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WHAT IS ALREADY KNOWN ON THIS
TOPIC?

+ In choosing between smart contract
architectures (monolithic vs modular),
it's generally known that the modular
approach offers theoretical advantages
such as separation of concerns, reusability,
and independent upgradeability, while
the monolithic approach offers practical
advantages such as simplicity and
potentially lower gas/deployment costs.
However, it's emphasized that there are
few studies that use measurable metrics in
real-world scenarios.

« The gas optimization literature shows
that call types and storage access patterns
significantly impact costs, with external
calls being much more expensive than
internal calls. Yet, most studies focus on
"low-level code optimization" (rather than
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ABSTRACT

The blockchain technology has attracted more and more interest recently as a reliable and secure platform for
a variety of applications. This study presents a comprehensive comparative analysis of monolithic and modular
architectural patterns in smart contracts, which have become a revolutionary technology thanks to the integration
of blockchain technology. A real-world vehicle purchase and sale system was used as a case study. Two contract
structures were used that perform the same function: a modular architecture with five interacting contracts, and
a monolithic architecture that combines all these functions in a single contract. An empirical analysis conducted
for 100 vehicle sales revealed that while the modular architecture offers advantages such as independent
upgradeability, testability, and maintainability, the monolithic approach outperforms it in many metrics, including
a 36.7% reduction in transaction costs and a 75% faster deployment time. The findings provide evidence-based
architectural guidance for blockchain and smart contract developers in selecting appropriate design patterns,
particularly in real-world applications where gas costs are critical.

Index Terms—aBlockchain, DApps, monolithic and modular architectures, smart contract

I. INTRODUCTION

A. Background and Motivation

Decentralized applications (DApps) have come to the fore with the proliferation of smart con-
tracts and blockchain integration, enabling immutable and transparent transactions [1]. Smart
contracts, known as self-executing programs, have become the cornerstone of advanced DApp
applications by being deployed on blockchain platforms like Ethereum [2]. However, like every
system, these systems become more complex over time and as technology advances, and they
strive to choose an architecture that maximizes performance to reduce costs and maintain their
sustainability [3]. Metrics such as gas consumption, execution speed, and deployment complexity
play a role in smart contract architecture selection. By evaluating these metrics, the most critical
architectural choice for smart contracts is between monolithic and modular architecture patterns
[4, 5]. A review of empirical research reveals that there is a paucity of studies investigating and
demonstrating these architectural approaches with measurable metrics in real-world scenarios.

B. Problem Statement

When examining existing applications, anecdotal evidence or theoretical principles are often
used in selecting architectural patterns. This does not resolve the dilemma faced by developers:
whether to choose a modular architecture, which offers advantages such as reusability, better
separation of concerns, and independent upgradeability, or a monolithic architecture, which
offers simplicity, potentially lower gas costs, and deployment costs [6]. Metrics such as transaction
speed and gas consumption have not been precisely measured in the literature. Furthermore, the
vehicle trading system used as a case study in this study presents unique and positive challenges
for a good architectural comparison of these metrics:

+ Regulatory compliance requirements
- Complex verification workflows requiring cross-domain data validation
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directly ~measuring  architectural-level
impacts).

« In terms of security and upgradeability,
it's known that architectural decisions
affect the attack surface, and modular
architectures are more adaptable to
practices like component-based updates.
Furthermore, most vehicle/car-focused
blockchain studies either don't perform
performance benchmarks or compare
alternative architectures (mostly
presenting a single architecture at a
"demonstration" level).

WHAT THIS STUDY ADDS ON THIS
TOPIC?

« Based on a realistic case study (a
vehicle trading system), two different
architectures  performing the same
function (modular with 5 contracts vs.
monolithic with a single contract) are
designed and experimentally/empirically
measured on the Ethereum testnet; the
metric set is also expanded to include
dimensions such as execution time, gas
(tx+deploy), TCO (10-10,000 transactions),
and bytecode size.

« The study concretizes the “reason” for the
architectural differences: the external call
overhead (~2600 gas) in the modular
design is significantly higher than the
internal call overhead (~100 gas) in the
monolithic design; this widens the cost/
latency difference, especially in multi-step
transactions.

- Itprovides numerical and decision-making
results+a decision framework: it reports
that the monolithic architecture is superior
in many metrics such as deployment
gas (-14.4%), deployment time (-75%),
transaction cost (e.g, -36.7% in 100
transactions), purchase gas (95k vs 185k),
and transaction speed (-66% latency), and
based on this, it provides a rule set for the
question of "which architecture should
be chosen under which conditions" with
a decision matrix/decision framework;
it also positions an open-source/near-
production reference implementation and
cost analysis framework as a contribution.

« Multiple stakeholders with different responsibilities (notary, general directorate of security
(GDS), tax office, etc.)
«+ High transaction frequency with cost sensitivity, etc.

C. Research Objectives
This study aims to address the following research questions:

1. RQ1: How do transaction execution speed and deployment time compare between the two
architectural approaches?

2. RQ2:What is the quantitative difference in gas consumption between monolithic and modu-
lar smart contract architectures for vehicle trading operations?

3. RQ3:What are the implications of each architectural model on sustainability, scalability, and
security?

4. RQ4: How insignificant is the initial deployment cost difference compared to operational
costs?

D. Contributions
This work makes the following contributions to the field:

1. Open-Source Implementation: Production-ready, complete, smart contract implementa-
tions are provided in both architectural styles, and reference implementations are provided
for future research and development.

2. Decision Framework: A decision matrix is proposed to guide developers in selecting appro-
priate architectural patterns based on project characteristics.

3. Cost Analysis Framework: A detailed cost analysis framework is developed that includes trans-
action, deployment, and total cost of ownership (TCO) calculations across various use cases.

4. Empirical Comparison: The first comprehensive empirical comparison of monolithic and
modular smart contract architectures with real-world applications and quantitative metrics
is presented.

5. Performance Comparison: Performance comparisons are created for both architectures
across multiple dimensions, such as execution time, gas consumption, and deployment
complexity.

The study concludes with a literature review in Section 2, a detailed explanation of the method-
ology in Section 3, an introduction to contract architectures and implementations in Section 4,
experimental results in Section 5, and a conclusion in Section 6.

Il. RELATED WORKS

A. Smart Contract Architecture Patterns

There are studies in the literature that examine architectural patterns in detail. Wohrer and Zdun
[7], who cataloged 18 different design patterns, primarily patterns such as registry and factory
patterns, focused on design patterns rather than high-level decision mechanisms. Xu et al. [8],
who proposed a classification of smart contract patterns, used three different categories: archi-
tectural patterns, design patterns, and idiom patterns. This study, which lacks an empirical com-
parison of different architectural approaches, emphasized the importance of separating concerns
in large-scale smart contract systems.

Chen et al. [9], who conducted a study on security patterns in smart contracts, revealed that
architectural decisions significantly impact the attack surface of smart contracts. This study,
which highlights modular architecture in the security field and suggests that it can reduce risks,
has not been empirically validated.

B. Gas Optimization Techniques

Gas optimization is the most important optimization problem to solve in smart contracts. Such
an important topic has also found its place in research. Pérez and Livshits [10], who stated that
function call types and storage access patterns significantly affect gas consumption, presented a
comprehensive study on efficient coding practices.

When their results were examined, they found that external function calls generate 2600 times
the gas load compared to internal calls. This problem constitutes one of the key points of this
study.
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Chen et al. [11] developed a static optimizer for gas fee reduction,
while Porkodi and Kesavaraja [12] investigated escalating gas costs.
Liu et al. [13] proposed function dispatch reordering to reduce invo-
cation fees, and Wang et al. [14] focused on detecting gas-expensive
patterns in smart contracts.

Albert et al. [15], who developed a tool called GASOL, used genetic
algorithms to optimize solidity code and attempted to optimize gas
cost. While this tool focused on low-level optimization, this study
focuses on higher-level architectural decisions.

Chen et al. [16], who aimed to estimate gas consumption before
deployment and proposed a paradigm for this purpose, did not
address the architectural impacts of monolithic and modular designs.

C. Smart Contract Upgradeability

The immutable nature of blockchain deployments has enabled
researchers to investigate the upgradability patterns of smart con-
tracts. A variety of upgradability patterns, including strategy pat-
terns, infinite storage patterns, and proxy patterns, have been
identified by Palladino [17].

Upgradability approaches are compatible with modular architec-
tures by enabling independent component updates. Rodler et al.
[18], who emphasized the importance of clear upgrade paths and
proper separation of concerns, achieved this through their analysis
of the Parity Wallet hack. Their findings demonstrate that the correct
implementation of modular architecture can significantly increase
system resilience.

D. Blockchain-Based Vehicle Systems

Vehicle trading, the real-world application used in this study, has also
attracted the attention of blockchain researchers. Sharma et al. [19],
who proposed a blockchain-based vehicle lifecycle management
system, did not provide a performance comparison or address archi-
tectural trade-offs.

Banerjee et al. proposed a framework to increase safety, reliability,
and sustainability in smart transportation systems. Researchers also
used blockchain and smart contract technologies for emergency sit-
uations and security, aiming to increase energy efficiency by reduc-
ing communication costs [20].

Yuan and Wang [21], who developed a vehicle registration and trans-
fer system on Ethereum with a monolithic architecture, only dem-
onstrated their work but did not include alternative architectural
approaches in their focus and analysis.

E. Research Gap

While studies addressing individual aspects of smart contracts, such
as power optimization, design patterns, upgradeability, and domain-
specific applications, exist in the literature, there are no studies that
utilize quantitative comparisons of cost, security, speed, and sustain-
ability across monolithic and modular architectures and realistic use
cases. This study fills the gap in the literature by providing measur-
able metrics and empirical evidence to support architectural deci-
sions in smart contract development.

11l. METHODOLOGY AND SYSTEM ARCHITECTURE

A. Experimental Design
Two vehicle trading systems, functionally identical, were designed
using different architectural patterns: (1) modular architecture (five

different contracts working in collaboration) and (2) monolithic
architecture (an architecture that combines all functions into a single
contract). Both systems were validated on the Ethereum testnet, the
Remix IDE, using the Solidity language version 0.8.0 and above, and
deployed to the Ethereum testnet.

Ethereum is the most widely supported blockchain platform for
smart contracts. The Ethereum Virtual Machine, thanks to its active
developer support, comprehensive documentation, and support for
the Solidity programming language, provides significant flexibility
in the development, deployment, and testing of smart contracts.
Furthermore, performance measurement metrics such as transac-
tion costs, gas consumption, and deployment time are standardized
and generally accepted on Ethereum. Furthermore, the transaction
costs of transactions on Ethereum are higher than on other plat-
forms, and new approaches need to be developed to reduce them.

Alternative platforms such as Binance Smart Chain, Solana, Polygon,
and Avalanche offer lower transaction fees, but longer block confir-
mation times and different gas calculations limit the generalizability
of comparison results. For these reasons, the Ethereum platform was
chosen for this study to enable an objective comparison of smart
contract architectures.

Evaluation metrics: Execution time, gas consumption (for transac-
tions and deployments), TCO for exchange volume transactions (10-
10000 Transactions), and Bytecode size.

Economic assumptions: Cost calculations used an ETH price of $2500
and a gas price of 30 Gwei (moderate network congestion).

Test scenarios: For the testing process, 5 basic transactions were
evaluated: (1) Vehicle registration, (2) Vehicle mortgage lien or tax
debt status, (3) Notary approval, (4) Full vehicle purchase transac-
tion, and (5) Full system deployment.

B. System Architecture

In the test case developed in this study, a vehicle trading system
was developed with a system where four different stakeholders
collaborate and conduct transactions through sequential verifi-
cation, deployed on a blockchain-based network. Four different
stakeholders—Vehicle Owners, the GDS, the President of Revenue
Management, and Notary Services—securely conduct vehicle
trading by verifying each other. The workflow is as follows: Vehicle
registration—Vehicle inspections (GDS +PRM)—Notary approval—
Sale—Ownership transfer.

1) Modular Architecture:

The modular architecture is built through the collaboration of five dif-
ferent contracts with five different interfaces. Algorithm 1 shows the
pseudocode of the developed modular smart contract architecture.

Algorithm 1: ModularVehiclePurchase(plate, buyer, payment)

1: BEGIN

2:gas < 21000

3: approved < EXTERNAL_CALL(Notary.check(plate)) // +2600 gas
4:1IF NOT approved THEN RETURN FAIL

5: vehicle < EXTERNAL_CALL(Reg.getVehicle(plate)) // +2600 gas
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6: EXTERNAL_CALL(GDS.isClean(plate)) // +2600 gas

7: EXTERNAL_CALL(PRM.hasDebt(plate)) // +2600 gas

8: TRANSFER(vehicle.owner, payment) // +21000 gas

9: EXTERNAL_CALL(Reg.updateOwner(plate, buyer)) // +5000 gas
10: RETURN SUCCESS, gas_total=185000

11: END

Reg.sol: This contract maintains vehicle registration, ownership
records, and metadata. (450000 gas)

GDS.sol: This contract controls the vehicle’s mortgage or lien status.
(320000 gas)

PRM.sol: This contract controls the vehicle’s tax liability. (290000
gas)

Notary.sol: This contract handles inter-contract verification and
final sales approval. (580000 gas)

CarSell.sol: This contract handles sales and payment transactions.
(520000 gas)

Total Distribution: 2 160000 gas

Fig. 1 shows the structure developed with modular architecture for
the Vehicle trading system.

Communication Model: Vehicles are initially registered in the Reg
contract. Data for these vehicles is retrieved by the GDS and PRM

CarSell.sol

Sale Orchestration

Notary.sol

(Validation Logic)

GDS.sol

(Sec /)

PRM.sol

(Revenue)

Reg.sol

(Registry)

Fig. 1. Modular architecture design.

contracts, and the verification phase is carried out. The Notary con-
tract obtains the latest vehicle information from the GDS and PRM
contracts and then approves it. CarSell sells vehicles that qualify for
contracts. Each external call incurs approximately 2600 in gas over-
head and state access costs.

2) Monolithic Architecture:

A monolithic architecture is a contract that combines all stakehold-
ers and functions into a single contract (CarSellMonolithic.sol),
where internal function calls and interactions are made. Algorithm 2
shows the pseudocode of the developed monolithic smart contract
architecture.

Algorithm 2: MonolithicVehiclePurchase(plate, buyer, payment)
1: BEGIN

2:gas < 21000

3: approved < INTERNAL_CALL(checkApproval(plate)) // +100 gas
4:1IF NOT approved THEN RETURN FAIL

5:vehicle «— READ_STATE(vehicles[plate]) // +6300 gas

6: INTERNAL_CALL(isClean(plate)) // +100 gas

7: INTERNAL_CALL(hasDebt(plate)) // +100 gas

8: TRANSFER(vehicle.owner, payment) // +21000 gas

9: WRITE_STATE(vehicles[plate].owner < buyer) // +5000 gas
10: RETURN SUCCESS, gas_total =95 000

11:END

All state variables and other domains such as registration, revenue,
approval, and security are contained within the same contract.

Total Distribution: 1850000 gas (14.4% lower)

Fig. 2 shows the structure developed with monolithic architecture
for the Vehicle trading system.

Communication Model: Because contract boundaries are removed,
all functions directly access the shared state, and all functions are
executed as internal calls with an overhead of approximately 100
gas.

3) Key Architectural Differences:

Table | summarizes the main differences of the monolithic and mod-
ular architectures developed for the vehicle trading system with 5
features.

IV. RESULTS AND ANALYSIS

A. Gas Consumption Analysis
On the Ethereum platform, each transaction consumes a certain
amount of gas. The total gas consumption of a function or contract
call can be calculated as in (1):

GaSotal = i:1Gi m
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Fig. 2. Monolithic architecture design.

In this equation, n is used to represent the number of transactions
executed in the contract. Each transaction type has a fixed gas cost
on Ethereum (an example would be an ADD transaction=3 gas).

The total transaction cost is calculated by multiplying the unit gas
price by the total amount of gas used. This calculation is given in (2).

COSt transaction = G0Sota XGOS Price ()

In this equation, GasPrice is typically expressed in Gwei and repre-
sents the price the transaction owner will pay per unit of gas.

G3S.oiq is the total amount of gas spent during the contract
execution.

If you want to calculate the total transaction cost in Ether, the unit
conversion factor (10° Gwei=1 Ether) is used. This calculation is
givenin (3).

Cos ttransaction

Costery =
ETH 10°

(3)
The deployment cost is calculated similarly, but in this case, it rep-
resents the total amount of gas used when the contract is initially
loaded onto the network. This calculation is given in (4).

COSt depioy =GAS gepioy xGas Price 4)

These equations form the basis of the “deployment time” and “trans-
action cost” measurements in the article and ensure that the com-
parison between modular and monolithic architectures is supported
by objective metrics.

Table Il shows the gas consumption costs for different processes.
Depending on the process complexity, modular architecture has
higher costs, ranging from 2.9% to 48.6%.

Key Findings: While the overall cost difference for simple trans-
actions is between 3% and 5%, as the complexity of transactions
increases, the cost increase can exceed 80% when moving from
monolithic to modular. When a complete transaction is completed
from start to finish, this increase reaches 94.7%. This is largely due
to the five different external calls in the modular architecture. Fig. 3
shows the variation of gas consumption according to different trans-
action types.

B. Total Cost of Ownership

The TCO includes operational and distribution costs across different
transaction volumes. For a better analysis, TCO was also calculated
in this study.

Table Il includes the total cost (distribution and operational) calcu-
lations for monolithic and architectural applications, based on the
number of transactions after the application with the vehicle trading
system.

A visual representation of total costs according to the number of
transactions calculated in Table Ill is also given in Fig. 4.

Break-Even Analysis: The break-even point indicates the point
at which the additional processing cost (e.g., from external calls)
in the modular architecture is offset (i.e., the total costs are equal)
compared to the monolithic architecture. This calculation is given
in (5).

monolithic modular
Cos tdeploy —Cos tdeploy

modular monolithic
Cos ttransaction —Cos ttransaction

Nreak-even =

TABLE I. KEY ARCHITECTURAL DIFFERENCES

TABLE Il. GAS CONSUMPTION BY OPERATION TYPE

Aspect Monolithic Modular Operation Monolithic Modular  Overhead Higher %
Contracts One unified Five independents Vehicle registration 82000 85000 3000 37
State access Direct Cross-contract Add seizure (GDS) 46000 48000 2000 43
Deployment Single transaction Sequential, five transactions Add tax debt (PRM) 44000 46000 2000 45
Call type Internal (~100 gas) External (~2600 gas) Notary approval 63000 125000 57000 83.8
Upgradeability Full redeployment Component level Complete trade 95000 185000 90000 94.7
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Fig. 3. Gas consumption.

The difference in deployment costs, equal to 310000 gas, is offset
after three transactions. After that, the disadvantage of the modular
architecture increases linearly. At an enterprise scale of 10000 trans-
actions, the monolithic approach saves $135623.

C. Performance Metrics

One metric that reveals significant performance differences is exe-
cution time analysis. It is a key determinant of performance, par-
ticularly when multiple contracts interact in a coordinated manner.
Table IV includes a performance metric comparison of Monolithic

TABLE 1. TCO ANALYSIS ACROSS TRANSACTION VOLUMES (USD)

and Modular Smart contract architectures, and these two types
of architectures are compared in terms of speed for four different
operations.

A monolithic architecture executes a single transaction, while a mod-
ular architecture involves a complex transaction structure. Waiting
for block confirmation in each contract requiring multiple consecu-
tive transactions increases latency. Therefore, latency is 66%-75%
lower in a monolithic architecture.

D. Qualitative Comparison

This study evaluated several architectural quality attributes simulta-
neously. Development complexity, testability, maintainability, and
security metrics were evaluated, and an overall assessment was made.

Transactions Monolithic Modular Savings  Cheaper %
10 $323 $458 $136 206 Development Complexity: Monolithic architecture offers easy
debugging and simple deployment processes, while modular archi-
100 $1976 $3125 $1148 36.7 : f it
tecture requires interface management, deployment organization,
500 $9326 §14975 $5648 377 and address coordination.
1,000 $18514 $29787 $11273 37.8 Testability: Monolithic contracts require integrated testing,
10,000 §160489 $206112 $135623 458 while modular contracts support separate unit tests for individual
components.
[ Modular Architecture [___] Monolithic Architecture
30.000
25.000
a 20.000
(%]
=)
§ 15.000
o
5
°
= 10.000
5.000
(0 G
10 Tx 50 Tx 100 Tx 500 Tx 1000 Tx

Transaction Volume

Fig. 4. Total deployment costs comparison for Monolithic and Modular architectures.
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TABLE IV. PERFORMANCE METRIC COMPARISON OF MONOLITHIC AND
MODULAR SMART CONTRACT ARCHITECTURES

Metric Monolithic Modular Speedup
Deployment 13.7+1.1 583 %42 4.26x
Vehicle Reg. 13109 142+13 1.08x
Notary 143+£1.2 425+37 2.97x
Complete trading 146+13 43.1+£39 2.95x

Maintainability: Because modular architectures contain inde-
pendent contracts, contract updates are easier. However, the need
to maintain compatibility between interfaces also introduces
complexity.

Security: By eliminating the need for transitions between contracts
and reducing the attack surface with a single contract, monolithic
architecture offers a more secure architecture.

Overall Assessment: All metrics were evaluated. While modular
architecture offers advantages such as ease of maintenance and
component-level testing, monolithic architecture stands out in met-
rics such as speed, security, complexity, bytecode efficiency, network
load, deployment cost, and transaction cost.

E. Decision Framework

A smart contract for a real-world vehicle trading system was devel-
oped, and empirical analyses were conducted for two different smart
contract architectures: monolithic and modular, with a total of 10
different metrics. The findings are presented in a tabular format in
Table V.

According to the empirical findings, the following situations warrant
the use of a modular architecture:

« When multiple independent organizations have their own
components,

« When frequent updates are required,

« When component reuse is required across projects,

« When large teams require parallel development,
+ When working in layer-two and low-cost networks.

When a monolithic architecture should be used:

« When security is important,

« When execution speed is important,

« When power optimization is required,

« When transaction volume exceeds 10 transactions,
+ When system complexity is low to medium,

« When team size is small to medium.

V. CONCLUSION

This study presents a comprehensive and detailed analysis and empir-
ical comparison of monolithic and modular smart contract architec-
tures using a real-world application of a vehicle trading system. The
findings definitively demonstrate that monolithic architectures out-
perform most metrics. Offering 66%-75% faster execution speeds,
37%-46% lower operational costs, and 14% lower deployment costs,
monolithic architectures also stand out with their superior security.

While modular architecture offers theoretical advantages in testabil-
ity and maintainability metrics, these features, coupled with a costly
structure, also pose a deterrent for Ethereum networks.

One of the main contributions of this study is the measurement of
the financial obligations and advantages of modular architecture
in blockchain systems. Monolithic architectures are gaining promi-
nence for applications such as vehicle trading.

As blockchain technologies advance, such as second-layer scal-
ing solutions and reduced gas costs, the advantages of monolithic
and modular architectures may shift. However, the results provide
evidence of the power of monolithic architecture in smart contract
development within the current Ethereum blockchain ecosystem.

This study is expected to contribute to developers conducting
architectural research for blockchain systems by providing guid-
ance in making practical decisions and serving as a methodological
template.

TABLE V. COMPREHENSIVE PERFORMANCE COMPARISON

Metric Monolithic Modular Winner Difference
Deployment gas 1850000 2160000 Monolithic —14.4%
Deployment time 12-15 sec 45-60 sec Monolithic -75%
Bytecode size 8500 bytes 10800 bytes Monolithic -21.3%
Test isolation Good Excellent Modular Independent
Security High Medium Monolithic Atomic ops
100 Tx cost (USD) 1976.25$ 3124.50$ Monolithic -36.7%
1000 Tx cost (USD) 18513$ 297875 Monolithic —-37.8%
Maintainability Medium High Modular Flexible
Purchase gas 95000 185000 Monolithic —48.6%
Transaction speed 12-15 seconds 36-45 seconds Monolithic —66%
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Future studies could expand this analysis to different blockchain
infrastructures (e.g., BNB Chain, Polygon, or Avalanche) to compare
architectural differences across platforms. Furthermore, approaches
such as dynamic gas optimization, off-chain execution (Layer-2 solu-
tions), and automatic contract partitioning could be examined to
further assess the potential of modular architecture to reduce gas
costs.
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