethereum due to its robust smart
contract capabilities. Proof-of-concepts
involve deploying smart contracts to
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manage file hash registries, enabling
users to commit and verify hashes
programmatically [207.

Hyperledger Fabric: For enterprise

and  consortium-based  applications
where privacy, higher transaction
throughput, and permissioned access

are crucial, Hyperledger Fabric is a
popular choice. It allows for private
channels and granular access controls,
making it suitable for organizations
that need to share integrity proofs only
among authorized parties [267].

IPFS Integration: To address the
scalability challenges of storing large
numbers of hashes on-chain, many
proposals combine blockchain with In-
terPlanetary File System (IPFS). IPFS
provides a decentralized, peer- to-peer
content-addressable storage system.
The actual file content is stored on
IPFS, and only its content hash (IPFS
hash) is committed to the blockchain.
This allows for efficient retrieval of files
while maintaining an immutable record
of their integrity on-chain [277].

Database

J\ s:mcnm: & Transascticn
Appraved
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Fig. 8: Uploading student documents
to the blockchain network and IPFS

3. Challenges Limitations

While the conceptual benefits of

blockchain for file integrity are

compelling, practical implementation

taces several significant challenges that
121
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require  ongoing  research and

development:

4.1 Scalability

e Transaction Throughput: Public
blockchains, especially those based
on Proof of Work like Ethereum
(pre-merge), have limited
transaction processing capabilities
(transactions per second, TPS).
Storing the hashes for a very large
number of files, or performing
frequent integrity checks for a
dynamic dataset, can quickly
overwhelm the network, leading to
bottlenecks [287.

e Blockchain Size: As more hashes
and transactions are added, the
blockchain grows in size. Each
node in a decentralized network
typically needs to store a full copy
of the ledger. This can lead to
significant storage requirements for
nodes, hindering decentralization
by making it difficult for average
users to run a full node [297].

4.2 Latency

Block Confirmation Times: The time

it takes for a transaction to be included

in a block and for that block to be
confirmed (reaching a sufficient number
of subsequent blocks to ensure finality)

can range from seconds to minutes (e.g.,

15 seconds for Ethereum, 10 minutes

for Bitcoin). This latency can be

unacceptable for applications requiring
instantaneous integrity verification or

rapid updates [307.

Network Congestion: During periods

of high network activity, transac- tion

confirmation times can increase further
as transactions compete for inclusion in
limited block space.

4.3 Cost
e Gas Fees: On smart contract
platforms like Ethereum, every

operation (e.g., writing a hash,
executing a smart contract function)
consumes “gas,” which translates to
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real-world cryptocurrency fees paid
to network validators. For systems
requiring frequent hash updates or
integrity checks on a large number

of files, these 7"gas fees” can
accumulate rapidly, making the
solution prohibitively expensive

[s17].

e Economic Feasibility: The cost-
benefit analysis for implementing
blockchain- based integrity checks
must carefully consider the value of

the data’s integrity versus the
operational costs of the blockchain
transactions.

4.4 Privacy

e Metadata  Exposure: Public
blockchains are designed for
transparency, meaning that all
transaction data (including file
hashes, timestamps, and
sender/receiver addresses) 1S

publicly visible to anyone. While
the file con- tent itself is not stored
on-chain, the existence of a hash
and its associated metadata (e.g.,
when a file was created or modified,
by whom, and its size implied by
the hashing operation) could
inadvertently reveal sensitive in-
formation or patterns about an
organization’s operations or user
activity [327].

e Solutions: This challenge often
necessitates the use of
permissioned/private  blockchains
(where access is restricted), or the
implementation of privacy-
enhancing technologies like Zero-
Knowledge Proofs or homomorphic
encryption, which add complexity.

4.5 Rey Management:

e Private Key Security: The
security of blockchain interactions
fundamentally relies on the security
of private keys. If a private key used
to sign transactions for committing
file hashes is lost, compromised, or
stolen, it can lead to catastrophic
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consequences. A lost key means the
legitimate owner can no longer
update or verify their file’s integrity
on the blockchain. A compromised
key allows an attacker to
maliciously commit invalid hashes
or manipulate records,
undermining the entire system’s
integrity [337.

e Recovery Mechanisms: Designing
robust and secure key management,
storage, and recovery mechanisms
(e.g., multi-signature wallets,
hardware security modules) is
paramount and adds a layer of
complexity to implementation.

4.6 Data Availability of Off-Chain
Content
While blockchain secures the *hash*,
the actual file content is typically stored
off-chain. The integrity of the system
still relies on the availability and secure
storage of these off-chain files. If the
off-chain storage provider fails or the
file is corrupted at the storage layer, the
blockchain record will confirm that the
file has changed, but it cannot restore
the file itself. This points to the need for
hybrid solutions where both on-chain
integrity and off-chain data availability
are carefully managed.

4. Future Research Directions

To mitigate the current limitations and
fully leverage the potential of
blockchain for file integrity, several
promising research avenues are being
actively pursued:

5.1 Hybrid Solutions: Optimizing
On-Chain/Off-Chain Synergy

Future research will increasingly focus
on designing and implementing
sophisti- cated hybrid architectures.
This involves:

e Layered Architectures: Utilizing
the blockchain exclusively for
storing  cryptographic  hashes,
critical metadata, and integrity
proofs, while oftloading the actual
file content to more scalable and
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cost-effective storage solutions like
IPFS (InterPlanetary File System),
decentralized storage networks
(e.g., Arweave, Sia), or even
traditional cloud storage [277].

e Efficient Bridging Mechanisms:
Developing secure and efficient
proto- cols for linking on-chain
integrity proofs with oft-chain data.
This includes designing robust
indexing, retrieval, and verification
mechanisms that can quickly fetch
off-chain data and compare it
against its on-chain hash.

e Decentralized Storage Proofs:
Research into more advanced
proofs of retrievability and proofs
of storage to ensure that the off-
chain data remains available and
uncorrupted by storage providers,
further enhancing the end-to-end
integrity chain [247].

5.2 Lightweight Blockchains

Layer-2 Scaling Solutions

Addressing scalability and cost remains

a top priority.

and

e Sidechains: Independent
blockchains that run parallel to a
main chain, allowing assets to be
moved between them. Sidechains
can handle a higher volume of
transactions more cheaply, with
periodic “commitments” or
summaries of their state being
anchored to the main chain for
security [347].

e Layer-2 Solutions (e.g., Rollups,
State Channels): These
technologies process transactions
off the main blockchain (Layer 1)
but inherit its security guarantees.
Rollups (Optimistic Rollups, ZK-

Rollups) batch many off-chain
transactions into a single
transaction on Layer 1,

significantly increasing throughput
and reducing costs. State channels
allow direct peer-to-peer
transactions off-chain, with only
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the opening and closing states
recorded on the main chain [857].
These solutions are particularly
promising  for  high-frequency
integrity checks or for applications
managing a vast number of files.

e Specialized DLTs: Exploring
distributed ledger technologies
specifically ~ designed for data
integrity rather than general-
purpose cryptocurrencies,
potentially offering better

performance characteristics for this

specific use case.
5.3 Zero-Knowledge Proofs (ZKPs):
Enhancing Privacy and Efficiency
ZRKPs are cryptographic methods that
allow one party (the prover) to prove to
another party (the verifier) that a
statement is true, without revealing any
information about the statement itself
beyond its truthfulness.

e Privacy-Preserving Verification:

ZKPs can  enable integrity
verification without revealing the
file’s hash or any associated

metadata on a public blockchain.
For example, a ZKP could prove
that a file’s hash matches a hidden
value on the blockchain, or that a
file has not been modified since a

certain timestamp, without
exposing the hash or the timestamp
itselt [367].

e Batch Verification: ZKPs can also
allow for the verification of
multiple file integrity proofs in a
single, compact proof, further
improving efficiency and reducing
on-chain data storage.

5.4 Al Integration:

Anomaly Detection

Combining the deterministic and

immutable nature of blockchain with

the predictive power of Artificial

Intelligence can  lead to  more

sophisticated integrity systems.

Intelligent

e Behavioral Anomaly Detection:
Machine learning algorithms can
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analyze patterns in file changes,
access logs, and integrity check
results over time. This includes
monitoring  the frequency of
changes, the users making them,
and the nature of the modifications.
Al can then identify deviations
from normal behavior that might
indicate subtle tampering, insider
threats, or sophisticated malware
that attempts to evade simple hash
checks [377.

e Predictive Maintenance for Data
Integrity: Al could potentially
predict potential integrity risks
based on system health, network

conditions, or historical
vulnerability patterns, allowing for
proactive  measures  before a

compromise occurs. * **Automated
Threat Intelligence**: Al can
process global threat intelligence to
inform integrity policies, adapting
to new types of attacks that target
file systems.

5. Conclusion

File integrity  checking is an
indispensable component of robust
cybersecurity, yet traditional

centralized methods are increasingly
insufficient given their vulnerabilities to
single points of failure and lack of
transparency. Blockchain technology,
with its iInherent decentralization,
immutability, and transparency, offers a
compelling and robust alternative for
verifying file integrity. By lever- aging
cryptographic hashes and immutable
ledgers,  blockchain-based  solutions
provide tamper-proof, auditable, and
automated mechanisms for ensuring file
authenticity.

The detailed workflow of hashing, on-

chain storage, and smart contract-
driven verification demonstrates a
fundamental shift from reliance on

centralized trust to cryptographically
secured, distributed verification. This

paradigm offers unparalleled
advantages in terms of tamper-proof
124
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records, decentralized trust,
comprehensive auditability, and
automation.

While significant advantages exist,
practical ~ challenges  related  to

scalability, latency, cost, privacy, and
key = management need to  be
systematically ad- dressed for
widespread adoption. Ongoing
advancements in blockchain
architecture, particularly hybrid
solutions combining on-chain and oft-
chain elements, lightweight scaling
solutions  (Layer-2), and privacy-
preserving  techniques like Zero-
Rnowledge Proofs, offer promising
avenues for mitigating these limitations.
Future research should continue to
focus on optimizing performance,
integrating advanced security features,

and exploring the synergy with
artificial intelligence for more
intelligent anomaly detection and
proactive  threat  mitigation.  As

blockchain technology matures, its role
in securing digital assets and ensuring
data integrity is poised to become even
more prominent, transforming how
organizations and individuals protect
their most valuable digital assets.
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