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ABSTRACT The blueprint of the proposed Decentralized Smart City of Things (DSCoT) has been
presented with smart contracts development and deployment for robust security of resources in the context
of cyber-physical systems (CPS) for smart cities. Since non-fungibility provided by the ERC721 standard
for the cyber-physical systems (CPSs) components such as the admin, user, and IoT-enabled smart device/s
in literature is explicitly missing, the proposed DSCoT devised the functionality of identification and
authentication of the assets. The proposed identification and authentication mechanism in cyber-physical
systems (CPSs) employs smart contracts to generate an authentication access code based on extended
non-fungible tokens (NFTs), which are used to authorize access to the corresponding assets. The evaluation
and development of the extended NFT protocol for cyber-physical systems have been presented with the
public and private blockchain deployments for evaluation comparison. The comparison demonstrated up
to 96.69% promising results in terms of execution cost, efficiency, and time complexity compared to other

proposed NFT-based solutions.

INDEX TERMS Cyber-physical system/s, non-fungible tokens (NFTs), smart contract, web3 technology.

1. INTRODUCTION

In the context of Web3, decentralized cyber-physical systems
in the smart city are an innovative urban concept that utilizes
blockchain technology to enhance city operations and im-
prove the QoL for its inhabitants [1]. Overall, a decentralized
smart city in the context of Web3 holds significant promise
for the future of urban development. By capitalizing the
decentralized technologies, cities can create more efficient,
transparent, and citizen-focused urban environments that are
more democratic and secure [2]. Decentralized Smart City of
Things (DSCoT) has been proposed in our earlier research
in [3], [4], and [5] for the identification, authentication, and
digitization of assets (admin, users, fog, and smart device/s) in
cyber-physical systems (CPS/s). The proposal in [4] discusses
the evaluation of the deployment on a private blockchain net-
work while our research in [3] discusses the evaluation of

a public blockchain network in comparison to the proposed
solution in the literature.

This article, however, provides the design and evaluation
of the functions and components of the proposed DSCoT
over private and public blockchain testnet so that the re-
quired performance and security standards may be evaluated.
As discussed comprehensively in [3] the non-fungible tokens
(NFTs)-based solution in the literature is explicitly missing
as none of the solutions provide non-fungibility of assets in
the CPS/s context. The Ethereum Request for Comments-721
(ERC721) standard [6] (which defines NFTs) also does not
cater to the CPS/s components hence the extended version
i.e., the proposed DSCoT fills the research gap by devising
the functionality through novel components in smart contracts
for the identification and authentication of resources in the
context of CPSs for smart cities. The code base created for
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this research is globally available on GitHub [7] and be de-
ployed on private as well as the public testnet. However, the
novel solution has been deployed over the Goerli testnet to get
insight in terms of monitoring and evaluation.

The proposed system architecture, as illustrated in Sec-
tion IV, outlines the functionalities of the Digitized and
Secure CPS through proposed extended NFTs for integration.
The architecture ensures that resource owners exclusively
initiate and execute operations related to NFT-based smart
contracts, with unauthorized requests being systematically
rejected. This approach not only safeguards the availability
of resources for legitimate users but also guarantees that
authorization is solely granted by the rightful owner of the
resources. This intricate yet comprehensive system illustrates
the secure digitization and authentication of assets within the
proposed DSCoT framework, emphasizing the crucial and
extended role of NFTs in ensuring robust user authorization
and access control.

A. SECURITY AND AUTHENTICATION ISSUES OF
IOT-ENABLED SMART ASSETS IN CYBER-PHYSICAL
SYSTEMS

Specifically, considering a CPS in smart cities and an in-
creasing number of IoT-enabled smart device/s connecting
to the internet daily, the security and authentication of these
devices have become inevitable. One of the recently carried
out Cisco Annual Internet surveys (2018-2023) projected ap-
proximately 66% of the world’s population will gain internet
connectivity by 2023, showing a significant number of devices
that might connect to the internet in the future [8].

Since the internet in Web2 uses traditional protocols
(TCP/1P), the underlying architectures of the CPS/s inherit
the security and authentication issues which open the doors
to a possible breach for the networks themselves [2]. Addi-
tional factors that contribute to the vulnerability of customer
premises equipment (CPE) include inadequate security fea-
tures implemented by manufacturers, such as the use of weak
SSL versions (e.g., v2, v3, and CBC mode), weak default
login details, open ports, and unencrypted or self-signed se-
curity certificates, etc. The lack of proper security and access
control mechanisms by these manufacturers increases the risk
of exploitation in internet infrastructures, industrial settings,
and related contexts. Thus, a need to develop secure archi-
tectures is inevitable that may cope with the security and
authentication issues of IoT-enabled smart assets operating in
the underlying smart city architecture.

II. RELATED WORKS

In an attempt to explore the capabilities of the non-fungible to-
ken (NFT), different solutions have been developed in various
domains. Since the NFT has a strong capability to represent
the digital identity in cryptocurrency, it attracts developers
to explore it further to expand its capability. However, the
overview of the literature concerning the NFT-enabled solu-
tions proposed over recent times depicts that no architecture
for cyber-physical systems (CPSs) in smart cities has been
explored to extend the NFT capability. The digital identity
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attribute of NFT is much more suitable to represent IoT assets
in smart cities. This section summarizes the solutions that
have been proposed based on non-fungible tokens (NFT/s).
Subsequently, a comparison highlights the novel aspects of
the proposed solution in [3], [4] which bases the blueprint and
evaluation of the proposed architecture in this article.

Authors in [9] present the extended version of ERC721 for
NFTs which shows the authentication mechanism on a device
level that relies on hardware upgrades i.e., Physical Unclon-
able Function (PUF). The presented results show performance
issues in terms of computational complexity. However, the
extension does not present a complete architecture for IoT
assets such as Admins, Users, Fog devices, and IoT devices
within a cyber-physical system.

Connect2NFT [10] utilizes the NFTs to associate social
media sites (Twitter in this case) to provide digital ownership
to its users. It deploys the NFT in its general form and utilizes
the NFT default security mechanism.

The utilization of NFTs in [11] is no different than the study
in [10] rather the association of NFTs has been realized with
the decentralized storage of the InterPlanetary File System
(IPES). The implementation links the NFTs’ metadata, with
the IPFS hash which is stored on the chain. This solution also
deploys the NFT in its general form and relies on the NFT and
blockchain’s default security mechanism. Since the solution
is dependent on the decentralized framework, it inherits com-
putational issues such as latency and scalability which may
disrupt the solution’s rigor and efficiency.

Authors in [12] present a general association of healthcare
assets such as patient details, doctor’s prescription, medicines,
etc., however, it lacks novelty in terms of linking the health-
care IoT assets such as wearable health monitors, implantable
medical devices, smart infusion pumps, smart beds, etc.

The NFT-Vehicle concept has been presented in [13] which
involves divisibility in terms of associating a vehicle with the
NFT to retain the digital identity for maintaining ownership
rights. The proposed solution shows the association of related
stakeholders such as vehicle owners, buyers, manufacturers,
government, etc. However, the scope is limited to a particular
domain and does not present the architecture for IoT assets in
a smart city.

The association of pharmaceutical assets especially the sup-
ply chain has been presented in [14] where NFTs have been
utilized in their standard form. The research did not present
the interoperability challenges that can emerge when imple-
menting NFT-enabled solutions across various IoT assets such
as health tracking sensors, connected thermometers, blood
pressure monitors, etc. from different manufacturers. It leads
to the issue of standardized protocols which can obstruct the
integration and communication between diverse assets.

Based on the solutions explored in this section, a
comparative review has been carried out. Section V-C
presents the analysis which shows that NFT has been ex-
plored in different domains however, the digital identity
attribute that represents IoT assets in smart cities and au-
thentication mechanism through NFTs is yet a research
gap.
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A. RESEARCH MOTIVATION

Given the aforementioned gaps, the significance of the pro-
posed DSCoT lies in its ability to address the inherent
challenges of representing and authenticating a vast array of
IoT assets securely and efficiently. The research motivation
was to come up with a robust architecture that may incorporate
the following attributes for all the IoT assets in cyber-physical
system/s (CPS/s) that currently pose a research gap.

1) SECURITY AND UNIQUENESS

As IoT assets in CPSs become more numerous and diverse,
the need for a system that can guarantee the uniqueness and
security of each asset is paramount. The proposed DSCoT
addresses this by using extended NFTs to represent and au-
thenticate each asset uniquely, enhancing security. The use
of SHA-II encryption and the CIA including the AAA
model (Confidentiality, Integrity Availability, Authorization,
Authentication, Audit) helps ensure robust security features,
safeguarding sensitive data, assets, and security audit to trace
back the errors and loopholes to attain resilience.

2) INTEROPERABILITY

The proposed DSCoT ensures that these representations are
interoperable, meaning they can be used seamlessly across
different applications, fostering greater collaboration and effi-
ciency in the CPS/s context.

3) EFFICIENCY

The architecture introduces innovative functions for query-
ing the smart contract, ensuring no transaction cost (in
Ether/Gwei). This efficiency is vital for the scalability and
cost-effectiveness of CPS/s operations.

4) EVALUATION AND VALIDATION

The study provides an evaluation of the proposed functions
and components, which is essential to validate the effec-
tiveness and efficiency of the architecture. This is vital for
real-world implementations in CPSs. It is evident that while
various NFT-enabled solutions cater to different domains, the
proposed solution’s distinctive features make it a compelling
choice for bolstering the security of IoT assets within smart
cities. The motivation marks the contribution of the research
as discussed in the upcoming section.

1Il. CONTRIBUTIONS

In real-world implementations within smart cities, the scala-
bility of NFT-enabled solutions can be a significant challenge
due to the potential volume of transactions and data gen-
erated by various IoT assets. While different solutions in
the literature introduce NFTs but do not deeply address po-
tential security challenges inherent in NFT implementation
specifically in the context of CPSs. NFT security, including
vulnerabilities related to token creation, management, and
ownership verification, should be thoroughly examined to en-
sure the robustness of the proposed system. The presented
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contributions of the proposed NFT extension, however, ad-
dress the concerns and presents;

1) A design based on blockchain tokenization that utilizes
devised components to represent and digitize the assets
in cyber-physical systems (CPSs).

2) The proposed architecture centers on the software-based
digital signage, identification, and authentication of IoT-
enabled smart devices. It eliminates the need for any
improvements in hardware from the producer, as has
been seen in the case of IoT assets with Physical Un-
clonable Functions (PUF).

3) We deployed the novel Web3-based components and
functions for the identification and authentication of as-
sets based on an expanded proposal in the Non-Fungible
Tokens (NFTs) protocol.

4) We define additional and newly developed attributes to
generate IoT-based NFTs for smart device representa-
tion.

5) We introduced mapping to bind the newly developed
NFT attributes of Users, fog nodes, and edge nodes with
the EOAs of respective devices.

6) We evaluate the proposed protocol deployment on
an Ethereum-based public testnet (Goerli) and its
comprehensive performance comparison with private
blockchain deployment i.e., Hyper Ledger Besu and
NFT-based solutions proposed in the literature.

The research paper highlights the limitations of the
ERC721 standard attributes provided by NFTs for identify-
ing and defining financial assets, as they do not address the
identification and authentication needs of resources in cyber-
physical systems (CPSs), including admin, users, and smart
devices. To address these limitations, the research proposes
and develops additional attributes that provide support for the
identification and authentication of assets in CPSs for smart
cities. Later, the deployment and evaluation of the solution
were presented to showcase the research rigor and efficiency.

The paper is structured in the following manner. Section II
presents the related works that employ the NFT-enabled so-
lutions with a comparison to the proposed NFT extension in
this paper. Research contributions have been presented in Sec-
tion III while in Section IV, the details of the proposed system
model which consists of devised components and functions
are introduced. Section V presents the evaluation of the pro-
posed architecture on a public blockchain testnet in addition
to the private deployment over Hyper Ledger Besu along
with security analysis. The threat model has been provided
in Section VI. Finally, conclusions are given in Section VII
highlighting possible extensions of this work for varied CPSs
in smart cities.

IV. THE PROPOSED DIGITIZATION AND AUTHENTICATION
MECHANISM

The system architecture of all the components referring to the
required proposed DSCoT functionality has been presented in
Fig. 1. As depicted in the figure, the resource owners can only
initiate and perform the operations of the proposed NFT-based
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FIGURE 1. Proposed assets digitization and authentication system flow
diagram.

smart contracts; otherwise, the request will be rejected. This
property adds availability of the resources to legitimate users
while authorization is achieved by the legitimate owner who
owns the resources. The owner can only add other admins,
fog, and IoT device/s realizing identification and binding of
the assets. At this stage the verification for the mapped IoT
device with fog device and the user will be performed and
if no mapped devices are found the user mapping will not
take place and the process start again for mapping the devices.
Once the IoT-enabled smart devices are mapped with the fog
device and the respective user, the NFT minting function must
be triggered to authenticate users to access the devices.

As shown, the minting generates NFTp,s, which contains
the devised attributes of the NFTyge such as User identifica-
tion (UID), block timestamp, and change in the timestamp (7,
AT) to track the transactions and oppose the replay attacks,
EOAs of mapped User, Fog, IoT device/s, and User’s public
key (PK).

NFTpyss = Passyser (NFTyger) , NFTygerwhereas,
NFTUser = (UID, T, AT, EOAUsera EOADevice»
EOAFgg, Useer).

Finally, if verified, the NFTp,s represents the user’s non-
fungible token generated by incorporating the user’s token
(Tokenyq), block timestamp, and change in block timestamp
(T, AT), together with the externally owned accounts (EOAs)
of user, fog, and IoT device/s which are based on proposed
Non-Fungible Tokens (NFTs) and the user’s EOA private key
(Userik) as shown in Fig. 1. It generates a user authentication
access token to access the devices and for the authentication
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process, every time the user accesses the nodes assigned as
shown below.

NFTpass= Passyser (NFTyger) Whereas, NFTyger= (Tokenyq,
T, AT, EOAuser, EOApevice, EOARog, Userik )

The user signs the token with the account’s private key
(Userik), and the user is authenticated to access the mapped
devices.

A. DEVELOPMENT AND DEPLOYMENT

According to the set objectives, the development of the pro-
posed extended version of NFTs via smart contracts (SCs) and
deployment on distributed technology utilizing the Ethereum
blockchain is presented here. The motivation was to design
a protocol based on a Web3-based distributed platform so
all the assets including nodes at the edge and fog layer may
operate in a distributed manner. To come up with a distributed
blockchain platform for the research, the SCs were deployed
on a public blockchain testnet that uses Ethereum as a pub-
lic network. Goerli testnet, in this case, has been utilized to
test the functionality, identify and fix bugs, and validate the
proposed smart contracts before deployment on the Ethereum
mainnet.

1) DECENTRALIZED FRAMEWORKS

The proposed decentralized application (dapp) uses smart
contracts (SCs) that are developed in a client-side applica-
tion. It utilizes public and private Ethereum-based blockchains
for deployment. These smart contracts are coded in Solidity,
which functions similarly to JavaScript. The proposed mecha-
nism is compiled and deployed using Remix IDE (v0.23.3)
and is an expansion proposal of the ERC721 standard for
IoT assets in DSCoT. Node.js framework (v14.17.6 & npm
v6.14.15) is an open-source server environment that allows
JavaScript to run on the server and has been deployed together
with JsonRPC which helps in the realization of communica-
tion between nodes and blockchain and encode/decodes data
to be interpreted by developing an interface [15].

B. THE PROPOSED SMART CONTRACTS DEPLOYMENT

The proposed smart contracts provide a function-based inter-
face to build an expansion proposal of non-fungible (NFTs)
on the Ethereum blockchain which devises the identification
and authentication of resources in CPSs for smart cities. The
proposed smart contracts were successfully deployed on the
public ledger using Remix which can be can be identified
through their cryptographic address. In this context, the ad-
dress corresponds to an identified entity in the expanded
proposal of the ERC-721 standard. MetaMask wallet was
configured with a personal account and network settings to
connect with the Goerli testnet which allows the connection to
the blockchain and interaction with the smart contracts for its
development. The wallet was connected to the Remix IDE and
was used to deploy the proposed SCs. The wallet address is the
externally owned address of the SC owner (EOAoyner). The
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TABLE 1. Components & Functions of the Proposed DSCoT Architecture

Proposed Functions

Functions Titles, Types & Payload

approve(address _approved, uint256 _tokenld) external payable;

No_ofAdmins() external view returns (uint256);

F(No. of Admins NFT EOAs, add admin)

adminAdd() external view returns (address[] memory);

delAdmin (address admin) external;

DeviceFogMapping(address fog, address device) external;

F(oT, Fog)

delDev(address fog) external;

UserDeviceMapping(address user, address device,address fog) external;

F(Users)

delUser(address user) external;

balanceOf(address owner) external view returns (uint256);

F(check balance, owner, and issued token)

ownerOf(uint256 _tokenld) external view returns (address);

tokens_Issued()public view returns (Token[] memory);

Mint F(User and Devices Authentication Mechanism)

mintNFT(address device, address fog) external;

deployed SC can be tracked by its address (EOA contract) While
all the proposed components and functions were evaluated by
posting the transactions over the public testnet.

The transactions (Tx) metadata was verified by
deploying proposed SCs over address: 0x504C7FAb97AFb
2642BbOO0F1f8520AbA0857E3544 which helps verify the data
in posting Tx to the blockchain. The status of the posted
transactions through a smart contract can be tracked via
public blockchain explorer at https://goerli.etherscan.io/
address/0x504c7fab97afb2642bb00ff8520aba0857e3544
while the status of the posted transactions by the SC owner
(EOAOwner:0x90B7A5D5A96d4206E1BDa9baEC1019ACC
CdbIbbA) can be tracked via public blockchain explorer at
https:// goerli.etherscan.io/address/0x90B7A5D5A96d4206
EIBDa9baECI0I9ACCCdb1bbA . Table 1 on the other hand
depicts the ramified components with functions presented
in the smart contract type of interface, which contains
function signatures, it defines the external interface of
the proposed smart contract where the main functions
were implemented. The main components in the proposed
smart contracts enable the functions of identification and
authentication for the admin, the user, the fog device, and the
IoT device/s. The table further depicts the proposed functions
metadata such as approve(), addDeviceFogMapping(),
addUserDeviceMapping(), mintNFT(), etc., followed by the
evaluation of deployed functions over the public ledger in
upcoming sections.

1) APPROVE(), ADMINADD() AND NO_OFADMIN()

Since all the proposed components and functions were
to be evaluated, the deployed SCs were tested by trig-
gering the proposed functions in the extended version of
ERC721. The Tx payload for the approve() function approved
EOA: 0x5b38da6a701c568545dcfcb03fcb875f56beddc4 as an
EOApyner- The transaction was successfully mined on block
no. 8361404 and the EOA was added as an EOAgyner by
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generating the events for the added EOA as EOAgyner pre-
sented in Fig. 2(a).

The added EOAqQuner can carry out all the activities as
that of an SC Owner. To validate the Tx payload, efficient
call methods have been devised to query the NFT registry
without costing the computational overhead in the proposed
SCs such as adminAdd(), no_ofAdmins(), Tokens_Issued(),
user_devices(), and fog_devices().

The transaction metadata for adminAdd() and No_of
Admin() queries the NFT registry for added EOA as an
EOAovwner: 0x5b38da6a701c568545dcfcb03fcb875f56beddc4
referred to as [fopic I] and number of added admins respec-
tively as shown in Fig. 2(a).

This shows the importance of devised call methods for
validation purposes of Tx payloads in the proposed DSCoT
protocol. Since the proposed SCs can be initiated by the
EOApyner only, the transaction metadata shows EOAgyner as
“0x90B7A5D5A96d4206E1BDa9baECI1019ACCCdb1bbA”
referred to as [topic 2]” and transaction hash as [topic O] in
Fig. 2(a).

2) ADDDEVICEFOGMAPPING()

One of the important components is mapping the fog device
with ToT-enabled smart device/s so that authorized users
may be assigned to these devices to access the assets. Since
the proposed SCs owner as shown in Fig. 2(b), “EOAowner:
0x90B7A5D5A96d4206E1BDa9baEC1019ACCCdbI1bbA”
referred to as [fopic 3] is the authorized entity to initiate the
addDeviceFogMapping(), the component was triggered and
minted with the Tx payload of the IoT assets such as EOAF,g:
0x78731D3Cabb7E34aCOF824c42a7cC18A495cabaB,  re-
ferred as [topic 1] and EOApeyice: Ox617F2E2fD72FD9D5503
197092aC168c91465E7f2 [topic 2] at block no. 8361412
so that these devices may be mapped and undergo the
process of authentication in the next step. Fig. 2(b)
shows the Tx metadata for the addDeviceFogMapping()
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0x095ea7b3
caller

*** approve

(address,uint256) account

*#** AdminAdded (index_topic_1 address caller, index_topic_2 address account)

0x5b38daba701c568545dcfcb03fch875f56beddca

0x90b7a5d5a96d4206e1bda9baec1019acccdb1bba

[topic®] exbf3f493c772c8c283fd124432c2def539ab343faa04258fe88e52912d36b102b

[topicl] ex

5b38da6a701c568545dcfcb@3fcb875f56beddca

[topic2] ex =]

98b7a5d5a%96d42086el1bda%baec1@19acccdblbba

(A): approve() Tx confirmation on Goerli Testnet

Oxadcc52e5

[topic@] @x2851d1698438e989aa@8ac2773e9a4b87c1c242e064793b714281e6189698948

[topicl] @xeeeeeeee

78731d3cabb7e34ac@f824c42a7cc18a495cabab

[topic2] @xeeeeeeee

617f2e2fd72fd9d5583197092ac168c91465e712

[topic3] exeeeeeeee

98b7a5d5a96d4286e1bda%baec181%acccdblbba

(B): addDeviceFogMapping() Tx confirmation on Goerli Testnet

0xeb9006fb [topice]

Oxbe625affc65a6f3a8c8e7603b6880d4c2cfbafbee3c53135cdbe94d2c7afb815

[topicl]

0xee00ee 88

668c71144138dd39d1f78cf52ed@3e34c3f9fedc

[topic2]

oXooooooo

617f2e2fd72fd9d5503197892ac168c91465e72

9x800060000006000000

[topic3]

Addr v =

78731d3cabb7e34acef824c42a7cc18a495cabab

9x90b7a5d5a96d4266e1bdadbaec1019acccdblbba

(C): addUserDeviceFogMapping() Tx confirmation on Goerli Testnet

0x465dcabb

[topic@] ©xce234016847a15a20f3ae6f006154bf302087776d194b71d620ef@fdaelef79d

[topicl] @xe226eb92af43fda26a8963160017b66ef4718d1da92b92dd376ceedPB336b423

[topic2] exeeeeeeoece0e

660c71144138dd39d1f78cf52ed@3e34c3f9fedc

[topic3] exee 00000
Addr ~ =

Addr v =

78731d3ca6b7e34acef824c42a7cc18a495cabab

0x617f2e2fd72fd9d5503197092ac168c91465e712

9x000000000000

0000000000000000063d0e564

(D): mintNFT() Tx confirmation on Goerli Testnet

FIGURE 2. Transactions status of the proposed functions over goerli testnet.

function that was successfully mined and generated events
for the added EOAp,; and EOApeyice. It is important to
note that the process of authentication will not trigger if
the devices are not found mapped with each other and
the Tx will be denied. This was tested by posting the
transactions which resulted in canceled transactions. Shown
via public BC explorer at  https://goerli.etherscan.io/
address/0x504c7fab97afb2642bb00f{f8520aba0857e3544

are the posted transactions over the public ledger, the
transactions (Tx 6 and 14) were denied since the devices were
not mapped which shows the rigor of the devised functions
and the solution overall.

3) ADDUSERDEVICEFOGMAPPING()

The next important component of the proposed DSCoT
is to map the user with the already mapped fog device
with IoT-enabled smart device/s from step 2) i.e.,
addDeviceFogMapping() so that authorized user may be
assigned to the mapped devices to gain access. As shown
in Fig. 2(c) an authorized entity “EOAOwner” initiated
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the addUserDeviceFogMapping(), and the component was
triggered and minted with the transaction (Tx) metadata
at block no. 8365162 which shows the Tx payload of the
EOAUser:  0x660c71144f38dd39d1f78cf52ed03e34c3f9fe9c
referred to as [topic 1], EOAfR.g: 0x78731D3Cabb7E34aC0
F824c42a7c¢C18A495cabaB referred as [topic 3], EOApeyice-
0x617F2E2fD72FD9D5503197092aC168c¢91465E7f2

referred to as [topic 2], so these mapped devices may
undergo the process of authentication in the next step.

It is important to note that the process of authentication will
not trigger if the mapped devices are not found mapped with
each other (Step 1) or to the authorized user (Step 2) the Tx
will be denied. Table 1 presents the addUserDeviceFogMap-
ping() metadata with payload and events.

4) MINTNFT()

The DSCoT SCs provide security in terms of authorization
to users as only the user will be able to mint the DSCoT
mintNFT() function, not even EOAopyn.r can mint the
authentication NFT until added as a user in the Tx
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payload. The mintNFT() function was triggered and
the transaction was verified with the payload of the
EOA yser:0x660c71144f38dd39d1f78cf52ed03e34c3f9fe9c
referred to as [fopic 2], EOARy: 0x78731D3Cabb7E34aC
0F824c42a7cC18A495cabaB referred as [topic 3], EOApevice:
0x617F2E2fD72FD9D5503197092aC168c¢91465E7f2
referred as [Addr] as highlighted in Fig. 2(d). Since the
devices were mapped with each other (Step 1) and a user
was assigned as an authorized user (Step 2) the mintNFT()
undergoes the process of authentication. The mintNFT()
function was successfully minted on block no. 8372806 by the
EOA .- which generates the authentication access token _to-
kenID:"Oxe226eb92af43fda20a8963f600f7b66ef4718d1da92
b92dd370cee000836b423" referred to as [fopic 1] with a
"timestamp": "1674634596" for the user, fog, and loT-enabled
smart device as stated in Fig. 2(d).

The mintNFT{() function authenticates a user to access the
devices and generates the user NFT authentication access to-
ken for the authentication process every time the user accesses
the mapped devices. Table 1 presents the mintNFT() metadata
with payload and events. The Tx metadata for all the posted
transactions with the transaction hashes can be verified on the
publicly available Goerli BC explorer [16].

5) ACCESSING THE DEPLOYED CONTRACTS

Once the smart contracts are established on a blockchain
network, they are posted permanently and can be ac-
cessed at any point in time. The proposed DSCoT
SCs were posted on the Ethereum-based public Goerli
testnet as shown in  https://goerli.etherscan.io/address/
0x504c7fab97afb2642bb00ff8520aba0857e3544 at contract
address  (EOAcontract):0x504C7FAb97AFb2642BbO0F ({8520
ADAOSS7E3544 with owner address (EOAoyner): Ox90B7
A5D5A96d4206E1BDa9baECI019ACCCdb1bbA. Once the
testbed completed the validation of the methods imposed by
DSCoT, the proposed smart contracts were evaluated in terms
of efficiency in processing the transactions on a public testnet
namely Goerli.

V. EVALUATION AND VALIDATION

A. EFFICIENCY EVALUATION OF EXTENDED ERC721 ON A
PUBLIC BLOCKCHAIN TESTNET

Once the testbed was deployed, the effectiveness of the pro-
posed NFT methods utilizing SCs required validation by
analyzing the execution cost in terms of Gas consumption
during posting transactions on the Goerli testnet platform.
Validating the Gas consumption of the proposed NFT methods
is crucial in assessing their efficiency and scalability in man-
aging CPS assets. By evaluating the Gas consumption of the
proposed components and functions, stakeholders can identify
potential bottlenecks and inefficiencies in the proposed NFT
methods. This analysis allows for informed decision-making
on the optimal deployment scenarios for the NFT methods,
thereby ensuring cost-effectiveness and scalability in manag-
ing assets in CPSs for smart cities.
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The proposed DSCoT was evaluated over the Goerli testnet
to analyze the Gas consumption of its main components. As
depicted in Fig. 3, the UserDeviceMapping() function has
the highest execution cost, as expected, due to the mapping
of users and devices. Additionally, the DeviceFogMapping()
function, which maps the fog device to the IoT nodes, also
incurred a significant amount of Gas consumption.

In contrast, for the remaining functions, including ap-
prove(), delAdmin(), delDev(), delUser(), and mint(), the gas
consumption was found to be nearly identical on average.
Especially mint() which has been observed with a very low
gas consumption depicting an efficient minting mechanism.
These findings provide valuable insights into the Gas con-
sumption patterns of the DSCoT components, which can be
used to optimize the NFT deployment scenarios and improve
the efficiency of managing the cyber-physical systems (CPS/s
assets.

B. EFFICIENCY ~ COMPARATIVE EVALUATION OF
EXTENDED ERC721 OVER PUBLIC AND PRIVATE
BLOCKCHAIN DEPLOYMENTS

In Fig. 4, the execution cost comparison of the proposed
DSCoT components is presented, highlighting the difference
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TABLE 2. Comparative Efficiency Evaluation of NFT-Enabled Solutions

Y NFT MINT Comparison ~ EFSE?EIIECY %%?SSZ?DN
ear Domain : PROPOSED MINT
Ref Proposed Execution Cost EFFICIENCY of NFT-based SOLUTION
Solutions EFFICIENCY
[9] 2021 NFT-based [oT Security 167263 80.68% 602223 39.70%
[10] 2022 NFT-based Social Media Not Reported 100% Not Reported 100%
[11] 2022 NFT-metadata over IPFS Not Reported 100% Not Reported 100%
[12] 2022 NFT-based HealthCare Services 183260 82.37% 1221693 70.27%
[13] 2023 NFT-Vehicle 121141 73.33% 10972911 96.69%
[14] 2022 NFT-based Supply Chain for HealthCare Not Reported 100% Not Reported 100%
Prop. Sol 2022 Extended NFT (DSCoT) for CPSs 32303 Threshold Value 363107 Threshold Value
in gas consumption between the deployment on a private 200000
blockchain network, specifically HL Besu in [3], and the pub- o
lic Goerli testnet in this article. All functions show an increase teseso| 170
in execution cost when deployed on the private network, par-
ticularly the mint() function, which caters to the encryption 153520 S
and authentication payload of resources. The DeviceFogMap- ¥
ping() and UserDeviceMapping() functions also consume £ **
more gas on the private blockchain network. Although the gas &
consumption for the other components, such as approve(), de- e
[Admin(), delDev(), and delUser() were observed to be almost
. . . 32303
the same on average, an increased execution cost is observed e
on the private deployment. This indicates that the proposed
9 ) g
DSCoT architecture is better suited for public blockchain net- TS & & o & & &
o N v N o & &
works. & 4 & & & < <

Deployment on a public testnet can be faster than deploy-
ment on a private blockchain setup in some cases, but it
depends on the specific circumstances. Public testnets gen-
erally have more nodes and a larger user base, which can
result in faster transaction processing times and quicker con-
firmation of blocks. However, this can also lead to network
congestion and slower transaction processing times during pe-
riods of high activity [17], [18], [19]. However, the increased
execution cost of the private deployment may be due to the
block size, which increases or decreases based on network
demand. The analysis of the Gas consumption of the DSCoT
components over the Goerli testnet versus private deployment
in [3] opens effective NFT-based methods for development
in different scenarios. These insights present the development
of cost-effective NFT deployment scenarios that are scalable
and efficient in managing assets in cyber-physical system/s for
smart cities.

C. EFFICIENCY ~ COMPARATIVE EVALUATION OF
EXTENDED ERC721 WITH NFT-ENABLED SMART CITIES
SOLUTIONS

The first part of this section (Section A) presents the effi-
ciency evaluation in terms of execution costs of all the devised
components over public and private deployments however,
to take away the bias, the efficiency comparison of the pro-
posed NFT extension has also been evaluated considering the
NFT minting execution costs and overall execution costs of
the proposals among the proposed solutions in the literature.
Although none of the solutions presents the complete archi-
tecture of smart IoT assets digitization and NFT-based novel
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FIGURE 5. Execution costs comparison ~ proposed solution.

authentication mechanism for cyber-physical systems in smart
city infrastructure, still the comparison shows insights into the
minting process and the execution costs analysis in respective
domains as illustrated in the following Table 2.

The efficiency analysis reveals distinct patterns in execu-
tion costs across these solutions. DSCoT, however with its
utilization and deployment over Hyperledger Besu and Goerli
public ledger, emerges as a cost-efficient alternative, display-
ing significantly lower NFT mint execution costs and overall
execution costs compared to other solutions (Table 2, Col 5
and 7). Further depicted in Fig. 5 certain solutions did not pro-
vide explicit data for NFT mint costs therefore, the efficiency
in terms of minting costs compared to these solutions was
noted as 100% efficient. Considering the research in [9], [12],
and [13] the execution of the devised minting component of
the proposed solution was observed at 80.68%, 82.37%, and
73.33% more efficient than the other solutions respectively.

The efficiency analysis reveals distinct patterns in execu-
tion costs across these solutions. DSCoT, however with its
utilization and deployment over Hyperledger Besu and Goerli
public ledger, emerges as a cost-efficient alternative, display-
ing significantly lower NFT mint execution costs and overall
execution costs compared to other solutions in literature
(Table 2, Col 5 and 7).

It shows DSCoT’s cost-effectiveness which aligns well with
its commitment to securing IoT assets within the complex
context of cyber-physical systems (CPS/s) infrastructure.
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TABLE 3. Comparative Security Analysis of the Proposed Solution with NFT-Enabled Solutions
Year ‘ Proposed Default NFT Proposed Security Services
Ref Proposed Domain NET mechanism Auth CIA AAA
Extension Mech
9] 2021 NFT-based IoT Security v - v m [Auth]
[10] 2022 NFT-based Social Media x 4 x [ x
[11] 2022 NFT-metadata over IPFS x v x 1] x
[12] 2022 NFT-based HealthCare Services x v x [A] x
[13] 2023 NFT-Vehicle x v x 1] x
[14] 2022 NFT-based Supply Chain for HealthCare x v x [C].[1] x
Proposed v v [C], [0,
Solution 2022 Extended NFT (DSCoT) for CPSs - [A] [Ath], [Auth], [Aud]
Kegeifz:;“y [CIA] = [C] Confidentiality, [I] Integrity, [A] Availability [AAA] = [Ath] Authorization, [Auth] Authentication, [Aud] Audit
— 10572911 multi-functioned stepwise security layers. As discussed in the
{\ preceding section and depicted in Table 3 (Col 3 and 5), NFTs
9144100 | ’f have been utilized from an implementation point of view in
_ },‘ a few domains while the proposals in the literature have pre-
C 7315280 | | dominantly relied on default security and NFT mechanisms
E /| as defined in ERC721 standard without addressing compre-
g e 4 hensive CIA and AAA models. No further divisibility in the
3 / |\ modules and authentication or authorization mechanisms have
| e / been provided which makes these solutions prone from an
/4 adversarial point of view.
—— iy \ Table 3 further depicts that the proposed solution was the
p prop
% asiE o in ol only solution to achieve CIA and AAA security services com-
& & ; &~ & &@“‘ prehensively achieving a high level of rigor as far as security
& & & « &

#® NFT-based Solutions
FIGURE 6. Overall solutions costs comparison ~ proposed solution.

The overall efficiency of the extended NFT-enabled was
measured for the given overall efficiency of solutions in this
research and was found to be 39.70%, 70.27%, and 96.69%
cost-effective respectively while the zero indicates that no data
for execution costs was revealed by these solutions as shown
in Fig. 6. Since the execution costs were not reported by a
few NFT-based studies the overall efficiency of the solution
could not be measured therefore, the overall efficiency of the
proposed solution compared to these solutions was noted as
100% efficient.

This comparison underscores DSCoT’s potential as a prac-
tical and economical solution for fortifying cyber-physical
systems scalability. By prioritizing both cost efficiency and
robustness, DSCoT sets itself apart as a compelling option
for addressing the intricate challenges linked to NFT mint-
ing and overall execution costs. These findings reinforce the
importance of tailored solutions that strike a balance between
security and financial feasibility, ultimately contributing to the
advancement of secure and efficient smart city ecosystems.

D. SECURITY ANALYSIS

The motivation for achieving a high level of rigor lies in the
emphasis on the robustness and resilience of security ser-
vices. The security analysis of the proposed NFT architecture
constitutes a critical examination of the robustness and effi-
cacy of its security mechanisms that have been designed in
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and privacy of data and IoT assets are concerned.

The discussion below provides proof of how the devised
modules achieve the security services (CIA and AAA) to
attain the proposed NFT architecture’s rigor for the integration
of IoT-enabled smart assets which necessitates a meticulous
assessment of potential vulnerabilities and the effectiveness
of protective measures.

1) APPROVE(), ADDDEVICEFOGMAPPING(),
ADDUSERDEVICEFOGMAPPING(), MINTNFT()
Since the resource owner (RO) is the creator and is the only
entity that owns and deploys the DSCoT SCs as devised in
the constructor and modifier, it offers security rigor from the
attack vector. The resilience of the extended version of the
ERC721 standard can be arbitrated by the devised modules
that are dependent on each other. If EOA details, approvals,
and mappings do not match or do not exist in the respective
lists, any request to access the DSCoT SCs will be rejected.
Since the DSCoT SCs are initiated by the resource owner
(Fig. 1), the devised approve() module as a first step provides
functionality to approve EOAs of the owners, fog and IoT
devices, and the users. This does not permit unauthorized
control, access or manipulation of SCs and IoT assets since
the EOApeyice and EOAE,, need to be the approved EOA/s
that would undergo a mapping process, or, the system will
deny any further proceedings by rejecting the TX/s from an
unapproved EOA by the EOAQyner €nforcing strong confiden-
tiality of relevant data (Table 4).

Once approved, the addDeviceFogMapping() module
(IV.B.2) as a second step maps the EOAs of the IoT assets
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TABLE 4. Threat Model Security Measures of the Proposed Solution

Security
Aspect

Threat Description

Unauthorized initiation

Potential Risks

- Unauthorized

Analyze, Prioritize & Mitigate
Risks

— Impact: Unauthorized control or

Mitigation Strategy

Implementation of a constructor and a
modifier for the users in the Smart

L A ipulation of IoT X L
attempts by malicious coess manipuration o SCs and [oT assets Contract (SC) ensures confidentiality. Only
- — Likelihood: Moderate. .
Confidentiality ~ External Owned Account - N N the SC's Creator (EOAoyner) and user
L - Authorization  — Risk Level: High. . P
(EOA) entities, apart from L (EOAser) are authorized to initiate and
. Bypass — Mitigation: Strong access controls, . M
the designated EOAOwner. ) o perform operations, rejecting requests from
and continuous monitoring. - L
unauthorized entities.
o - :C ised integri i ird- ion SHA
Threats to data integrity, such - Data Impac_t Comp_rqmlsed integrity of  The adqptlon of third-generation S
X . data leading to misinformation. encryption (SHA-III) for one-way
as eavesdropping, data Tampering o X . . N .
. — Likelihood: Low. encryption ensures data integrity. This
Integrity spoofing, and replay attacks . . .
. " — Risk Level: Moderate. cryptographic measure prevents tampering,
compromise the legitimacy - Data N . v e
T . 7 — Mitigation: Strong encryption, and  guaranteeing the authenticity of
and reliability of information. ~ Spoofing . RS N
cryptographic controls. information.
Attempts to compromise the - Eavesdrop — Impact: Unauthorized control or Utilization of a private blockghalr} platform
P - . X . (Hyperledger Besu and Goerli) with IBFT
availability of ToT assets and manipulation of SCs and IoT assets. .
- Track and - 2.0 consensus ensures consistent
P user data through — Likelihood: Moderate. R .
Availability . Trace . . availability. Access to IoT assets is
Y unauthorized access or — Risk Level: High. . . X
. L O restricted to the SC Owner's mapping and
mapping by entities not . — Mitigation: Strong access controls, s
approved by the SC Owner. - Unauthorized and continuous monitoring approval of users, further authentication
PP . Access : access NFT is required for availability.
- Unauthorized
Unauthorized access attempts ~ Access to [oT — Impact: Unauthorized entities Implementation of authorization
by External Owned Accounts  Assets gaining access to resources. mechanisms, including modifiers like
Authorization (EOA) that are not approved - Unauthorized ~ — Likelihood: Moderate. "OnlyOwner," ensures strict access control.
by the SC Owner, aiming to Access to IoT — Risk Level: Moderate. Access is granted only to authorized SC
interact with the system or Data — Mitigation: Strong authorization Owner and approved users, rejecting
gain access to [oT assets. - Authorization  policies, and role-based access attempts from unauthorized EOAs.
Bypass control.
Attempts to bypass or - Access — Impact: Compromised Extension of the NFT standard for CPS/s
compromise the Control authentication leading to unauthorized  architecture adds an authentication layer.
Authentication authentication process for access. The mintNFT() function authenticates
accessing IoT devices, - Unauthorized ~ — Likelihood: Moderate. users to access devices and generates user
particularly during the Access — Risk Level: Moderate. NFT authentication access tokens for each
mintNFT() function. — Mitigation: Devised authentication  access instance.
- Authorization ~ mechanism, and regular security
Bypass audits.
Conducting a thorough security audit, as
outlined in [6] and [8], to evaluate specific
The lack of a comprehensive - Audit Data — Impact: Compromised features of DSCoT's security architecture.
security audit, leads to Maniulation trustworthiness of the audit trail. The audit includes an examination of smart
Audit potential vulnerabilities being P — Likelihood: Low. contract function execution, NFTs' role in

overlooked, compromising
the trustworthiness of the
system.

- Audit Trail
Manipulation

— Risk Level: Low.
— Mitigation: Immutable audit logs,
and third-party audit checks.

authentication, and cryptographic protocols
for data protection. The insights gained
contribute to refining security features and
informing broader discussions on securing
IoT assets.

to confine the IoT-enabled smart devices to a respective fog
device. The addUserDeviceFogMapping() module (IV.B.3)
triggers as a third step and this further confines the fog and
IoT-enabled smart devices to a respective user. The proposed
mapping of IoT devices and further assigning respective user/s
to permit access offers authorization and confidentiality of IoT
assets within CPS/s.

The final step authenticates a user to access the devices and
generates the user NFT authentication access token for the au-
thentication process every time the user accesses the mapped
devices through the devised mintNFT() module (IV.B.4). The
proposed authentication of mapped I[oT assets to respec-
tive user/s implies 3" generation of encryption protocol that
offers data integrity omitting data tampering for authorization
bypass and unauthorized access (Table 4).

If any details are missing in the stepwise proceedings
against the approval and mapping access policy defined in
the devised modules as presented in Table 1, the request/s
will be denied. The EOA/s that are not approved, may not be
able to access the SCs, and IoT assets in the architecture may
be safeguarded in terms of eavesdropping, data spoofing, and
replay attacks. In case, the attack vector gets the access, it may
not be able to map the IoT devices and users which restricts
the access to the IoT assets. The creator is the only entity that
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can approve EOAs of IoT assets and users which are further
authenticated using a devised mintNFT module that generates
access NFT to access the devices.

VI. THREAT MODEL

The security threat model has been critically crafted to attain
the rigor of the proposed scheme since prior proposals ex-
amined in Section I have often overlooked essential security
services, namely, confidentiality, integrity, availability (CIA),
authentication, authorization, and audit (AAA). The threat
model in Fig. 7 has been designed to address the unique chal-
lenges posed by the integration of IoT-enabled smart devices
within the context of smart city architectures.

A. SCOPE

In contrast, the proposed architecture in this study takes a
proactive approach by encompassing security services (CIA
& AAA) as a core focus, in addition to robust authentication
and authorization mechanisms devising Novel NFT-enabled
architecture as shown in Fig. 7. This proactive stance signifies
a substantial advancement in the security landscape. Fig. 7
further illustrates how the threat model’s scope defines the
system/application boundaries, explicitly extending to cyber-
physical systems
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FIGURE 7. Security Threat Model of the Proposed NFT-enabled Networklike smart hospitals, houses, and industries. The scope, detailed in Table 4,
comprehensively addresses the security aspects of the extended version of the NFT-enabled solution, focusing on essential services for the identified loT

assets within the proposed DSCoT.

B. IDENTIFY ASSETS

The process of identifying critical assets starts when the re-
source owner/creator/admin (EOAqpwner) initiates the DSCoT
smart contracts (SCs) as shown in Fig. 7. The assets include
IoT assets (EOAfog, EOAoT Devices, and EOAysers), sensi-
tive data, infrastructure components (private BC deployment,
NFT registry, NFT storage database), and key functionalities
(devised modules) of the SCs. Every asset of the proposed
DSCoT has importance which adds potential impact to each
asset.

C. IDENTIFY POTENTIAL RISKS

Brainstorming is of sheer importance every time to identify
potential threats to the proposed DSCoT. As shown in Fig. 7
unauthorized access, unauthorized access to IoT assets, au-
thorization bypass, data spoofing, and breaches, unauthorized
access to SCs data, eavesdropping, replay attacks, track and
trace, and audit manipulation are the identified potential risks
that could exploit vulnerabilities in the proposed solution.
Table 4 further details the security aspects of the threat model
of all the identified risks with analysis and mitigation strate-
gies for clarity. As discussed in Section IV, inadequate access
controls and insufficient input validation have been critically
taken care of while coding the proposed DSCoT SCs in terms
of choosing a coding, deployment platform (IV.A), devising
modules for IoT assets, a novel authentication mechanism
(IV.B), testing and validation platform (V), and security anal-
ysis (0). This detailed consideration provides a robust under-
standing of the security landscape to fortify against potential
exploits.
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D. ANALYZE, PRIORITIZE, AND MITIGATE RISKS

An evaluation of the potential impact and likelihood of each
identified threat to DSCoT has been analyzed as shown in
Table 4. Factors such as potential damage, ease of exploitation
of existing security controls, and historical incident data have
been presented in terms of impact, likelihood, and risk level
which helps assess the overall risk associated with each threat
to prioritize subsequent actions.

E. VALIDATE AND UPDATE

The DSCoT SCs have been developed and deployed fore-
seeing the countermeasures and security controls to mitigate
or reduce identified risks as the system evolves. An effort
to continuously validate and update the threat model will be
acquired with a regular reassessment of the emerging threats
and changes to the smart city architecture which may assist in
adjusting the threat model accordingly.

VII. CONCLUSION AND FUTURE WORK

The proposed DSCoT stands out for its groundbreaking ap-
proach to addressing challenges in cyber-physical systems
(CPS/s) architecture. Notable achievements include lever-
aging blockchain for enhanced security and extended NFT
standards through innovative smart contracts to ensure a com-
prehensive security model caters to the complexities of CPS/s
operations. The architecture enforces robust security policies,
manages authentication for IoT assets, and introduces ex-
tended Non-fungible Tokens (NFTs) for unique and secure
digital identities. The achievements are substantiated through
a thorough comparative analysis, validating DSCoT’s distinct
features and improvements over alternatives. Rigorous test-
ing over public/private deployments contributes to advancing
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decentralized blockchain solutions, ensuring up to 96.69%
promising results in execution cost, efficiency, and time com-
plexity. The threat model for DSCoT focuses on safeguarding
its architecture, covering CIA and AAA models to ensure
the security of IoT assets. The future research directions out-
line a holistic roadmap for advancing the security, efficiency,
and interoperability aspects of the DSCoT architecture within
the context of smart cities. Concurrently, the optimization of
DSCoT in future works for diverse CPS/s applications may
allow the dynamic nature of smart city contexts, fostering
adaptability and resource efficiency.

CONFLICT OF INTEREST
The author(s) declared no potential conflicts of interest con-
cerning this article’s research, authorship, and/or publication.

REFERENCES

[1] J. Gubbi, R. Buyya, S. Marusic, and M. Palaniswami, “Internet of things
(IoT): A vision, architectural elements, and future directions,” Future
Gener. Comput. Syst., vol. 29, no. 7, pp. 1645-1660, 2013.

[2] U. Khalil, O. A. Malik, M. Uddin, and C. - L. Chen, “A comparative
analysis on blockchain and centralized authentication architectures for
ToT-enabled smart devices in smart cities: A comprehensive review, re-
cent advances, and future research directions,” Sensors, vol. 22, no. 12,
pp. 1-52, 2022.

[3] U. Khalil, O. A. Malik, O. W. Hong, and M. Uddin, “Decentralized
smart city of things: A blockchain tokenization-enabled architecture for
digitization and authentication of assets in smart cities,” in Proc. ACM
Int. Conf., 2022, pp. 38-47.

[4] U. Khalil, O. A. Malik, W. H. Ong, and M. Uddin, “DSCOT: An NFT-
based blockchain architecture for the authentication of IoT-enabled
smart devices in smart cities,” 2022. [Online]. Available: https://ssrn.
com/abstract=4355848

[5] U. Khalil, O. A. Malik, O. W. Hong, and M. Uddin, “Leveraging a
novel NFT-enabled blockchain architecture for the authentication of IoT
assets in smart cities,” Sci. Rep., vol. 13, no. 1, pp. 1-26, Nov. 2023.

[6] W. Entriken, D. Shirley, J. Evans, and N. Sachs, “Erc-721 non-fungible

token standard,” Ethereum Foundation, Jan. 2018.

U. Khalil, “GitHub - uskhalil/decentralized-smart-city-of-things-
DSCoT,” 2022. Accessed: May 01, 2023. [Online]. Available: https:
/lgithub.com/uskhalil/Decentralized- Smart- City- of-Things-DSCoT
“Cisco: 2020 CISO benchmark report,” Comput. Fraud Secur.,
vol. 2020, no. 3, p. 4, 2020. [Online]. Available: https://doi.org/10.1016/
S1361-3723(20)30026-9

J. Arcenegui, R. Arjona, R. Roman, and I. Baturone, “Secure com-
bination of IoT and blockchain by physically binding IoT devices to
smart non-fungible tokens using PUFs,” Sensors, vol. 21, no. 9, 2021,
Art. no. 3119.

J. Bellagarda and A. M. Abu-Mahfouz, “Connect2NFT: A web-based,
blockchain enabled NFT application with the aim of reducing fraud
and ensuring authenticated social, non-human verified digital identity,”
Mathematics, vol. 10, no. 21, Oct. 2022, Art. no. 3934.

H. R. Hasan et al., “Incorporating registration, reputation, and
incentivization into the NFT ecosystem,” IEEE Access, vol. 10,
pp. 7641676433, 2022.

A. Musamih, I. Yaqoob, K. Salah, R. Jayaraman, M. Omar, and S.
Ellahham, “Using NFTs for product management, digital certification,
trading, and delivery in the healthcare supply chain,” IEEE Trans. Eng.
Manage., vol. 71, pp. 4480-4501, 2024.

J. C. Lopez-Pimentel, L. A. Morales-Rosales, I. Algredo-Badillo, and C.
Del-Valle-Soto, “NFT-vehicle: A blockchain-based tokenization archi-
tecture to register transactions over a vehicle’s life cycle,” Mathematics,
vol. 11, no. 13, Jun. 2023, Art. no. 2801.

F. Chiacchio, D. D’urso, L. M. Oliveri, A. Spitaleri, C. Spampinato,
and D. Giordano, “A non-fungible token solution for the track and trace
of pharmaceutical supply chain,” Appl. Sci., vol. 12, no. 8, Apr. 2022,
Art. no. 4019.

[7

—

[8

—

[9

—

[10]

(1]

[12]

[13]

[14]

142

[15] O.J. Foundation, “Node.js,” 2021. Accessed: Sep. 15, 2021. [Online].
Available: https://nodejs.org/en/

G. Testnet, “Gorli testnet,” 2018. Accessed: May 27, 2022. [Online].
Available: https://goerli.net/

L. Vinet and A. Zhedanov, “A ‘missing’ family of classical orthogonal
polynomials,” J. Phys. A: Math. Theor., vol. 44, 2011, Art. no. 085201.
N. Fotiou, I. Pittaras, V. A. Siris, S. Voulgaris, and G. C. Polyzos,
“Secure IoT access at scale using blockchains and smart contracts,” in
Proc. IEEE 20th Int. Symp. A World Wireless, Mobile Multimedia Netw.,
2019, pp. 1-6.

U. Majeed, L. U. Khan, I. Yaqoob, S. M. A. Kazmi, K. Salah, and C. S.
Hong, “Blockchain for IoT-based smart cities,” J. Netw. Comput. Appl.,
vol. 181, 2021, Art. no. 103007.

[16]
(171

(18]

[19]

USMAN KHALIL received the M.S. and Ph.D. de-
grees in computer science from Universiti Brunei
Darussalam, Bandar Seri Begawan, Brunei, in
2024 and 2019, respectively. He is currently a Re-
searcher with the Mathematical and Computing
Sciences, School of Digital Sciences, Universiti
Brunei Darussalam. With more than fourteen years
of professional experience in the telecom industry
in Pakistan and Malaysia, Usman Khalil previously
was a Telecom professional. His research interests
include exploratory pattern recognition algorithms
for the analysis, data mining, clustering, integration of the Internet of Things
with cloud computing, and the integration of the Internet of Things with
blockchain. He is a Reviewer of reputed journals, including IEEE Ac-
CESS, Journal of Electrical Engineering & Technology, SN Applied Sciences,
Bulletin of Electrical Engineering, and Informatics, PLOS ONE, and Mea-
surement Sensors.

MUEEN UDDIN (Senior Member, IEEE) received
the B.S. and M.S. degrees in computer science
from Isra University, Hyderabad, Pakistan, in 2005
and 2008, respectively, and the Ph.D. degree in
information systems from Universiti Teknologi
Malaysia, Skudai, Malaysia, in 2013. He possesses
a strong research and publication profile and was a
Research Fellow of his previous assignments with
Khalifa University, Abu Dhabi, UAE, and 1IIUM
Malaysia, Kuala Lumpur, Malaysia. He is currently
an Associate Professor with the Department of
Cybersecurity and Data Sciences, College of Computing and Information
Technology, University of Doha for Science and Technology, Daha, Qatar. He
has fifteen years of professional academic experience in several universities
in Malaysia, Saudi Arabia, UAE, Pakistan, and Brunei Darussalam and has
been teaching various courses in the domains of Cybersecurity and forensics,
Information and Network Security, Cloud Computing Infrastructures, and
Information Systems. He has completed five research grants in his previous
academic and research positions. He was on many editorial boards and is
an active reviewer of many international reputable journals and conferences.
He has reviewed more than 100 research articles. Some journals include
IEEE ACCESS, Renewable, and Sustainable Energy Reviews, IEEE CLOUD
COMPUTING, IEEE TRANSACTIONS ON PARALLEL AND DISTRIBUTED SYS-
TEMS, IEEE SYSTEMS JOURNAL, Computing Journal Springer, International
Journal of Global Warming, and Journal of Supercomputing. He was a
technical committee member and session chair of various international and
local conferences in Computer Sciences and Information Systems. He has au-
thored or coauthored more than 160 research papers in high-quality journals
and conferences. His research interests include cybersecurity and forensics,
blockchain, information and network security, energy efficient cloud infras-
tructures, and information systems.

VOLUME 5, 2024


https://ssrn.com/abstract$=$4355848
https://ssrn.com/abstract$=$4355848
https://github.com/uskhalil/Decentralized-Smart-City-of-Things-DSCoT
https://github.com/uskhalil/Decentralized-Smart-City-of-Things-DSCoT
https://doi.org/10.1016/S1361-3723(20)30026-9
https://doi.org/10.1016/S1361-3723(20)30026-9
https://nodejs.org/en/
https://goerli.net/

IEEE Open Journal of the

@ Computer Society

OWAIS AHMED MALIK (Senior Member, IEEE)
received the M.S. degree in computer science from
KFUPM, Dhahran, Saudi Arabia, in 2002, and the
Ph.D. degree in computer science from Universiti
Brunei Darussalam, Bandar Seri Begawan, Brunei,
in 2015. He is currently a Senior Assistant Profes-
sor of mathematical and computing sciences with
the Department of Digital Sciences, University
Brunei Darussalam. He is currently a Computer
System Engineer from NED, Pakistan in 1998. He
has more than ten years of progressive experience
in academia and research in computer science and engineering. He has been
teaching various undergraduate courses, including machine learning, data
mining, machine perception, programming fundamentals, design and analy-
sis of algorithms, software engineering, and operating systems in different
national/international universities. He has authored or coauthored several
articles in internationally reputable journals and conferences. His research
interests include designing and exploring different intelligent/pattern recog-
nition algorithms to analyze and classify biodiversity and cyber-security data,
applied biomechanics, bio-signal processing, and Big Data analytics.

VOLUME 5, 2024

ONG WEE HONG is currently an Assistant Pro-
fessor of computer science with the Universiti
Brunei Darussalam, Bandar Seri Begawan, Brunei
(UBD). In 2007, he joined the UBD. Before joining
the UBD, he taught with the Jefri Bolkiah College
of Engineering from 1998 to 2007. His research
interests include developing intelligent systems for
personal robots and ambient intelligence. In par-
ticular, he explores applying artificial intelligence
techniques and info-communication technologies
in developing intelligent systems. He is leading
the Robotics and Intelligent Systems Laboratory (Robolab). Current projects
include unsupervised human activities recognition, storage cloud-based IoT
systems, mobile robot navigation, human emotion perception for human-
robot interaction, and self-supervised object recognition.

143




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


