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ABSTRACT OF THEJ
DISSERTATION

Blockchain technology has emerged as a transformative solution for execut-
ing inter-organizational business processes in distributed environments where
trust between participants cannot be assumed. By encoding business logic
into smart contracts, blockchain ensures tamper-proof and transparent exe-
cution according to predefined rules. The Business Process Model and No-
tation (BPMN) standard, particularly its choreography diagrams, provides
a high-level, intuitive language for modeling these multi-party interactions.
However, a significant challenge arises from the inherent immutability of
blockchain, which conflicts with the need for business processes to adapt to
unforeseen circumstances at runtime. Traditional platforms like Ethereum
require complex, error-prone, and costly patterns (e.g., proxy contracts) to
enable updates, undermining both flexibility and trust.

This thesis addresses this challenge by leveraging the Algorand
blockchain, which natively supports the secure and efficient updating of
stateful smart contracts. We propose a novel, end-to-end framework for the
flexible and trustworthy execution of BPMN choreographies. The core con-
tributions are fivefold. First, we present a formal, modular, and semantics-
driven method for translating BPMN choreography models into smart con-
tract code, ensuring a one-to-one correspondence between model elements
and contract functions. Second, we detail a mechanism for runtime adap-
tation, where changes to the choreography model are seamlessly reflected
in the underlying Algorand smart contract using its native update capabil-
ities, eliminating the need for complex patterns. Third, we explore the use
of Large Language Models to assist in migrating existing Solidity contracts
to Algorand, reducing the barrier to entry. Fourth, we introduce a BPMN
to Algorand smart contract generation tool that automates the translation
of BPMN choreography models into executable smart contracts, simplifying



the development process and eliminating the need to write smart contracts
from scratch. Finally, by exploiting our BPMN-to-Algorand translation tool
we validate our approach through experiments and case studies, demonstrat-
ing its feasibility, cost-effectiveness, and superior performance compared to
Ethereum-based solutions. The results confirm that the proposed Algorand-
based approach provides a robust foundation for achieving both trustwor-
thiness through decentralization and immutability, and flexibility through
secure and straightforward contract updates, thereby effectively supporting
dynamic business processes.
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CHAPTER 1

INTRODUCTION

Inter-organisational business processes deal with distributed organisations,
controlling different components, e.g., software services, business units, and
departments, to perform certain interactions to reach a common final objec-
tive. This kind of business involving many distributed parties is becoming
crucial since it involves complex and distributed systems difficult to coordi-
nate and execute. This thesis aims at devising a blockchain-based solution
to support the flexible and trustworthy execution of such interorganisation
business processes.

This chapter introduces the motivation of the thesis (Section 1.1), and
its research objectives (Section 1.2) and contributions (Section 1.3). Finally,
the chapter concludes with a description of the structure of the thesis (Sec-
tion 1.4).

1.1 Motivation

In today’s globalized economy, business processes increasingly span multi-
ple independent organizations, creating complex networks of collaboration
that transcend traditional corporate boundaries. These inter-organizational
business processes—encompassing, e.g., supply chain management, cross-
border payments, healthcare data sharing, and multi-party regulatory com-
pliance—require sophisticated coordination mechanisms to achieve common
goals across organizational divides. However, these distributed environments
are fundamentally characterized by a lack of mutual trust; participants often
demonstrate reluctance to grant control to central authorities while simulta-
neously harboring concerns about other participants potentially manipulat-
ing processes for personal gain.
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The inherent complexity of managing these distributed processes is ampli-
fied by several interconnected factors: geographical dispersion of participants,
heterogeneity of technical infrastructures, varying regulatory requirements
across jurisdictions, and the dynamic nature of business relationships. This
led to a more and more wide adoption of business process management so-
lutions to support design, modeling, execution, and maintenance of business
processes.

The Business Process Model and Notation (BPMN) standard [92| has
emerged as the predominant language for modeling business processes in both
industrial practice and academic research. Developed by the Object Manage-
ment Group (OMG) |22, 121], BPMN provides a rich graphical notation that
serves as a common vocabulary for process specification, enabling clear com-
munication among stakeholders across organizational boundaries. Within
the BPMN ecosystem, different diagram types serve distinct purposes, with
choreography diagrams specifically addressing the unique requirements
of inter-organizational scenarios by focusing exclusively on public message
exchanges between participants while deliberately concealing their internal
behaviors. This modeling approach allows organizations to maintain privacy
over proprietary operations while still specifying the essential interactions
required for effective collaboration.

Traditional Business Process Management (BPM) systems have primar-
ily focused on intra-organizational processes, where a single entity maintains
complete control over process execution, data storage, and governance mecha-
nisms. However, this centralized paradigm proves fundamentally inadequate
for inter-organizational scenarios, where multiple autonomous participants
with potentially conflicting interests must collaborate toward common ob-
jectives [13]. The limitations of conventional approaches become particularly
evident in environments characterized by information asymmetry, divergent
operational priorities, and incomplete trust relationships between partici-
pants [45].

The execution of business processes across organizational boundaries in-
herently involves complex trust relationships that manifest in several chal-
lenging forms. Most conventional inter-organizational systems rely on a
central coordinating entity that hosts the process engine, manages process
state, and orchestrates interactions between participants. This architecture
requires all participants to trust this central authority to behave correctly,
maintain data confidentiality, and ensure fair treatment—a problematic as-
sumption given that the central authority may have conflicting interests,
suffer security breaches, or become a single point of failure that disrupts the
entire business network. Even in peer-to-peer architectures without central
coordination, participants must trust each other to faithfully execute their
roles in the process, report accurate information, and refrain from oppor-
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tunistic behavior. This mutual trust is particularly challenging to establish
in dynamic business networks where participants may have limited prior in-
teraction or compete in other domains. Additionally, participants must trust
that the technical infrastructure accurately records process states, prevents
unauthorized modifications, and preserves the integrity of process history—a
requirement that traditional distributed systems struggle to meet without
compromising performance, scalability, or security.

These trust deficits generate tangible business consequences, including
increased transaction costs due to verification requirements, delayed process
execution caused by reconciliation activities, limited participation in busi-
ness networks due to trust barriers, and heightened vulnerability to fraud
or manipulation. The challenges extend to transparency and auditability,
where traditional systems demonstrate significant limitations. Process data
typically resides in siloed systems across different organizations, making con-
solidated auditing challenging and requiring complex data integration efforts.
Furthermore, centralized databases allow authorized parties to modify histor-
ical records, either legitimately for error correction or maliciously for fraud-
ulent purposes, fundamentally undermining the reliability of audit trails.

Blockchain technology has emerged as a pivotal innovation to address
this trust deficit [85]. As a decentralized and distributed ledger, blockchain
enables the creation of tamper-proof, transparent, and auditable records
of transactions. Smart contracts—programs deployed and executed on a
blockchain—automate the enforcement of business rules, ensuring that pro-
cesses unfold exactly as designed without requiring intermediaries. This
makes blockchain an ideal platform for the trustworthy execution of
business processes, particularly in environments where traditional trust
mechanisms prove insufficient.

However, the adoption of blockchain technology introduces a critical con-
flict: the inherent tension between the need for flexibility and the prop-
erty of immutability. Real-world business processes are dynamic entities
that must continuously evolve in response to unforeseen events, changing
regulations, market conditions, and internal optimizations. Organizations
constantly identify opportunities to optimize processes for efficiency, cost re-
duction, or quality improvement, requiring modifications to existing process
models and implementations. The business ecosystem itself evolves con-
tinuously, with new participants joining, existing participants leaving, roles
changing, and capabilities expanding—all dynamics that necessitate corre-
sponding adaptations in process implementations. Furthermore, legal and
regulatory frameworks change over time, requiring business processes to be
updated to maintain compliance across different jurisdictions.

In traditional BPM systems, these changes can be achieved through pro-
cess model updates and system reconfiguration. However, in blockchain-
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based systems, the immutability of deployed smart contracts makes such
adaptations challenging, costly, and sometimes prohibitively complex. Tra-
ditional blockchains like Ethereum are inherently immutable; a smart con-
tract’s code cannot be altered once deployed. While solutions like proxy
patterns [44] or off-chain engines [54] exist, they introduce significant com-
plexity, security vulnerabilities, and high transactional costs (gas fees), ulti-
mately diminishing the very trust and efficiency the blockchain was meant
to provide [116].

Beyond the core challenges of trust and flexibility, inter-organizational
business processes introduce additional complexities related to participant
multiplicity and sophisticated access control requirements. Business pro-
cesses require predictable operational costs for budgeting and economic plan-
ning, yet the gas fees characteristic of platforms like Ethereum create signifi-
cant uncertainty that hinders adoption. Real-world business processes often
involve high volumes of transactions and interactions, and platform limita-
tions on transaction processing capacity can create bottlenecks that render
blockchain-based solutions impractical for many business scenarios.

The comprehensive analysis of challenges in inter-organizational business
process execution reveals a significant research gap: while blockchain technol-
ogy provides a powerful foundation for addressing trust deficits, its current
implementations introduce new challenges related to flexibility, cost, scala-
bility, and access control that limit practical adoption. Existing approaches
to blockchain-based business process execution have primarily focused on
either trust enforcement through immutability or flexibility through com-
plex workarounds, but not both simultaneously. Solutions that prioritize
trust typically sacrifice flexibility, while those that emphasize flexibility of-
ten compromise trust guarantees. This dichotomy represents a fundamental
limitation in the current state of the art.

The central research question guiding this work is:

“How can we achieve flexible execution of BPMN choreographies
on blockchain without compromising the trustworthiness provided
by its decentralized and immutable nature?”

This research question encompasses the fundamental challenge of creating
business process execution systems that can adapt to changing requirements
while maintaining the core benefits of blockchain technology—a capability es-
sential for the practical adoption of blockchain in real-world business scenar-
ios across diverse domains, including supply chain management, healthcare
coordination, financial services, and cross-border commerce.

This thesis addresses this gap by proposing a novel framework that lever-
ages the Algorand blockchain’s unique capabilities to achieve both trust-
worthiness and flexibility in business process execution. Algorand’s native
support for smart contract updates, combined with its scalable architecture
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and predictable cost structure, provides a technical foundation that previous
platforms lacked.

1.2 Research Objectives

The primary goal of this thesis is to design, implement, and validate a frame-
work for the flexible and trustworthy execution of BPMN choreographies on
blockchain. This overarching goal is divided into the following specific re-
search objectives:

RO1 To develop a framework for translating BPMN choreography models
into blockchain smart contracts that is modular and driven by BPMN
choreography formalization.

RO2 To design and implement controlled runtime adaptation of blockchain-
based business processes using Algorand’s update capabilities.

RO3 To design and develop an automated BPMN-to-Algorand smart con-
tract generation tool that translates BPMN choreography models into
executable Algorand smart contracts.

RO4 To provide an Al-assisted methodology for migrating existing business
process implementations to the Algorand blockchain platform.

RO5 To validate the proposed approach, and in particular its economic
viability and performance characteristics, through empirical evaluation
across diverse business use cases.

1.3 Thesis Contributions

The work presented in this thesis is based on an encoding of choreographies
into smart contracts executable on a blockchain infrastructure; works along
this line are already available in the literature (see Chapter 3), but with
different focus and purpose. This thesis makes the following novel key con-
tributions.

1. A Formal Semantics and Modular Translation for BPMN
Choreographies. We provide a rigorous formalization of BPMN chore-
ographies using a Backus-Naur Form (BNF) grammar and operational
semantics. This foundation enables a modular translation to smart con-
tract pseudocode, which can be implemented in various target languages
like Solidity and Algorand Python. This is presented in Chapter 4 and
permits achieving RO1.

2. A Novel Flexibility Mechanism using Algorand. We present a
framework for updating BPMN choreography smart contracts at run-
time by directly leveraging Algorand’s UpdateApplication transaction.
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This approach [79] eliminates the need for complex proxy patterns, re-
ducing complexity and cost while maintaining security. To this aim,
we analyze the Algorand’s storage options (i.e., Local, Global, and
Box) highlighting their behavior during update and deletion operations,
which is critical for designing flexible decentralized applications [78].
This is presented in Chapter 5 and permits achieving RO2.

3. Automated BPMN-to-Algorand Smart Contract Generation
Tool. We design and implement a tool that automatically translates
BPMN choreography models into executable Algorand Python smart
contracts. The tool enables rapid deployment of choreography-based
business process models. This contribution bridges the conceptual gap
between high-level business process design and blockchain implemen-
tation, reducing manual implementation effort and minimizing errors.
This is presented in Chapter 6 and permits achieving RO3.

4. An Exploration of LLM-Assisted Cross-Platform Translation.
We conduct an empirical study on the use of LLMs (e.g., Claude, Chat-
GPT) for translating Solidity contracts to Algorand Python, providing
a mapping of language constructs and a hybrid human-Al workflow for
developers. This is presented in Chapter 7 and permits achieving RO4.

5. A Comprehensive Cost-Benefit Analysis. @ We demonstrate
through practical case studies (e.g., healthcare, e-commerce) that the
proposed Algorand-based approach offers significant cost savings and
performance advantages over traditional Ethereum-based platforms.
This is presented in Chapter 8 and permits achieving RO5.

1.4 Thesis Structure

This thesis is organized into five parts and eight chapters and they are de-
scribed as follows.

Part I: Introduction & Background. Chapter 1 provides the motiva-
tion, research objectives, and a brief description of the main contributions.
Chapter 2 provides the necessary background on blockchain, with a special
focus on Ethereum and Algorand, and BPMN.

Part II: State Of The Art: Related Work. Chapter 3 reviews related
work on blockchain-based business process execution, flexibility solutions,
and model-driven engineering.

Part III: Flexible Execution of Business Processes. This part con-
stitutes the core technical contribution of the thesis, detailing the modular
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translation, the Algorand-based flexibility mechanism, and the LLM-assisted
migration approach. The part first provides an insights into the storage
mechanism of Algorand blockchain and later concludes with the flexibility
approach to support the runtime adaption and Al translation of smart con-
tracts for different blockchain platforms. More specifically:

e Chapter 4 provides a rigorous formalization of BPMN choreographies
using a BNF grammar and operational semantics. This foundation en-
ables a modular translation to smart contract pseudocode, which can
be implemented in various target languages like Solidity and Algorand
Python.

e Chapter 5 presents our framework for updating BPMN choreography
smart contracts at runtime by directly leveraging Algorand’s UpdateAp-
plication transaction. This approach eliminates the need for complex
proxy patterns, reducing complexity and cost while maintaining secu-
rity.

e Chapter 6 introduces the BPMN-to-Algorand Smart Contract Genera-
tion Tool, focusing on the automation of smart contract creation from a
BPMN choreography model. It details the process of translating BPMN
diagrams into Algorand-compatible smart contracts, highlighting the
tool’s capabilities, and providing an in-depth explanation of its func-
tionalities.

e Finally, Chapter 7 presents the empirical study on the use of LLMs for
translating Solidity contracts to Algorand Python, providing a mapping
of language constructs and a hybrid human-AI workflow for developers.

Part IV: Validation of the Approach. Chapter 8 presents the exper-
imental evaluation, including flexibility and cost analysis of three different
use cases of business processes.

Part V: Conclusions & Future Works. Finally, Chapter 9 summarizes
the thesis contributions, starting from flexible execution of business processes
and challenges related to flexibility, and limitations, and finally outlines di-
rections for future research.






CHAPTER 2

BACKGROUND

This part introduces all the concepts used in the next part of the thesis. In
particular, a first description of blockchain technology and its characteristics
is provided with a special concern on their application to the BPM domain.
Here both the Ethereum and the Algorand blockchains are analysed, high-
lighting their peculiarities and usage scenarios. Then a section introduces the
Business Process Management (BPM) discipline and the Business Process
Modeling and Notation (BPMN) specification with a focus on choreography
diagrams. The concluding part of a chapter reports a healthcare process
scenario which will be used as a running example in the remainder of the
thesis. In particular, the case study is analysed from different perspectives,
emphasising the challenges in using blockchain for a trusted execution. For
each challenge, a different context of a healthcare process is presented, with
a focus on those characteristics requiring a novel approach.

2.1 Blockchain in BPM

A blockchain is a distributed, immutable, and transparent digital ledger
maintained by a peer-to-peer network. In the context of Business Process
Management (BPM), particularly for inter-organizational processes, these
fundamental properties provide unique solutions to longstanding challenges
in distributed system coordination and trust establishment. Decentralization
represents a paradigm shift from traditional centralized BPM systems where
a single organization controls the process engine and data storage.

In blockchain-based BPM, unlike conventional BPM systems where one
organization hosts the process engine, blockchain distributes control among
all participants. This eliminates the need for organizations give control to a
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central authority or trust a third-party service provider.

However, as blockchain Process state transitions and message exchanges
require validation by multiple nodes in the network. For BPM, this means
that no single participant can unilaterally advance the process state or ma-
nipulate process data without consensus from other participants. The dis-
tributed nature ensures that the business process continues to operate even
if some participants experience technical failures or attempt malicious be-
havior. This is particularly crucial for critical business processes spanning
multiple organizations.

In practice, this enables truly collaborative business processes where no
single entity has disproportionate power, making blockchain ideal for, e,g.,
supply chain management, cross-organizational healthcare processes, and
multi-party financial transactions.

Immutability ensures that once recorded, process data cannot be altered
or deleted. For BPM applications, this property provides, every process in-
stance, message exchange, and state transition is permanently recorded and
cryptographically secured. This creates an incontrovertible audit trail that
cannot be modified by any participant, ensuring the integrity of business
process execution. Since participants cannot deny their actions in the pro-
cess, immutability provides strong evidence of compliance with agreed-upon
business protocols and auditability of the data exchanged by participants
during the process execution. This is especially valuable in regulated indus-
tries and for dispute resolution. The immutable record prevents participants
from rolling back process states or reordering activities to gain unfair advan-
tages, ensuring that all parties adhere to the same process version throughout
execution.

However, this strength also presents the core challenge addressed by this
thesis: while immutability ensures trustworthiness, it conflicts with the nat-
ural evolution of business processes that require adaptation to changing busi-
ness environments.

Transparency in blockchain enables unprecedented visibility into business
process execution. All authorized participants can view the same process
state and history, eliminating information asymmetry and reducing coor-
dination overhead. This is particularly valuable in complex supply chains
where multiple organizations need synchronized visibility. Participants can
independently verify process progress without relying on centralized status
reports, enabling more responsive business operations and quicker excep-
tion handling. The transparent nature facilitates auditing and compliance
verification, as regulators can directly access the immutable process history
without requiring documentation from individual participants.

In BPMN choreography execution, transparency ensures that all message
exchanges and process states are equally visible to all participants, creating
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a level playing field for collaborative business processes.

The security properties of blockchain provide crucial foundations for
trustworthy process execution. KEvery process action is cryptographically
signed, ensuring that only authorized participants can execute tasks and
send messages in the business process. Cryptographic hashing ensures that
process data cannot be modified without detection, protecting against unau-
thorized changes to process states, message content, or execution paths. The
requirement for multiple validations of each process state transition prevents
single points of failure and collusion attacks, ensuring that the business pro-
cess executes exactly as modeled.

These security properties make blockchain particularly suitable for busi-
ness processes involving sensitive transactions, valuable assets, or critical
operations where trust between participants cannot be assumed. The con-
vergence of blockchain properties with BPM creates a new paradigm for inter-
organizational process execution. While traditional BPM systems struggle
with trust establishment in multi-party scenarios, blockchain-native BPM
provides:

Trustless Collaboration: Organizations can collaborate on business
processes without establishing prior trust relationships, relying instead on
cryptographic guarantees and decentralized consensus. Smart contracts en-
force process rules automatically, ensuring that all participants adhere to the
agreed-upon choreography without manual monitoring or intervention. The
combination of immutability and transparency creates unprecedented levels
of accountability in business process execution.

However, as this thesis addresses, the very properties that enable trust-
worthiness—particularly immutability—also create challenges for process
flexibility and evolution. The subsequent sections explore how modern
blockchain platforms like Algorand provide pathways to reconcile these seem-
ingly contradictory requirements.

2.1.1 Smart Contracts

A smart contract is a program stored on a blockchain that automatically ex-
ecutes when predetermined conditions are met. They enable the automation
of contractual clauses, removing the need for intermediaries and reducing the
risk of manipulation. In the context of BPM, a smart contract enforces the
flow of a choreography, ensuring that participants can only perform actions
that are permitted by the current state of the process.

The advent of blockchain technologies provided the means to execute
smart contracts in a decentralized fashion without the need of trusting a
central authority: the correct execution of the smart contract is ensured by
the consensus protocol of the blockchain on which it is deployed. Blockchain
smart contracts’ property of trustless execution make it an interesting tech-
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nology for the business processes. However, business processes execution of-
ten requires processing large amounts of data which are often difficult to man-
age in a blockchain environment. In fact, traditional blockchains can process
only few transactions per second, making it unsuitable for the needs of many
business processes execution. Furthermore, traditional public blockchains re-
quire users to pay fees for every piece of data committed to the chain, this
makes the use of blockchains too expensive in many business processes ex-
ecution scenarios, since they often involve inter-organizational transactions
exchanging large amounts of messages. In this thesis, it presents a solu-
tion for executing smart contracts that improves scalability on blockchains
in terms of throughput and costs. The solution is particularly suited for the
business processes execution and its generality makes it possible to be used
in a variety of scenarios not necessarily related to the business processes ex-
ecution provide a description of the key smart contract languages: solidity,
teal and algorand python.

2.1.2 Ethereum

Ethereum is the most prominent blockchain platform for smart contracts.
Its ecosystem is vast, and its native language, Solidity, is widely adopted.
Early approaches to blockchain-based BPM, such as Caterpillar [11], tar-
geted Ethereum. However, Ethereum faces two major challenges for business
process execution:

1. Scalability and Cost: The Proof-of-Work (now transitioning to Proof-
of-Stake) consensus mechanism and network congestion can lead to low trans-
action throughput and high, unpredictable gas fees. This is prohibitive for
processes requiring numerous interactions.

2. Smart Contract Immutability: Once deployed, a Solidity smart con-
tract is immutable. This is a significant barrier to flexibility. To update
a contract’s logic, developers must deploy a new contract and migrate the
state, or use proxy patterns (e.g., UUPS, Transparent Proxies). These pat-
terns are complex, have led to severe security vulnerabilities [11, 31|, and
increase gas costs. This complexity undermines the trustworthiness of the
system.

2.1.3 Algorand

Algorand [19] founded in 2017 first carbon-negative blockchain protocol,
provides institutional-grade blockchain infrastructure, offering high perfor-
mance, security, and scalability. Designed for decentralized applications, dig-
ital assets, and financial solutions, it leverages a unique Pure Proof-of-Stake
(PPoS) consensus mechanism to ensure instant finality, low transaction costs,
and robust security.
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Consensus Protocol

The problem with many blockchains is they sacrifice at least one of the
key properties of security, scalability, and decentralization, known as the
blockchain trilemma. Algorand addresses the blockchain trilemma with its
unique PPoS mechanism, achieving a strong balance between security, scal-
ability, and decentralization.

Algorand’s consensus protocol [107] works by selecting a block proposer
and a set of voting committees at each block round, to propose a block
and validate the proposal, respectively. The proposer and committees are
randomly chosen from the pool of all Algo holders, and the likelihood of
being chosen is proportional to the account’s stake in the network. The
technical specifics of Algorand’s consensus include:

Verifiable Random Function (VRF): Algorand uses cryptographic
sortition based on VRFs to randomly select users to participate in the con-
sensus protocol. The VRF acts as a random number generator that provides
a proof that the selection was truly random.

Byzantine Agreement Protocol: Once users are selected, they par-
ticipate in a Byzantine agreement protocol that ensures consensus even if
some participants are malicious.

Two-Phase Block Production: The Two-Phase Block Production pro-
cess consists of distinct yet coordinated steps to ensure secure and efficient
block finalization. In the Propose Phase, selected proposers submit candidate
blocks for consideration. During the Soft Vote stage, a committee of valida-
tors reviews these proposals and votes to indicate preliminary agreement
on the most suitable block. Finally, in the Certify Vote phase, a separate
committee formally certifies the chosen block, confirming its validity and
inclusion in the blockchain.

Cryptographic Self-Selection: Users privately check if they're selected
for committees using their private participation keys, without revealing them-
selves until necessary, preventing targeted attacks.

Committee Rotation: New committees are selected for each step of
the consensus process, enhancing security.

Algorand consensus provides the following technical guarantees: The sys-
tem ensures fork resistance, maintaining with over 99.9% probability that no
forks occur. It guarantees strong consistency, so all users share an identical
view of confirmed transactions. Additionally, it upholds liveness, continuing
to make progress and confirm new transactions even under severe or unstable
network conditions.
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2.1.4 Proxy Patterns

In blockchain systems, proxy patterns represent a foundational design ap-
proach to enable smart contract upgradability without changing the con-
tract address or user-facing interface. Since most blockchain platforms (e.g.,
Ethereum) deploy immutable bytecode, the proxy pattern introduces an in-
termediate proxy contract that delegates calls to a separate logic (or imple-
mentation) contract, thereby decoupling state storage from executable logic.
This allows the contract’s logic to be replaced or extended over time while
preserving the same state variables and contract address, ensuring continuity
for users and integrated services. The basic principle relies on the delegate-
call instruction in Ethereum Virtual Machine (EVM) [9, 48], which allows
the proxy to execute functions defined in another contract within its own
storage context.

e Simple Proxy Pattern The simplest form of proxy, where a fixed
intermediary contract forwards all calls to an implementation contract.
While easy to deploy, it lacks flexibility and cannot be upgraded once
deployed [93].

e Transparent Proxy Pattern Introduced by OpenZeppelin, this
model routes user calls to an implementation contract through a proxy
while reserving administrative calls for the proxy itself, ensuring state
consistency and preventing selector collisions [95].

e Universal Upgradeable Proxy Standard (UUPS) A refinement
of the transparent proxy, UUPS embeds the upgrade logic within the
implementation contract itself rather than the proxy, reducing gas costs
and simplifying contract management [101, 95]

e Beacon Proxy Pattern In this approach, the proxy delegates logic
lookups to a separate beacon contract that points to the active imple-
mentation. This enables multiple proxies to share the same upgrade
source, enhancing scalability [94].

e Diamond Proxy (EIP-2535) Designed for large-scale modular ap-
plications, the diamond proxy splits logic across multiple “facets” (con-
tracts) that handle specific functionalities, supporting fine-grained up-
grades and reducing monolithic contract risks [68].

e Minimal Proxy (EIP-1167 or Clone Factory) This lightweight
proxy replicates existing contract logic using a minimal bytecode tem-
plate, optimizing for deployment cost and efficiency when deploying
many identical contracts [86].
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Comparison with Algorand’s Upgradability Model

While proxy patterns such as the Transparent Proxy, UUPS, Beacon, and
Diamond Proxy have become standard solutions for achieving smart con-
tract upgradability on platforms like Ethereum, they inherently introduce
architectural complexity and security overhead due to their reliance on del-
egatecall and multi-contract state management. These designs require strict
control of storage layouts, administrative privileges, and function selectors
to ensure consistency across contract versions, as highlighted in studies by
Feist et al. [48] and Zhou et al [126]. In contrast, Algorand provides a native
mechanism for stateful smart contract updates, thereby eliminating the need
for proxy-based indirection.

In Algorand’s TEAL and PyTeal framework, smart contracts can be up-
graded in place by authorized accounts using the platform’s update trans-
action type, provided that the contract logic explicitly allows such updates
through an update approval program. This model inherently maintains
state continuity, improves security predictability, and avoids storage mis-
alignment vulnerabilities that often occur in proxy implementations. More-
over, the absence of a delegatecall-like mechanism ensures that contract logic
is executed deterministically and atomically, aligning with Algorand’s Layer-
1 design philosophy of on-chain simplicity and verifiable correctness.

Empirical analyses, such as those by Weber et al. [109], further demon-
strate that Algorand’s model not only reduces runtime costs but also im-
proves process stability for blockchain-based business process management
applications. Consequently, while proxy-based architectures remain essential
in Ethereum-like environments for achieving upgradability, Algorand’s na-
tive update mechanism represents a simpler, more secure, and maintainable
paradigm for evolving smart contracts without external orchestration.

2.1.5 Blockchain Comparison

The current trend towards introducing different blockchain technologies, with
different characteristics, has led to a proliferation of technologies to be ac-
quired and learned. For our purpose, it is possible to distinguish among the
following characterisations.

e Permissionless vs Permissioned: a permissionless blockchain is an
open network where participants can join, and leave the network without
the need for any authorisation. A permissioned blockchain runs a ledger
among a set of previously identified and authorised peers.

e Auditability vs Confidentiality: an auditable blockchain has an im-
mutable and transparent nature, and it naively allows independent au-
diting over the stored data. On the contrary, a permissioned blockchain
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introduces confidentiality so that stored data are not visible to anyone.
Moreover, it restricts the distribution of information only to authorised
nodes.

e High decentralisation vs Performance and scalability: the usage
of strong consensus algorithms allows to trust nodes previously unknown
or not trusted, in a decentralised context. On the contrary, the intro-
duction of access control mechanisms leads to a trusted network with
higher scalability and transaction throughput

¢ Anonymity vs Identity: a blockchain technology could permit any-
one to join the network without putting in place any access control
mechanism. Trust over the stored data will be in any case guaranteed
by the consensus algorithm. On the other hand, access to a blockchain
can be restricted to authorised users introducing specific mechanisms.
Consequently, it will be possible to associate identities with participants,
and cryptographic credentials can be issued to new members. All com-
munications can also be made use of authentication mechanisms.

2.2 Business Process Management

Business Process Management is the discipline overseeing the work conducted
by organisations to ensure consistent outcomes and to take advantage of im-
provement opportunities [43]. In particular, BPM aims to manage the entire
chain of events, activities, and decisions connected to an organisation. These
chains are called business processes and BPM includes concepts, methods,
and techniques to support their design, administration, configuration, enact-
ment, and analysis [120]. Those processes can be used to represent many
kinds of interactions as in the case of collaborative ones. Those are called
in general multi-party business processes and usually take place when many
parties are involved in collaborations where there is a global awareness of the
relevant interactions [17].

Business process activities can be enacted automatically by information
systems, without any human involvement. Hence, inter-organisational busi-
ness processes are an important concept in facilitating collaboration between
companies and information systems. More and more business processes also
play an important role in the design and realisation of flexible information
systems. These information systems are essential for providing the technical
basis useful for a quick implementation of new functionalities that realise
new products or services.

BPM is characterised by a set of steps that occur cyclically in order to
adapt and improve the model. Hence, BPM involves a continuous cycle, com-
prising the following phases: modelling, analysis, execution, and monitoring.
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2.2.1 BPMN Choreography Diagram

Nowadays, a prominent modelling language to describe collaborative dis-
tributed systems is the BPMN standard [92]. BPMN is a graphical notation
to represent the graphical layout of business processes [22, 121], it has been
standardised by the Object Management Group (OMG) and it is actually
widely accepted both in industry and academia. BPMN permits the repre-
sentation of business processes with different levels of detail through the use
of diagrams. Fach diagram consists of a set of modelling elements expressing
different behaviours.

Although it has been initially introduced to define and document business
processes, the use of BPMN models has successively gathered momentum
as a starting point for model-driven engineering of distributed systems |98,
5]. For such a purpose, BPMN provides a set of flowchart-based notations,
permitting the representation of different distributed systems perspectives,
starting from the internal behaviour of the composing sub-systems, till their
interaction. In inter-organisational cooperations, in addition to the need
for coordination in a distributed setting, the involved parties also ask to
keep private their internal behaviour [112|. For this reason, organisations
have found in BPMN choreography diagrams a valid solution to represent
such kind of coordination in a proper way |27, 6]. These diagrams allow to
describe system interactions in terms of the exchange of messages from a
global perspective, without exposing internal behaviour.

In a distributed environment, organisations wishing to collaborate can re-
fer to specific choreographies that describe in detail how the different parties
should interact to achieve common objectives. The integration of processes
in this way leads to more peer-to-peer collaboration, shifting responsibility
for each execution step of the collaborative process to the individual nodes.
Consequently, in a choreography approach, each participant is responsible
for partial orchestration, based on its individual rules without a central coor-
dinator, and the final behaviour is specified as a family of permitted message
exchange sequences.
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Figure 2.1: BPMN choreography core elements.
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Figure 2.1 depicts the most used modelling elements that can be included
in a BPMN choreography diagram. On the left, elements are used to define
the control flow, while on the right, the elements are used to represent com-
munication tasks.

e Events are used to represent something that can happen. An event
can be a Start Event representing the point from which the choreogra-
phy starts, or an End Fvent representing the choreography termination.
Events are drawn as circles.

e Sequence Flows are edges used to connect events, gateways and tasks,
permitting to specify the choreography execution flow.

e Gateways are used to drive the flow of a choreography. They can act
either as join nodes (merging incoming sequence edges) or split nodes
(forking the flow into multiple outgoing edges). Different types of gate-
ways are available. An exclusive gateway (XOR) permits to represent
choices. In particular, a XOR-split gateway is used after a decision to
fork the flow into branches. When executed, it activates exactly one
outgoing edge. A XOR-join gateway acts as a pass-through, meaning
that it is activated each time the gateway is reached. A XOR gateway
is drawn with a diamond marked with the symbol “x” A parallel gate-
way (AND) enables parallel execution flows. An AND-split gateway is
used to model the parallel execution of two or more branches, as all
outgoing sequence edges are activated simultaneously. An AND-join
gateway synchronises the execution of two or more parallel branches, as
it waits for all incoming sequence edges to complete before triggering
the outgoing flow. An AND gateway is drawn with a diamond marked
with the symbol “+”. An event-based gateway is similar to the XOR-
split gateway, but its outgoing branches activation depends on taking
place of catching messages. Basically, such messages are in a race condi-
tion, where the first event that is triggered wins and disables the other
ones. An event-based gateway is drawn with a diamond marked with
the symbol of a double-rounded pentagon.

e Tasks are used to specify the message exchange between two partic-
ipants. They are drawn as rectangles divided into three bands: the
central one includes the name of the task, while the other two refer
to the involved participants (the one in white is the initiator, while the
grey one is the recipient). Messages can be sent either by one participant
(One-Way tasks) or by both participants (Two-Way tasks). When cre-
ating tasks and participants it is also possible to specify the multiplicity
aspect by including parallel Multi-instance markers. The resulting be-
haviour indicates that a participant can send/receive many messages or
that a single message can be sent/received from/to many participants.



CHAPTER 2. BACKGROUND 21

2.2.2 Running Example

To clarify the motivations and research challenges addressed in this thesis,
this section presents a running example involving a multi-party healthcare
process centered on X-ray examination management. The proposed example
refers patient care workflows while ensuring trustworthinesses and flexibility
among the involved parties. In this scenario, a healthcare provider initiates
the X-ray examination process upon receiving a patient’s diagnostic request.
The process may also involve a specific radiology center or specialist explic-
itly indicated by the healthcare provider or patient. This example Fig. 2.2
illustrates an interaction framework where the requirements for trust, con-
fidentiality, and data privacy dynamically evolve depending on the health-
care context and the stakeholders engaged in the process. The policy under
consideration aims to streamline the workflow while safeguarding sensitive
patient information in compliance with healthcare regulations.
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Figure 2.2: X-ray exam choreography diagram.

Running example description The choreography reported in Fig. 2.2
represents the communications that should take place among the partici-
pants for the scenario described above. The process begins with the patient
requesting a quotation for an X-ray examination. If the examination slot



22 CHAPTER 2. BACKGROUND

is available, the patient proceeds with the registration, and the healthcare
provider confirms the appointment. Otherwise, if the preferred radiology
center or specialist indicated by the patient is unavailable, the provider con-
tacts an alternative radiology center, which then provides a quotation. Upon
acceptance and registration, the radiology center schedules the examination
and communicates the appointment details back to the healthcare provider,
who finalizes the patient’s request and coordinates the examination.

Trust requirement In the first healthcare context considered, the de-
scribed interactions follow a decentralized model where patients and health-
care providers may not be known to each other beforehand, and each instance
of the process can involve different patients, providers, and diagnostic centers.
Several critical needs arise in this model. First, patients require assurance
that their medical data and requests are handled transparently and securely,
fostering trust in the healthcare ecosystem. Second, it is essential to verify
the authenticity and certification of diagnostic results, ensuring that reports
originate from accredited radiology centers or specialists.

To address these needs, blockchain technology can provide a secure and
transparent way to share certified medical information across the care chain,
enabling patients and providers to verify the provenance and integrity of
diagnostic data. Moreover, the use of blockchain eliminates the need for ad-
ditional central authorities or intermediaries to validate the process, thereby
reducing administrative costs and enhancing the overall efficiency and fair-
ness of healthcare delivery.

Flexibility requirement Considering the flexibility aspect in the pro-
posed healthcare scenario, a possible case is illustrated in Figure 2.3. Here,
the healthcare provider proposes an internal update to the process aimed
at optimizing overall costs and reducing administrative steps. The new
agreement involves a change in the workflow where the radiology center di-
rectly schedules and manages the patient’s X-ray examination, bypassing the
healthcare provider as an intermediary. This adjustment impacts the entire
process: after the patient’s initial request and the provider’s response, the
patient completes the registration and shares the necessary information for
the appointment. If the preferred radiology center has availability, it sched-
ules the examination and the process concludes. Otherwise, the healthcare
provider coordinates with an alternative radiology center, which then directly
manages the patient’s appointment, thereby closing the process.
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CHAPTER 3

RELATED WORK

The integration of blockchain technology with business process management
represents a paradigm shift in how inter-organizational processes can be exe-
cuted in trustless environments. This chapter situates our research within the
broader academic and technical landscape, tracing the evolution from initial
blockchain-based process execution systems to contemporary solutions ad-
dressing flexibility and interoperability challenges. We review existing work
on blockchain-based business process execution, approaches for enhancing
flexibility, and model-driven engineering approaches to propose the solution
to the cental research question of this thesis.

“How can we achieve flexible execution of BPMN choreographies
on blockchain without compromising the trustworthiness provided
by its decentralized and immutable nature?”

The goal is to highlight the advancements made by prior research and,
crucially, to identify the specific gap that this thesis aims to fill. Through
this comprehensive analysis, we identify the specific research challenge that
this thesis addresses—the need for a native, secure, and efficient mechanism
for flexible execution of business processes on blockchain without compro-
mising trustworthiness. We systematically review related work across four
key dimensions:

e Blockchain-based business process execution.

e Choreography-oriented blockchain implementations.

Flexible Choreography Execution support in Blockchain Systems.

Model-Driven Engineering and Code Generation.

Al-Based Code Transpilation.
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3.1 Blockchain-Based Business Process Execu-
tion

The seminal work in blockchain-based business process execution began with
recognizing the technology’s potential beyond cryptocurrencies. Mendling et
al. [85] offered a foundational analysis of the opportunities and challenges
of integrating blockchain with Business Process Management (BPM). Their
survey underscores blockchain’s capacity to enhance trust through transpar-
ent, immutable execution environments and explains how smart contracts
can enforce process compliance in decentralized settings. They also examine
the tension between transparency and privacy, noting that public process
execution data demands careful design of monitoring logic. This work re-
mains a cornerstone in understanding blockchain’s implications for BPM,
particularly regarding trust, transparency, and compliance.

Blockchain as a trust in business process execution

Research in [115, 41, 100] explores blockchain integration within multi-
stakeholder business process environments requiring mutual trust but with-
out centralized control. Their studies focus on how blockchain infrastructures
enable trusted collaboration by tamper-proofing records and ensuring syn-
chronized, reliable process states across independent parties. They discuss
governance mechanisms and trust management over blockchains, which are
crucial for successful business collaborations in decentralized settings. This
work contributes to framing blockchain not only as a technological enabler
but also as a basis for organizational and process trust in collaborative BPM.

Application-Oriented business process execution

Tripathi [111] and Codur [25] examine blockchain’s strategic role in sup-
ply chain management and broader business ecosystems. Tripathi’s review
provides insights into how blockchain facilitates transparency, traceability,
and stakeholder synchronization in complex supply chains, reducing fraud
and improving operational efficiency. Codur’s survey complements this by
analyzing implementation guidelines, technical architectures, and practical
challenges in deploying blockchain in diverse business ecosystems. These
reviews position blockchain as a critical infrastructure component for mod-
ern digital supply chains and interconnected business processes, emphasizing
practical aspects such as standardization, scalability, and interoperability.
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Model-Driven Approaches to Business Process Execution

The Caterpillar framework [70] marked a significant milestone as the
first comprehensive solution for executing BPMN collaboration models on
Ethereum. Unlike earlier approaches that used blockchain merely as an im-
mutable audit log, Caterpillar translated BPMN models directly into Solid-
ity smart contracts that actively enforced process flow. This "compliance-
by-design" approach ensured that participants could not deviate from the
predefined process model. However, Caterpillar’s focus on collaboration
diagrams—which mix public message exchanges with internal participant
tasks—resulted in unnecessary exposure of private logic on the blockchain,
violating the principle of information hiding in inter-organizational settings.

Lorikeet [110] extended this paradigm by addressing asset-intensive busi-
ness processes. The framework automatically generated Solidity smart con-
tracts from business process models while also creating a registry data schema
for managing non-fungible assets. This was particularly relevant for supply
chain and property management applications where process execution and
asset ownership are intertwined. Despite these advancements, Lorikeet inher-
ited Ethereum’s fundamental limitations regarding scalability and flexibility.

Practical Aspects of Adopting Blockchain for BPM

Practical industry assessments |99, 89| provide actionable insights for real-
world blockchain BPM adoption. These reports discuss best practices for
blockchain architecture design, security governance, and integration strate-
gies in enterprise settings. They highlight the importance of clear gover-
nance policies, risk management frameworks, and compliance mechanisms
to ensure blockchain deployments deliver business value while adhering to
regulatory and security requirements. Such assessments bridge the gap be-
tween academic research and industrial practice, guiding organizations on
how to leverage blockchain effectively for business process innovation and
automation.

These early systems demonstrated the viability of blockchain for process
execution but revealed critical challenges: high transaction costs, limited
throughput, and most importantly, the inherent conflict between process
flexibility and blockchain immutability. As Weber et al. [35] later demon-
strated, these limitations significantly impacted the practical adoption of
blockchain-based BPM solutions in enterprise settings.

Comparision with our work While prior blockchain-based BPM ap-
proaches primarily relied on Ethereum or similar general-purpose platforms,
our work leverages Algorand to overcome several limitations identified in
earlier systems such as Caterpillar and Lorikeet. Unlike Ethereum-based



30 CHAPTER 3. RELATED WORK

solutions that face high transaction fees, limited throughput, and variable
finality times, our approach benefits from Algorand’s low-cost transactions,
high performance, and instant finality, which enable more efficient and pre-
dictable process execution. Moreover, Algorand’s Layer-1 smart contract
update mechanisms support secure, stateful process enforcement without ex-
posing unnecessary internal logic on-chain, enabling stronger privacy and
clearer separation of concerns in inter-organizational settings. By exploiting
these features, our work offers a more privacy-preserving, cost-effective, and
scalable foundation for blockchain-based business process execution, address-
ing long-standing challenges that have hindered broader enterprise adoption.

3.2 Choreography-Oriented Blockchain Imple-
mentations

Choreography-based specifications have been widely investigated for de-
veloping multi-party distributed systems. EU-funded projects such as
CHOReOS![11] and CHOREVOLUTION?[11] highlighted the relevance of
choreographies for inter-organizational busiess processes and the need for
lifecycle management infrastructures. Recognizing the limitations of col-
laboration diagrams for inter-organizational processes, subsequent research
shifted toward BPMN choreography diagrams, which exclusively model the
public message exchanges between participants. This approach aligns per-
fectly with blockchain’s transparency principle while preserving participant
privacy.

Model-Driven Frameworks for Choreography Execution

ChorChain [30, 35| emerged as a comprehensive model-driven framework
specifically designed for choreography-based systems. The framework sup-
ported the entire lifecycle—from modeling choreographies to generating So-
lidity contracts, executing processes, and enabling auditing. ChorChain gen-
erated a separate smart contract for each choreography instance, with func-
tions representing message exchanges that could only be executed when per-
mitted by the process state. This ensured that all interactions adhered to
the choreography model.

Model- and Rule-Based Frameworks for Choreography Execution

The framework [52] introduces a model-driven approach for choreographic
programming, enabling developers to specify choreographies with high-level

Thttps://cordis.europa.eu/project /rcn /96288 /factsheet /en
http:/ /www.chorevolution.eu/bin/view /Main/
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syntax and automatically generate correct-by-construction local endpoints
through EndPoint Projection (EPP) techniques. This approach ensures
faithful execution of choreographic protocols and supports modular program-
ming via choreographic types.

ChorChain [36] is a model-driven framework that translates BPMN chore-
ography models into blockchain-based smart contracts, enforcing choreogra-
phy logic and ensuring correct sequence of actions across multiple parties. It
leverages blockchain for trustable and auditable execution.

ATOCJ [40] presents a choreographic framework for safe adaptive dis-
tributed applications, focusing on rule-based adaptation and runtime modi-
fication of choreographies.

Recent approaches also explore combining rule-based techniques with
blockchain, allowing for run-time updates of choreography rules without be-
ing limited by blockchain immutability, thus supporting flexible and certified
execution of choreographic processes

Multi-Blockchain Frameworks for Choreography Execution

An approach to multi-blockchain frameworks for choreography execution
is presented in [28]. The work introduces a model-driven methodology
that enables the modeling, refinement, deployment, and execution of chore-
ographies across multiple blockchains, supporting the entire lifecycle of
inter-organizational business processes. The framework, often exemplified
by systems like ChorChain, translates BPMN choreography models into
blockchain-specific smart contracts, ensuring the correct sequence of actions
and trustable execution across distributed participants. Such frameworks
leverage blockchain’s auditability and enforce choreography logic through
smart contracts, allowing for secure, auditable, and flexible multi-party pro-
cess execution on multiple blockchain infrastructures.

Other approaches like TABS [16] employed different modeling formalisms,
specifically Discrete Event-Hierarchical State Machines (DE-HSM), and sup-
ported multiple blockchain platforms including Ethereum and Hyperledger
Fabric. While innovative, TABS and similar frameworks continued to face
the fundamental challenge of updating deployed contract logic to accommo-
date process changes.

A common limitation across these choreography-focused approaches was
their reliance on Ethereum and similar platforms that lack native support
for smart contract updates. This forced researchers to either accept rigidity
or develop complex workarounds that often compromised security or decen-
tralization.

Comparision with our work In contrast, our work leverages Algorand’s
native smart contract update capabilities, which allow process logic to evolve
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without sacrificing trust assumptions or system integrity. This enables a more
flexible and sustainable choreography execution environment where correc-
tions, adaptations, and versioning can be handled securely and transparently.
Furthermore, the platform’s high throughput, low fees, and instant finality
mitigate practical deployment barriers faced by earlier Ethereum-based ap-
proaches. Consequently, our solution provides a more adaptable, performant,
and operationally viable foundation for blockchain-based choreography exe-
cution.

3.3 Flexible Choreography Execution support
in Blockchain Systems.

The challenge of supporting flexibility during the execution of process-aware
information systems has been widely studied, resulting in numerous systems
providing different forms of run-time and design-time adaptation [104, 84].
Existing approaches vary considerably depending on the execution environ-
ment and the type of flexibility required. Corradini et al. [39, 31, 32, 33|
further advanced this direction by exploring various aspects of multi-party
business process execution on blockchain. Their work on FlexChain [33]
introduced a rule-based approach where choreography rules were stored on-
chain but evaluated off-chain, attempting to balance trust and flexibility.
However, this introduced a trusted off-chain component, partially undermin-
ing blockchain’s trust assumptions.

Context aware & behavioural flexibility

A real-time flexibility mechanism for cloud-service workflows is presented
in [51]. The authors combine BPMN and UML to capture both functional
and behavioural aspects and monitor predefined Quality of Service (QoS)
attributes. Detected anomalies trigger corrective actions during execution,
enabling adaptive workflow behaviour.

Context-aware run-time adaptation is explored in [113]. Here, business
processes rely on rules that are dynamically selected and executed based on
contextual information, enabling behavioural adjustments when execution
conditions evolve.

Controlled and Role-Based Flexibility

Controlled flexibility is addressed in [71], where BPMN is extended through
the CF4BPMN notation. This extension allows designers to specify which
process elements may change at run-time and under which formally defined
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constraints. The approach gives precise control over variability but requires
designers to anticipate possible changes beforehand.

A related contribution is found in [72], which introduces dynamic role
binding for run-time sub-process selection. The mechanism allows actors
to be bound or unbound from roles based on consistency checks and agree-
ments between participants. While effective for switching among predefined
alternatives, it focuses on role management rather than enabling structural
run-time adaptation, which is the core aim of the work proposed in this
thesis.

Together, these approaches demonstrate that flexibility can be introduced
through anomaly-handling mechanisms, controlled change specifications, ver-
sion management, or context-aware logic. However, they differ substantially
from our work, whose primary objective is to ensure flexibility during the ex-
ecution of blockchain-based processes while maintaining trust—an area that
remains comparatively underexplored.

Versioning & Upgradeability Flexibility

Process versioning is examined in [63], where dynamic updates to business
processes are managed through BPEL extensions and structured change pat-
terns. This method offers traceable support for evolving process definitions
but primarily targets version management rather than flexible execution.
Upgradeability in blockchain systems is addressed in [64], where each par-
ticipant in a BPMN collaboration diagram is transformed into a separate
smart contract. Flexibility is achieved through versioning structures and
proxy contracts that forward calls to updated logic upon approval. How-
ever, this architecture introduces high deployment complexity and focuses
on updating inactive instances. In contrast, our approach targets run-time
modifications for active process executions.

The broader tension between blockchain immutability and business pro-
cess flexibility has generated substantial research. On Ethereum, the predom-
inant solution involves proxy patterns [18], such as UUPS and Transparent
Proxy models, which delegate execution to updateable logic contracts while
maintaining persistent state. Despite their popularity, empirical studies re-
veal significant limitations. Zhang et al. [123] identify vulnerabilities arising
from storage clashes, function-selector collisions, and initialization errors,
while Li et al. [69] observe that many upgradeable contracts are never up-
dated in practice, indicating that the complexity often deters real use. Tools
like PROXYEX [123] and USCDetector [69] were developed to detect such
vulnerabilities, highlighting the inherent risks of proxy-based upgradeability.

More recently, researchers have begun investigating next-generation
blockchain platforms to overcome the limitations of proxy-based upgradeabil-
ity. Malik et al. [74] analyse upgradeability patterns and their implications
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for business processes, whereas Klinger et al. [65] propose a collaborative
upgradeability concept still dependent on complex contract patterns.

Technological /Off-Chain Flexibility

In [2], flexibility is pursued at the technological layer of process execution. By
integrating on-chain and off-chain components within a federated blockchain
environment, the authors address interoperability and heterogeneous plat-
form interaction. This differs from our proposed approach of enabling flexi-
bility within the business process execution itself, rather than at the infras-
tructure level.

Off-chain approaches provide an alternative. Corradini et al. [34] propose
a hybrid architecture in which a flexible off-chain engine executes processes
while relying on blockchain only for validation and auditing. Adams et al. [1]
similarly combine on-chain and off-chain components within federated set-
tings. Although these strategies enhance flexibility, they reintroduce trusted
intermediaries, thereby undermining the decentralised trust model central to
blockchain systems.

Within BPM specifically, Lopez-Pintado et al. [71]| explore controlled flex-
ibility through dynamic role binding, enabling runtime selection of partici-
pants for specific tasks. While suitable for certain scenarios, this approach
supports only limited forms of flexibility and does not permit structural
changes to the process model.

Source BPMN Blockchain Flexibility
[51] v X Scaling deployed services during the workflow
[83] v X Modelling and executing controlled flexibility
[63] X X Dynamic process version selection
[113] v X Rule- and context-based modelling and simulation
[72] v v Run-time selection of predesigned elements
2] v v Dynamic blockchain selection
[64] v v Upgradeability and versioning approach
[71] v v Policy-based dynamic control-flow
[31] v v Rule-driven runtime modification
[60] v v Verified BPMN-driven contract generation
[106] v v Flexible decision logic integration

Table 3.1: Table of identified related works and their characteristics.

Table 3.1 summarises the analysed works concerning flexibility and con-
sidering three main characteristics: (i) if the work explicitly uses BPMN
diagrams for modelling, (ii) if the work relies on blockchain, and (iii) which
flexibility aspects the work supports, and how it implements them. The
table shows that in most cases flexibility is achieved in a setting that does
not rely on blockchain technology, hence without facing all issues raised by



CHAPTER 3. RELATED WORK 35

the immutability of the blockchain. In the approaches that, instead, adopt
blockchain for a trusted environment, the concept of flexibility they consider
differs from work to work. In [2|, the authors consider flexibility as the
possibility to select different blockchains, while in [72], the authors provide
the possibility to bind actors and control-flow decisions at run-time. In [64],
the work focuses on the smart contract upgrading mechanism, thus proposing
a versioning approach. Differently, our work focused on a richer flexibility
mechanism for business processes, whose business logic and execution state
is stored in the blockchain, supporting a voting mechanism that permits
arbitrary changes in the model at run-time.

Comparision with our work Across the literature, flexibility in
blockchain-based business processes is typically achieved either by delegat-
ing adaptation to off-chain components, by restricting flexibility to predefined
alternatives, or by employing complex upgradeability patterns such as prox-
ies. These strategies, while effective in specific contexts, introduce significant
drawbacks: off-chain engines weaken decentralisation and the trust guaran-
tees of blockchains; controlled or role-based approaches limit flexibility to
designer-specified options; and proxy-based upgradeability on Ethereum in-
curs substantial complexity and security risks, as shown by empirical analyses
identifying vulnerabilities and low real-world adoption of contract updates.
In contrast, our work provides a richer, fully on-chain flexibility mech-
anism that maintains the trust model of blockchain without relying on in-
termediaries or fragile upgrade patterns. By leveraging Algorand’s native
smart contract update capabilities, we enable arbitrary, model-level mod-
ifications at run-time—even for active process instances—while preserving
correctness, traceability, and decentralised governance. Our policy-based
adaptation protocol further ensures that process evolution remains collabora-
tive and tamper-resistant, avoiding the rigidity of static smart contracts and
the operational complexity seen in many Ethereum-based solutions. Con-
sequently, our approach offers a more robust, decentralised, and practically
deployable foundation for flexible choreography execution on blockchain.

3.4 Model-Driven Engineering and Code Gen-
eration

The translation of high-level business process models to executable smart
contract code represents another active research area. Model-Driven Engi-
neering (MDE) approaches have demonstrated significant potential for re-
ducing development effort and ensuring consistency between models and im-
plementations.



36 CHAPTER 3. RELATED WORK

The Pupa approach [87] extended Caterpillar by supporting additional
BPMN elements, including timer events and inclusive gateways. Similarly,
Curty et al. [39] conducted a comprehensive review of MDE and low-code/no-
code platforms for blockchain application development, identifying patterns
and best practices across numerous frameworks.

Domain-Specific Modeling Languages

To bridge the gap between business models and smart contract code, the
BPFM framework [42] provides a feature-modeling approach to map busi-
ness variability to blockchain configurations, offering systematic derivation
of tailored smart contract implementations. This modularity provides sev-
eral advantages: it enhances code understandability, facilitates verification,
and crucially, supports targeted updates when processes evolve. When a
choreography element changes, only the corresponding function needs mod-
ification, unlike monolithic translation approaches that require complete re-
deployment.

Executable Process Models

Executable business process formalisms have also been integrated directly
with blockchain back-ends. Weber et al. [119] pioneered an approach to ex-
ecute business collaborations on blockchain by transforming BPMN models
into verifiable smart contracts that manage process state transitions. This
line of work influenced subsequent research such as TRANSAX [67], which
studies how blockchain-based execution can enhance inter-organizational
workflow trust and auditability.

Model-Driven Smart Contract Synthesis

Research has also explored systematic generation of smart contracts from
higher-level specifications. The UML-to-smart-contract pipeline proposed
by Marchesi et al. [82] uses UML statecharts to capture contract logic and
automatically derive Solidity code. Additionally, the B-MERODE frame-
work [10] leverages model-driven object-oriented analysis to generate secure
smart contracts with explicit behavioral constraints.

Comparision with our work Model-driven approaches for generating
executable blockchain-based process logic—such as Pupa, BPFM, Weber et
al.’s BPMN-to-contract transformation, and UML- or MERODE-based syn-
thesis—have demonstrated the value of systematic translation from high-
level models to smart contract code. However, these works predominantly
generate static, non-updatable smart contracts on platforms like Ethereum,
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inheriting rigidity whenever process logic evolves or requires correction. Even
frameworks that support modularity, such as BPFM, are limited by under-
lying infrastructures that do not natively support secure contract updating,
forcing full redeployment or complex indirection mechanisms.

In contrast, our work combines a platform-agnostic model-driven transla-
tion pipeline with the advantages of Algorand’s native smart contract update
features, enabling safe and efficient evolution of deployed process logic. The
generation of pseudocode independent of any specific smart contract language
further enhances portability, allowing the same methodology to target mul-
tiple platforms—including Solidity and Algorand Python—without reengi-
neering the core translation approach. This provides a more adaptable and
maintainable foundation for blockchain-based process execution than prior
framework-specific MDE solutions.

3.5 Al-Based Code Transpilation

This section examines existing research on approaches to code translation,
with particular emphasis on evaluations in the blockchain domain. We fo-
cus on how researchers have assessed LLM performance for code translation
tasks and the methodologies employed. The reviewed works are particularly
relevant because they are related to our LLM-based solution for migrating
business processes implemented as solidity smart contracts to the algorand
platform in order to enable their flexibility.

Rule-Based Transpilers

Early approaches to code translation primarily relied on rule-based tran-
spilers, which apply explicitly defined transformation rules to convert code
from one language to another. These systems provide predictable and deter-
ministic behavior by enforcing strict syntactic mappings between source and
target languages. Examples include traditional Python-to-Java and Java-
to-Python transpilers such as SolMover [62]. While rule-based systems can
achieve high accuracy for well-structured languages, they require extensive
programming expertise to craft and maintain rule sets. As languages evolve,
the rule base becomes increasingly brittle, often failing to handle complex
constructs, semantic subtleties, or idiomatic patterns. Consequently, such
systems frequently require manual intervention, limiting their scalability and
applicability to modern, dynamic languages—especially in contexts such as
blockchain development, where subtle semantic differences can significantly
affect execution behavior.
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Statistical Machine Learning—Based Transpilers

Before deep learning became prominent, statistical ML techniques repre-
sented the dominant paradigm for automated code translation. These meth-
ods typically learned translation patterns from parallel corpora using phrase-
based or grammar-enhanced models. Nguyen et al. [90] introduced one of the
earliest phrase-based source code migration techniques, which was later re-
fined by Karaivanov et al. [61] through the incorporation of grammatical
contexts and handwritten rewriting rules. Aggarwal et al. [3] demonstrated
that similar statistical approaches can support language migrations such as
Python 2 to Python 3. Additional contributions include bidirectional tran-
spilers [105] and systems like CRustS, which focus on reducing unsafe expres-
sions when translating between memory-unsafe and memory-safe languages.
Although statistical models improved flexibility compared to rigid rule-based
systems, they remained highly dependent on large parallel datasets and of-
ten struggled to capture deep semantic dependencies or complex control-flow
relationships.

Transformer-Based Code Translation

The introduction of transformer architectures brought a significant leap for-
ward in code translation. The encoder—decoder attention mechanism intro-
duced by Vaswani et al. [114] enabled models to capture long-range rela-
tionships and structural patterns more effectively than previous techniques.
This innovation led to a wave of specialized transformer models for code.
CodeBERT [49] and CodeGPT 73| enhanced bilingual and autoregressive
code understanding, while CodeT5 [118] incorporated semantic-aware ob-
jectives for improved translation fidelity. PLBART [4] extended denoising
autoencoding methods to handle cross-domain translation. Beyond these,
structural models such as tree-to-tree transformers [21] enriched translation
quality by explicitly incorporating abstract syntax tree (AST) information.
These approaches achieved more semantic consistency than pure sequence-
based models, marking a strong step toward automated, high-quality trans-
lation.

LLM-Based Approaches with Testing and Verification

Large Language Models (LLMs) further evolved the translation landscape
by combining syntactic pattern learning with powerful contextual reasoning.
They outperform earlier approaches by handling long-range dependencies, in-
ferring semantics, and adapting to novel languages through few-shot prompt-
ing. To improve reliability, several researchers integrated LLMs with program
testing or formal verification. Roziere et al. [103] used unit tests to gener-
ate synthetic parallel datasets, while Wang et al. [117] applied reinforcement
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learning using compiler feedback. Other studies examined the translation
capability and reliability of LLMs. Pan et al. [55] evaluated their effective-
ness across languages, whereas Orlanski et al. [96] studied their performance
for low-resource languages. Pan et al. [97] highlighted that LLM-generated
translations frequently introduce subtle bugs, underscoring the importance
of verification mechanisms. More recent works integrate theorem proving
to ensure correctness. Karanjain et al. [62] used the Move Prover to vali-
date Solidity-to-Move translations, demonstrating that structured prompting
and fine-tuning enable accurate results even for underrepresented languages.
Bhatia et al. [14] proposed converting both translated code and its proofs
into a theorem prover’s syntax to verify functional equivalence. Yang et
al. [122] developed Vert, a tool that generates readable Rust translations
while ensuring formal correctness. Lachaux et al. [66] additionally showed
that unsupervised models can achieve competitive translation quality across
C-++, Java, and Python—with most errors requiring minimal manual correc-
tion. Surveys such as Huynh et al. [56] identify persistent issues like semantic
drift, syntactic errors, and vulnerability introduction. Wang et al. [59] rein-
force this by showing that LLM-generated code often contains vulnerabilities
that are difficult for models to repair.

LLMs for Code Translation

LLMs have transformed code translation by enabling prompt-based and
few-shot translation capabilities that frequently outperform both rule-based
and statistical approaches. Rooted in the advances demonstrated by GPT-
3 [46], LLMs can generalize from limited examples and produce translations
that closely follow both syntax and intent. Evaluation metrics have also
evolved, with modern approaches assessing code through compilation suc-
cess, unit tests [103], formal verification [14], and expert review. Despite
these strengths, LLMs continue to struggle with inconsistent semantics, in-
correct handling of idiomatic constructs, and vulnerability-prone patterns.
Huynh et al. [56] and Zhang et al. [47] demonstrate that simply increas-
ing the number of examples in a prompt does not always improve translation
quality—highlighting the need for carefully designed prompt engineering and
verification pipelines.

LLMs in Blockchain Development

Smart contract translation represents one of the most challenging domains for
LLM-based translation due to the strict execution, determinism, and security
requirements in blockchain environments. Karanjain et al. [62] investigated
LLM-driven translations of Solidity into Move, demonstrating that even lan-
guages underrepresented in training corpora can be translated effectively
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when combined with structured prompting and the Move Prover. Their re-
sults show that LLMs can assist in building safer smart contracts, provided
that formal verification accompanies the translation process. Similarly, Yang
et al. [122] introduced Vert, which leverages LLMs to generate Rust smart
contracts that adhere to formal correctness guarantees—exceeding the typ-
ical reliability standards of purely generative models. However, blockchain
also amplifies the risks associated with unsafe translations. Wang et al. [59]
reveal that LLMs frequently output vulnerable smart contract code and often
fail to adequately repair security flaws, even when explicitly informed about
vulnerabilities. These findings emphasize that while LLMs offer promising
capabilities for cross-blockchain translation, reliable deployment requires hy-
brid approaches combining AI with symbolic reasoning and domain-specific
verification tools.

Comparision with our work Our investigation of LLM-assisted Solidity-
to-Algorand translation [81] represents the first systematic study focused on
this specific language pair. The architectural differences between Ethereum
and Algorand—particularly in state management, transaction handling, and
type systems—present unique challenges that general-purpose LLMs struggle
to overcome. Our contribution of a structured feature mapping and hybrid
human-Al workflow addresses these challenges practically.

LLM-based translation has surpassed rule-based and statistical meth-
ods in flexibility and automation. Transformer models introduced seman-
tic awareness, while modern LLMs incorporate reasoning, prompting, and
verification techniques to further enhance translation reliability. However,
challenges persist, including maintaining semantic equivalence, avoiding vul-
nerabilities, and ensuring domain-specific correctness—issues that are espe-
cially acute in blockchain development. Ongoing research combining LLMs
with formal verification (e.g., Move Prover, theorem provers, Rust verifi-
cation tools) indicates a promising path toward safer, more reliable code
translation across heterogeneous programming ecosystems.
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CHAPTER 4

BPMN TO SMART
CONTRACT TRANSLATION

This chapter presents the translation from BPMN choreography to smart
contract pseudocode, achieving the first objective of this research.

"To develop a framework for translating BPMN choreography mod-
els into blockchain smart contracts that is modular and driven by
BPMN choreography formalization."

The aim is to bridge high-level business workflow models and their trust-
worthy execution by transforming BPMN choreography models into modular
smart-contract structures. More specifically, the target of the translation is
not the smart contract language of a specific blockchain platform, but a pseu-
docode that can be easily mapped to different smart contract languages. This
serves as an intermediate platform agnostic layer before generating smart-
contract logic for a specific blockchain platform, enabling transparency, flex-
ibility, and traceability in decentralized process execution.

Business Process Management (BPM) increasingly deals with distributed
systems where independent parties collaborate to achieve shared goals. The
BPM community standardized BPMN [91]. Among BPMN perspectives,
choreography diagrams are essential, as they capture message-based inter-
actions among participants without revealing internal process logic. This
property makes them suitable for decentralized and cross-organizational set-
tings.

Blockchain technology has emerged as a trusted execution layer for multi-
party processes, particularly where inherent trust cannot be assumed [57].
Its decentralized infrastructure ensures tamper-proof state storage, transpar-
ent audit trails and trust-free coordination between parties. Choreography
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models can be compiled into smart contracts [30, 70|, enforcing process rules
and enabling verifiable history of interactions. In this context, BPMN chore-
ographies can be implemented as blockchain smart contracts, enabling ver-
ifiable process history and automated enforcement of interaction protocols
[30, 70]. Blockchain-based execution ensures all participants adhere to the
agreed choreography, making malicious deviations or unauthorized modifica-
tions detectable. Consequently, blockchain acts as both the execution engine
and the audit layer for multi-party workflows, improving accountability and
trustworthiness in distributed settings.

Overall, this chapter introduces the transformation method that bridges
high-level BPMN choreography models to smart contract logic, laying the
foundation for trustworthy, adaptable, and formally grounded blockchain-
based process automation. To ensure broad applicability, our translation ap-
proach is blockchain-agnostic. Instead of directly producing code in a specific
smart-contract language, we generate pseudocode that can be consistently
rendered into mainstream languages such as Solidity and Algorand python.
This allows us to evaluate the translation on two distinct blockchain plat-
forms—Polygon (EVM-based) and Algorand. Experimental results demon-
strate that the proposed approach achieves modularity and semantic fidelity
while keeping execution costs affordable on modern blockchain infrastruc-
tures.

4.1 BPMN Choreographies

In BPMN, both collaboration and choreography diagrams serve to model
interactions among multiple participants, but they do so from different per-
spectives. A collaboration diagram represents several interacting processes,
each modeled within its own pool. Message flows between pools illustrate
how these independent processes exchange information. This representation
is particularly suitable when internal process logic must be captured alongside
external communication, for example, in enterprise-to-enterprise integrations
or partner network scenarios.

In contrast, a choreography diagram abstracts the internal details of each
participant and focuses purely on the exchange of messages that define the
observable interaction protocol. Every task in a choreography represents
a message exchange between two participants, explicitly showing who sends
and who receives. This interaction-centric view provides a concise and global
perspective of the entire collaboration, ensuring that all participants share a
consistent understanding of expected communication behavior. Such abstrac-
tion is especially valuable in decentralized or trustless environments—Iike
blockchain-based workflows—where only the interaction logic is shared and
executed collaboratively, while internal processes remain private. Table 4.1
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presents the comparison between the two models.

Aspect Collaboration Choreography

Definition Interactions among pro- Sequence of message ex-
cesses with internal work- changes without internal
flows. logic.

Perspective Process-centric—focus on Interaction-centric—focus
process communication. on message order.

Control Each participant manages Coordination via agreed
its own logic. message Hows.

Representation Multiple pools showing ac- Single diagram of public
tivities and messages. message exchanges.

Complexity Can be complex with many Simpler, emphasizes inter-
message flows. action semantics.

Use Cases Detailed inter organiza- Decentralized, trustless
tional workflows. systems.

Table 4.1: Comparison of Collaboration and Choreography in BPMN
Models

In this work, BPMN choreography diagrams are adopted as the primary
modeling notation to represent multiparty business workflows. In a choreog-
raphy, each task models a communication step where one participant initiates
an interaction and another responds. Sequence flows define the execution or-
der among tasks, while gateways express branching, looping, or parallel exe-
cution behavior. By relying on choreographies, our approach ensures that the
translation to pseudocode—and later to smart contract logic—captures only
inter-participant behavior, preserving privacy of internal procedures while
guaranteeing collaborative correctness.

4.1.1 Choreography Modeling Example

To illustrate core BPMN choreography constructs, we refer to the model
in Fig. 4.1, drawn from [33]. The example represents a healthcare process
where a patient schedules and completes an X-ray examination. Blockchain
is particularly relevant in this scenario as it increases transparency and au-
ditability of the healthcare workflow, ensuring the authenticity of interactions
and preventing disputes among stakeholders.

The choreography begins with a start event, represented as a circle with
an outgoing edge. Sequence flows connect choreography elements and define
execution progress. The first task models the interaction where the patient,
holding a medical prescription, requests an appointment from the radiology
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accepted == false

appointment(medical request(requestid) registration(date,

prescri ?hon ) appgintmentld)

Patient Radiology Radiology

O »{ Take appoi » X »{ check availability » X »| confirm

Radiol Patient
adiology ward accepted == true ten

checkin(appointm analysis(report, report(resultid)

Radiology entid ticketld
: n ==true H H

). Patient Radiology ‘ward

<  —— check-in perform x-rays |  send results —PO

Radiology ward Patient

4

temperature(temp)

Patient (registration)

» check
registration

Rediology ==false

Figure 4.1: X-ray exam choreography.

department. A one-way choreography task captures this communication, rep-
resented as a rectangle divided into three bands: the middle band contains
the task name, while the top and bottom bands denote the initiator and
receiver, respectively. For clarity, Table 4.2 summarizes the main BPMN
element categories referenced throughout this example.

Category BPMN Element Examples

Events Start, End, Intermediate

Activities Tasks, Service Tasks

Gateways XOR, AND, Event-based

Artifacts Messages, Data objects

Connecting Objects Sequence Flows, Message Flows, Associa-
tions

Data Elements Data Store, Data Input, Data Output

Structure / Swimlanes Pools, Lanes

Table 4.2: BPMN Elements by Category

Choreography execution is governed by gateways. An exclusive (XOR)
gateway, represented by a diamond with a x symbol, models conditional
branching. A XOR-split gateway activates exactly one outgoing path based
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on conditions, while a XOR-join gateway merges flows without synchroniza-
tion. In our running example, two XOR gateways specify a loop: the radiol-
ogy department repeatedly checks ward availability until a valid appointment
date is found.

Two-way choreography tasks represent message exchanges where both
participants send information. Once availability is confirmed, the radiology
department notifies the patient. Prior to physical check-in, pandemic-related
safety checks require the patient to verify both temperature and vaccination
status. These independent checks are modeled using parallel (AND) gate-
ways, drawn with + symbols. The AND-split activates both branches, and
the AND-join synchronizes them by waiting until both checks complete.

The patient then proceeds to physical check-in by submitting an appoint-
ment identifier, validated by the radiology department. If validation fails, an
end event terminates the process. Otherwise, the patient undergoes the X-
ray exam. The results are sent to the ward, which compiles a final report
and forwards it to the patient, completing the choreography.

Notably, two XOR gateways are used to specify a sort of do-while loop:
the radiology department checks the availability of the ward for the X-ray
exam; if there is a free date, the appointment is confirmed; otherwise, the
availability is checked again.

The request-response interaction between the radiology department and
the ward is modeled by a two-way choreography task, in which both partic-
ipants send a message. In case the X-ray analysis request is accepted, the
response is sent to the patient. Before performing the physical check-in, due
to pandemic-related entry restrictions, the patient must check his/her tem-
perature and vaccine certification. These checks are performed in parallel,
which is specified by using two parallel (AND) gateways (drawn with dia-
monds marked with the + symbol): the AND-split gateway activates all the
outgoing edges simultaneously, while the join one has to wait to be reached
by all its incoming edges to be activated. The In the event-based gateway,
the outgoing branch activation depends on the reception of a message; the
message events connected to the gateway are in race condition: the first one
that is triggered activates the corresponding branch and disables the other
ones.

The patient then performs the physical check-in, by providing the ap-
pointment identifier that is controlled by the radiology department, which
returns the confirmation response. If the appointment is not confirmed, the
choreography terminates. In this case the execution flow is directed by an
XOR-split gateway to an end event, which is drawn as a circle with an in-
coming edge and denotes an ending point of the choreography. If instead
the appointment is confirmed, the X-ray exam is done and the results are
provided to the ward that compiles a final report, then sent to the patient.
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4.2 BPMN Choreography Formalization

This section presents the formalization of BPMN choreographies we rely on.
This formalization results from the extension of the one presented in [37]
with additional features inspired by the formalization in [38].

Translating BPMN choreographies into smart contracts introduces several
technical challenges due to the gap between graphical modeling abstractions
and precise execution semantics. First, BPMN is intentionally expressive
and informal, which can lead to semantic ambiguity when converting visual
constructs into deterministic control logic. The distributed nature of chore-
ographies adds complexity, as each participant executes independently and
interacts through messages, requiring careful synchronization and ordering
of communication events. Gateway constructs such as XOR and AND forks
may lead to state-space explosion, especially in models with nested branching
or concurrent paths. These factors make automated translation non-trivial
and necessitate a semantics-driven, modular approach to preserve correct-
ness, traceability, and readability in the resulting executable representation.
Table 4.3 summarizes the BPMN-to-smart contract translation challenges.

Challenge Description

Semantic Ambiguity Graphical symbols lack execution logic

Distributed Nature Multiple independent actors

State Explosion Gateway combinations make the state
space grow exponentially

Message Synchronization Ensuring ordering & delivery

Traceability and Readability Ensuring a one-to-one correspondence be-
tween BPMN elements and pseudocode

Table 4.3: Challenges in BPMN-to-smart contract translation

The graphical notation of BPMN choreographies makes unhandy the def-
inition of the formal semantics. Therefore, the formalization is based on an
alternative textual representation of choreographies, whose syntax is defined
by the BNF grammar.

The BNF syntax of the choreography models structure is given in Fig. 4.2.

C ::= start(id,ep,e1) | end(id,e) | andSplit(id,e, F)

| andJoin(id, E,e) | xorSplit(id, e, X) | xorJoin(id, E, €)

| task(id,e1,p1, m,pa,e2) | eventBased(id,e, T') | Cy|Co
X == (e,exp) | X1,X2 T == (p1,m,pa,e) | T1,Ts

Figure 4.2: Syntax of BPMN Choreography Structures.
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In the grammar, the non-terminal symbol C' represents Choreography
Structures, while the terminal symbols, denoted by the sans serif font, are
the considered elements of a BPMN model, i.e. events, gateways and tasks.
Non-terminal symbols X and T represent expression lists and event-based
task lists, respectively; when convenient, we shall regard these lists simply as
sets. As a matter of notation, let E be the set of sequence edge names, in the
following e € E denotes an edge, while F € 2 a set of edges. Notice that the
set E also includes spurious edges for denoting the enabled/disabled status
of start events.

Moreover, the set M of messages is ranged over by m, while the set V of
values is ranged over by v. Notation p ranges over names uniquely identifying
participants, while id ranges over element identifiers (these unique identifiers
are not visualized in the graphical representation of the diagram, but are
included in the underlying XML file). We also use a set EXP of ezpressions,
ranged over by exp, whose precise syntax is deliberately not specified; we
just assume that expressions contain message parameters and values. Such
design choice has been influenced by the fact that the expression language
operating on data is left unspecified even by the BPMN standard.

Graphical Textual Graphical Textual
Notation Representation Notation Representation
€ e
©—> start(id, eg, €) —>O end(id, e)

e €1

andSplit(id, e, {e1, ..., en}) andJoin(id, {e1,...,en},€)

expy

xorSplit(id, e, {(e1, expy), - | : xorJoin(id, {e1,...,e,},€)

Figure 4.3: BPMN graphical and textual notation of Control Flow
Elements.

Notably, we are not proposing a new modeling formalism, but we are
only using a textual notation for the BPMN elements. With respect to the
graphical notation, the textual one is more manageable for supporting the
formal definition of the semantics and its implementation. The one-to-one
correspondence between the graphical notation of BPMN and the syntax
used for contol-flow is presented in Fig 4.3, tasks is shown in Fig 4.4, and

events is shown in Fig 4.5, We will only consider terms of the textual syntax
that are derived from BPMN models.
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Notice that two-way tasks are rendered in our formal framework as pairs
of one-way tasks, hence they are not explicitly included in the syntax.

Graphical Notation

Textual Representation

msgName(paramy,...,paramy)

p1
€4 ez
—> taskName —>
p2

task(taskName, eq, p1,
msgName(paramy, ..., paramy), p2, €2)

msgName4(paramy,...,paramy,)

/—iﬁ

p1
€4 €2
E— taskName >
p2

msgNamey(param'y,...,param'y)

task(taskName, eq, p1,
msgNamel(paraml, cee paramn), P2, e)

task(taskNameResp, e, pa,
msgNamey(paramj, ..., param; ), p1, €2)

Figure 4.4: BPMN graphical and textual notation of Task Elements.

Graphical Notation

Textual Representation

msgName(param,... param,)

i

p1

e
taskName ~ [—
msgName'(param'y,...pararm'y)

® i

p3

e
taskName'  [——»

b4

eventBased(id, e”,
(p1, msgNamey (paramy, ..., paramy), p2,€1),

(p3, msgName;(parami, ..., paramy), pa, €2),

(pk, msgNamek(paramgk), e param,(f)), PI, €k)

})

Figure 4.5: BPMN graphical and textual notation of Event-Based

Gateways.

To achieve a compositional definition, each sequence edge of the BPMN
model is split in two parts: the part is outgoing from the source element, and
the part is incoming into the target element. The two parts are correlated
by means of unique sequence edge names in the BPMN model.

Example 1. Let us consider the BPMN choreography model in Fig. 4.1. The

textual representation of its structure is as follows (for reader’s convenience,

we use e;, with i a natural number, to denote sequence edges, MmsgName tO
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denote messages, and py, pr, pw to denote the three participants):

start(startl, eg, e;)
| task(takeAppointment, 1, pp, Mappointment Prs €2)
| xorJoin(xorl, {ep, es}, €3)
| task(checkAvailability, €3, pr, Myequests Pw; €4)
| task(checkAvailabilityResp, 4, puw, Mresponse; P €5)
| xorSplit(xor2, es, {(es, response.accepted == false),
(e7, response.accepted == true)})
| task(confirmAppointment, ez, py, Myegistration, Pps €8)
| andSplit(andl, eg, {eq, €10})
| task(checkCertification, ey, pp, Mcertifications Pr, €11)
| task(checkTemperature, €105 Pp, Mtemperature; Pr, 612)
| andJoin(and2, {e;1, e12}, €13)
| task(checkln, e;3, pp, Mcheckin, Prs €14)
’ taSk(CheCkInResp7 €14, Pr, Mconfirmation; Pp; el5>
| xorSplit(xor3, eys, {(e16, confirmation.registration == true),
(e17, confirmation.registration == false)})
| end(endl, eq7)
| task(performXRays, €16, pr, Manalysis, Pw> €18)
’ task(sendResuIt, €18, Pw; Mreport; Pp; elg)
| end(end2, e19)

The operational semantics we propose is given in terms of configurations
of the form (C,o,v), where C is a choreography structure, o : E — N is an
execution state function mapping sequence edges to numbers of tokens (N
is the set of natural numbers), and v : M — V is a message state function
mapping messages to values. The execution state obtained by updating in
the state o the number of tokens of the edge e to n, written as o - {e — n},
is defined as follows: (o - {e — n})(¢&') returns n if & = e, otherwise it returns
o(e’). The message state obtained by updating in the state  the value of
a message m to a value v, written as 7 - {m — v}, is defined similarly. The
initial states of a choreography, where all sequence edges are unmarked (but
for the spurious ones that are marked by one token) and all message values
are undefined, are denoted respectively by oy and ~y.

The operational semantics is defined by means of a labelled transition
system (LTS) on choreography configurations, formalising the execution of
a choreography in terms of marking evolution and message exchanges. The
LTS is a triple {C, L, —) where: C is the set of choreography configurations; £,
ranged over by [, is the set of labels (of transitions that choreography configu-
rations can perform); and —< Cx LxC is the transition relation. Asusual, we
will write (C,0,~) 5 (C,0",') to indicate that ((C,c,7),1,(C, 0", 7)) e—
and say that the choreography configuration (C, o,~) performs a transition
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(start(id, eg, 1), 50, Y0) = (inc(dec(oo, &), e1),70)  o(eg) > 0 (Start)
(end(id, &), 0, 7> T> (dec(a, €),7) o(e) >0 (End)
(andSplit(id, e, B, 0,7 2> {inc(dec(o,e), E),7) o(e) >0 (AndSplit)
(andJoin(id, E, e), 5,7} > (inc(dec(o, E), e),7) Ve'e E.o(e) >0 (AndJoin)
(xorSplit(id, e, {(e, exp)} U X), 0, 7) > o) >0 A (XorSplit)
(ine(dec(a, '), ), %) eval(exp, )

{xorJoin(id, {e} U E,¢'), 0,7} D> (inc(dec(a,e),€'),7)  o(e) >0 (XorJoin)

P1—p2:m
_—

<ta5k(idae17plam7p25e2)a057> U(el) >0 (Task)

(inc(dec(o,e1),e2), upd(y, m))

(eventBased(id, ¢’, {(p1,m, p2,€)} v T),0,7)
p1—p2:m O—(e/) >0 (EvtBased)
(inc(dec(o,e’), e), upd(y,m))

(C1,0,7) 5 (o', (Cay0,7) {0~

. T, (]Tlt1) . T, (I’thQ)
<01|C270'7’7>_><0'7’y> <Cl‘02707’7>_><0'7’7>

Figure 4.6: Semantics of BPMN Choreographies.

labelled by [ and becomes the configuration (C,c’,~"). Since choreography
execution only affects the current states, and not the choreography structure,
for the sake of presentation, we omit the structure from the target configura-

tion of the transition. Thus, a transition (C,o,~) 4 (C,o',~" is written as

(C,a,7) 4 {c’,~"). Labels [ represent computational steps and are defined
as: 7, denoting movements of tokens; and p; — ps : m, denoting an exchange
of message m from participant p; to ps. Notably, despite the presence of
labels, this has to be thought of as a reduction semantics, because labels
are not used for synchronisation (as instead it usually happens in labeled
semantics), but only for keeping track of the exchanged messages.

The transition relation over choreography configurations is defined by
the rules in Fig. 4.6. Before commenting on the rules, we introduce the
auxiliary functions they exploit. Specifically, function inc : S, x E — S,
(resp. dec : S, x E — S.), where S, is the set of execution states, allows
updating a state by incrementing (resp. decrementing) by one the number of
tokens marking an edge in the state. Formally, they are defined as follows:
inc(o,e) = o - {e — o(e) + 1} and dec(o,e) = o - {e — o(e) — 1}. These
functions extend in a natural way to sets of edges as follows: inc(o, ) = o
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and inc(o, {e} U E)) = inc(inc(o,e), E); the cases for dec are similar. The
boolean predicate eval : EXP x S,, — {true, false}, where S,, is the set
of message states, evaluates an expression with respect to a given message
state; since the expression language is left unspecified, the definition of eval
is unspecified as well. We also use the function upd : S,, x M — §,, that
updates a message state by assigning a value to a given message; formally,
the function is defined as follows: upd(y,m) =~ -{m — v} forve V.

We now briefly comment on the operational rules. Rule Start starts
the execution of a choreography when it is in its initial state, i.e., only the
spurious edge is marked, and no message has been exchanged yet. The effect
of the rule is to consume the token in the spurious edge and increment the
number of tokens in the edge outgoing from the start event. Rule FEnd,
instead, is enabled when there is at least a token in the incoming edge of the
end event, which is then removed.

Rule AndSplit is applied when there is at least one token in the incoming
edge of an AND-Split gateway; as a result of its application the rule decre-
ments the number of tokens in the incoming edge and increments that in
each outgoing edge. Rule AndJoin decrements the tokens in each incoming
edge and increments the number of tokens of the outgoing edge, when each
incoming edge has at least one token. Rule XorSplit is applied when a token
is available in the incoming edge of an XOR split gateway; the rule decre-
ments the token in the incoming edge and increments the tokens in one of
the outgoing edges corresponding to a positive evaluation of the associated
expression. Rule XorJoin is activated every time there is a token in one of
the incoming edges, which is then moved to the outgoing edge. Rule Task
is activated when there is a token in the incoming edge of a choreography
task and moves the token from the incoming edge to the outgoing one. The
rule produces a label describing the message exchange. Moreover, the mes-
sage state is updated with a new value for the involved message name; we
abstract from the computation of the message value, which is indeed non-
deterministically selected via the upd function. Rule EvtBased is enabled
each time there is a token in the incoming edge of an event-based gateway,
which is moved to the activated outgoing edge. A label describing the mes-
sage exchange is produced and the corresponding value is updated in the
message state. Finally, rules Int; and Int, deal with interleaving.

4.3 From Choreographies to Smart Contracts

We present here the translation of BPMN choreography models into smart
contracts. The main challenge is providing a smart contract implementa-
tion that is modular in the structure of choreography models (i.e., the smart
contract that implements a choreography model follows the structure of the
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choreography itself). This aspect, which we call ‘modular blockchain-based
choreography implementation’, is one of the main technical aspects that char-
acterizes this work. It is worth noticing that our approach is agnostic to the
blockchain technology used for enacting the choreographies, meaning that it
is not based on specific features of the smart contract language supported by
the blockchain platform used. In fact, we provide a translation into a smart
contract pseudocode, which can then be easily rendered in most mainstream
smart contract languages.

The translation of BPMN choreography elements in smart contract terms
exploits the translation functions «-) and [[-]]. The former function generates
the contract header, containing the definitions of data types and variables,
auxiliary functions, and the model-independent code triggering the execu-
tion. The latter function, instead, is defined by induction on the syntax
of choreographies (see Fig. 4.2) and transforms each element of the BPMN
model into a corresponding function of the smart contract that faithfully
implements the element’s semantics.

The definition of the translation functions (-) is shown in Listing 4.1,
where we assume that the input choreography C' involves n parties, m edges
(named e; with i € {1..m}, while eq denotes the spurious edge), k messages
(named msg; with j € {1..k}), and h BPMN elements (with identifiers id,,
with w € {1..h}).

1LC) =

2 enum MsgStatus {DISABLED,ENABLED}

3 enum ChoreographyState {INIT, RUNNING, MSG_WAITING,
<> COMPLETED, DEADLOCKED}

4 private address party; = 0x...; ...;

5 private address party, = 0x...;

6 private ChoreographyState chorState =
< ChoreographyState.INIT;

7 private int eg = 1;

8 private int e; = 0; ...;

9 private int e, = 0;

10 private int enabledMessages = 0;

11 private MsgStatus status_msg; = MsgStatus.DISABLED;
12 private Type;; payload_msg;_parami, ..., Typei,

— payload_msgj_param,;
13 private MsgStatus status_msgg = MsgStatus.DISABLED;

14 private Typey1 payload_msgi_paramy, ..., Typex:
— payload_msgy_param:;

15 [C]

16 private int getMarking()

17 { return egtei+...+e,; }

18 private boolean executeOneRule ()

19 { return idi () || ... || idp(O); }

20 public void execute() {

21 chorState = ChoreographyState.RUNNING;
22 while (executeOneRule()) {}
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23 if (enabledMessages > 0)
24 { chorState = ChoreographyState.MSG_WAITING; }
25 else {

26 if (getMarking()>0)

27 { chorState = ChoreographyState.DEADLOCKED; }
28 else { chorState = ChoreographyState.COMPLETED; }
29 1}

Listing 4.1: Top-level translation function -).

This translation generates the smart contract code that, once deployed in
the blockchain, deals with the execution of a specific choreography instance.
The code must be instantiated with the addresses of the parties participating
in the given choreography instance (see variables party,, line 4 and 5). In
this respect, more dynamic solutions could be realized, but this is out of
the scope of this work. The smart contract variables store the state of the
choreography instance. The execution state function o is rendered by the
variables e; (lines 7-9), while the message state function v is rendered by
the variables payload msg; param, (lines 11-14). For each message, in
addition, a variable (lines 11 and 13) keeps track of whether the reception of
the message is ENABLED or DISABLED.

The execution of the choreography instance is carried out by the
execute() function (lines 20-29). This is the public function that one has
to invoke to activate the choreography instance once the smart contract has
been deployed in the blockchain. It iteratively executes one semantic rule
at a time on the choreography’s elements, thus implementing the interleav-
ing semantics given in Sec. 4.2 (see rules Int; and Inty). This behavior is
realized by resorting to the private function executeOneRule() (line 18),
which sequentially invokes the execution of each choreography’s element (us-
ing functions id;() generated by translation function [[-]]) until one element is
successfully executed. If all elements of the choreography cannot be executed,
the instance execution stops, and the motivation underlying this termination
is checked. If there are enabled messages, the execution is suspended and will
be resumed when the waited message is delivered. Otherwise, the instance
terminates successfully (if the marking is empty) or unsuccessfully (if there
are deadlocked tokens).

1 [[start(id, eq,e)]] = private boolean id() {
2 if (eg > 0) { eg——; e++; return true; } else
— return false; }

3

4[lend(id,e)]] = private boolean id() {

5 if (e > 0){ e——; return true; } else return
— false; }

6

7 [andSplit(id, e, {e1,...,es})]] = private boolean id() {
8 if (e > 0) { e——; e1++; ...; ep++; return true; }



56 CHAPTER 4. TRASLATION FRAMEWORK

— else return false; }

9

10 [[andJoin(id, {e1,...,en},e)]] = private boolean id() {

11 if (e1 > 0 && ... && €,>0) { e1——; ... ep—;
— e++; return true;

12 } else return false; }

13

14 [[xorSplit(id, e, {(e1, expy ), - - ., (en,exp,)})]] = private boolean id() {

15 if (e > 0 && exp1) { e——; ei++; return true;

16 } else

17 } else if (e > 0 && exp,) { e——; ept+; return
— true; }

18 else return false; }

19

20 [[xorJoin(id, {e1,...,en},e)]] = private boolean id() {

21 if (e; > 0) { e;——; e++; return true; } else

22 } else if (e, > 0){ e,——; e++; return true; }

— else return false; }

Listing 4.2: Inner translation function [[-]J: start/end events,
AND/XOR gateways.

The definition of the translation functions [[-]] of control flow elements is
shown in Listing 4.2 while, Listing 4.3 presents the definition of task element
and Listing 4.4 presents the events.

Each choreography element is translated into a function according to the
semantics given in Fig. 4.6 and returns a boolean value indicating whether
the element is executed or not. In other words, invoking function id() corre-
sponds to try to apply the corresponding semantic rule to the choreography
element identified by id; if the rule is applicable, the state of the choreography
is modified accordingly and the function returns true, otherwise it returns
false.

1 [[task(id, e1, p1, msg(paramy, ..., param,), ps, e2)] =

2 private boolean id() {

3 if (e;1 > 0) {

4 e|——; status_msg = MsgStatus.ENABLED;
5 enabledMessages++;

6 emit MessageEvent (pi, p2,msqg) ;

7 return true;

8 } else return false;

9 }

10 public void msg(Type; paramj, ..., Type, param_n) {

11 if (status_msg == MsgStatus.ENABLED && msg.sender==pj) {

12 payload_msg_param; = paramj; ...; payload_msg_param, =
— param,;

13 status_msg = MsgStatus.DISABLED;

14 enabledMessages——;

15 egt+;



CHAPTER 4. TRASLATION FRAMEWORK o7

16 execute () ;
17 b}
18

9 [Ch]Co]l = [Ch]]  [[C=]

Listing 4.3: Inner translation function [[-]|: tasks and elements composition.

As an example, the function corresponding to a start event (lines 1-2 in
Listing 4.2) checks if the spurious edge of the event is marked; in the negative
case it returns false, because the condition o(ey) > 0 of the semantic rule
is not satisfied and hence the rule is not applicable, otherwise the function
moves one token from the spurious edge to the outgoing edge and returns
true.

1 [[eventBased(id,e”, {(p1, msg(Type; paramy,..., Type, param,),p2,€),

2 ..., (p3, msg’(Type] parami,..., Type|parami ), ps, e )})]=

3 private boolean id() {

4 if (e” > 0) {

5 e”**;

6 status_msg = Status.ENABLED; enabledMessages++; emit
— MessageEvent (p1, p2,msqg) ;

7 e

8 status_msg’ = Status.ENABLED; enabledMessages++; emit
— MessageEvent (p3, p4,msg’ ) ;

9 return true;

10 } else return false;

11 }

12 public void msg(Type; parami, ..., Type, param,) {

13 if (status_msg == MsgStatus.ENABLED

14 && msg.sender==pj) {

15 payload_msg_param; = parami; ...; payload_msg_param, =
< paramy;

16 status_msg = MsgStatus.DISABLED; enabledMessages——;
— ...; status_msg’ = MsgStatus.DISABLED;
— enabledMessages——;

17 et++;

18 execute () ;

19 bl

20 e

21 public void msg’ (Type}j param), ..., Type} param)) {

22 if (status_msg == MsgStatus.ENABLED && msg.sender==p3) {

23 payload_msg’_paramj = param}; ... payload_msg’_paramj =
— paramj,;

24 status_msg’ = MsgStatus.DISABLED; enabledMessages——;

25 e

26 status_msg = MsgStatus.DISABLED; enabledMessages—-—;

27 e’ ++;

28 execute () ;

29 bl

Listing 4.4: Event based gateway translation.
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The most interesting case of the translation definition is one of the task el-
ements (lines 1-18 in Listing 4.3), which generates two functions. The private
function (lines 2-9), if the incoming edge is marked, consumes the incoming
token, enables the exchange of the message, and notifies the involved parties
by emitting an event (which contains the same information as the transition
label produced by the Task rule). The public function (lines 10-17), instead,
is invoked by the sending party to send the message, whose payload is stored
in the contract variables representing the message state function ~y (line 12).
Then, the message is disabled, the outgoing edge is marked, and the choreog-
raphy instance execution is resumed. Notably, the message function can be
successfully executed only if it is invoked by the expected sending party and
if the message exchange for that specific type of message is enabled (line 11).
Finally, the translation of the composition of elements (i.e., C|Cy) is simply
rendered as the juxtaposition of the functions resulting from the translations
of the composition arguments (line 19). The pseudocode resulting from the
translation of the X-ray exam choreography is available as a text file in our
artifacts repository [77].

4.4 FEvaluation

In this section, we report the evaluation of our translation approach presented
in Sec. 4.3. Following the approach, we implemented the smart contracts of
the X-ray exam BPMN choreography described in Sec. 4.1.

To demonstrate the proposed translation approach, we choose two dif-
ferent blockchain platforms, Algorand and Polygon. These platforms were
selected because they follow very different models. Algorand uses a Pure
Proof-of-Stake consensus and Algorand python as smart contract language.
Polygon, on the other hand, is EVM-compatible, uses Solidity as smart con-
tract language.

function startl () private returns (bool) {
if (e0 > 0) {
el0-—;
el++;

return true;
}
return false;
}
function takeAppointment () private returns (bool) ({
if (el > 0) {
el-—;
status_appointment = Status.ENABLED;
enabledMessages++;
emit MessageEnabled ("patient", "radiology",
"appointment") ;

© oo ~ =] wt - W [ -

[ T o T =S
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15 return true;

16 }

17 return false;

18 }

19 function xorl () private returns (bool) {
20 if (e2 > 0) {

21 e2——;

22 e3++;

23 return true;

24 } else if (e6 > 0) {
25 e6——;

26 e3++;

27 return true;

28 }

29 return false;

30 }

Listing 4.5: Solidity smart contract code (an excerpt)

By providing the implementations of both platforms, we show that our plat-
form agnostic translation approach can handle different programming mod-
els, execution rules, and platform-specific constraints. Partial code examples
for both platforms are provided in Listing 4.5 (Solidity) and Listing 4.6 (Al-
gorand Python). These functions represent the translated implementation
of the initial choreography elements. Presenting the same functions in two
different programming languages illustrate the modularity of the translation
approach. Specifically, it demonstrates that each choreography element can
be independently translated while preserving its semantics, in line with a
modular design. This reinforces the claim that the translation framework
supports consistent and language-independent mappings. These examples
serve as a reference to verify the translation approach. The full source code
of the implemented smart contracts is available together with the execution
logs at [77].

1 def startl():

2 return Seq(

3 If (app.state.el.get () > Int (0)).Then(

4 Seq (

5 app.state.el.set (Int (0)),

6 app.state.el.set (app.state.el.get () + Int (1)),
7 Int (1)

8 )

9 ) .Else(

10 Int (0)

11 )

12 )

13 @Subroutine (TealType.uinto64)

14 def take_appointment () :

15 return Seq(

16 If (app.state.el.get () > Int (0)) .Then/(
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17 Seq (
18 App.globalPut (Bytes ("Message"),
Bytes ("Patient ’'radiology’: appointment")),
19 app.state.el.set (app.state.el.get () — Int(l)),
20 app.state.status_appointment.set (Int (1)),
21 app.state.enabled_messages.set (
22 app.state.enabled_messages.get () + Int(l)),
23 Int (1)
24 )
25 ) .Else(
26 Int (0)
27 )

28 )
29 @Subroutine (TealType.uint64)
30 def xorl():

31 return Seqg(

32 If (app.state.e2.get () > Int (0)) .Then/

33 Seq (

34 app.state.e2.set (app.state.e2.get () - Int(l)),
35 app.state.e3.set (app.state.e3.get () + Int(l)),
36 Int (1)

37 )

38 ) .Elself (app.state.eb6.get () > Int(0)).Then/(

39 Seq (

40 app.state.e6.set (app.state.e6.get () — Int(l)),
41 app.state.e3.set (app.state.e3.get () + Int(l)),
42 Int (1)

43 )

44 ) .Else (

45 Int (0)

46 )
47 )

Listing 4.6: Algorand python smart contract code (an excerpt)

The translation approach focuses on preserving the semantics of the origi-
nal contract while adapting it to the target platform’s execution model. This
process involves carefully mapping the logic of stateful and stateless opera-
tions, handling platform-specific constraints, and ensuring that the resulting
contract maintains functional equivalence. By examining the provided list-
ings, readers can observe how platform-specific constructs are translated,
how core business logic is preserved, and how subtle differences in execution
environments are managed. Overall, this demonstrates not only the feasi-
bility of the translation approach but also its practical applicability across
heterogeneous blockchain ecosystems.
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4.4.1 Experiments and performance analysis.

For each considered platform, we deployed the X-ray smart contract on a
public testnet and executed relevant paths. The choreography execution can
be described through four distinct paths based on the values assigned to
the variables accepted and registration, influencing the decision points (i.e.,
XOR gateways). In the first path, the choreography is executed with both
accepted and registration set to true. In the second path, accepted is set
to true, while registration is false. The third path has two iterations of
the loop, where accepted is initially set to false and then changed to true,
while registration remains true. Finally, in the fourth path, the choreography
undergoes two loop iterations but terminates with registration set to false.

The execution performances of each path were analyzed in terms of gas
used for Polygon and cost for Algorand, compared then with the fiat currency.
Regarding the performed experiments, the first path refers to the execution
of the choreography with a value of true in both the accepted and registration
choices!. In the second path instead the choreography was executed with the
value of true in the accepted choice and false in the registration one?. 3. The
third path includes a loop related to the double execution of the accepted
choice (false, true) while the registration is kept true*. Finally, the last path
was executed with the initial loop in the accepted choice (false, true) but
with the termination of the choreography in the registration false®.

4.4.2 Polygon Experiments

The first experiments were made on the Solidity implementation of the smart
contract using the Polygon Amoy testnet. For each executed path, we analyze
the performance in terms of units of gas used for the deployment, execution,

Polygon log available at https://amoy.polygonscan.com/address/
0x9f5c6370441c9017bd238ad6e92a8£42189ce709

2Algorand log available at https://lora.algokit.io/testnet/
application/723197355

3Polygon log available at https://amoy.polygonscan.com/address/
0xAbeAF334b0b67878Ce704E777F 7adeeb3F7270A2
Algorand log available at https://lora.algokit.io/testnet/application/
723197874

4Polygon log available at https://amoy.polygonscan.com/address/
0x3a3017E1456A846699a67f16E92eE6E57e52f£577.
Algorand log available at https://lora.algokit.io/testnet/application/
723198066

5Polygon log available at https://amoy.polygonscan.com/address/
O0x1718EBSF03047366F80c857C1E53ab04722cAhAell.
Algorand log available at https://lora.algokit.io/testnet/application/
723198366


https://amoy.polygonscan.com/address/0x9f5c6370441c9017bd238ad6e92a8f42189ce709
https://amoy.polygonscan.com/address/0x9f5c6370441c9017bd238ad6e92a8f42189ce709
https://lora.algokit.io/testnet/application/723197355
https://lora.algokit.io/testnet/application/723197355
https://amoy.polygonscan.com/address/0xAbeAF334b0b67878Ce704E777F7adeeb3F7270A2
https://amoy.polygonscan.com/address/0xAbeAF334b0b67878Ce704E777F7adeeb3F7270A2
https://lora.algokit.io/testnet/application/723197874
https://lora.algokit.io/testnet/application/723197874
https://amoy.polygonscan.com/address/0x3a3017E1456A846699a67f16E92eE6E57e52f577
https://amoy.polygonscan.com/address/0x3a3017E1456A846699a67f16E92eE6E57e52f577
https://lora.algokit.io/testnet/application/723198066
https://lora.algokit.io/testnet/application/723198066
https://amoy.polygonscan.com/address/0x1718EB5F03047366F80c857C1E53ab04722cAe11
https://amoy.polygonscan.com/address/0x1718EB5F03047366F80c857C1E53ab04722cAe11
https://lora.algokit.io/testnet/application/723198366
https://lora.algokit.io/testnet/application/723198366
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and the total sum. The log of the executed smart contracts are available at

77]°.

Path Deploy-cost Execution-cost Total-cost
(units of gas) (units of gas) (units of gas)
1 3,131,321 1,059,408 4,190,729
2 3,131,321 816,986 3,948,307
3 3,131,321 1,204,517 4,335,838
4 3,131,321 962,095 4,093,416

Table 4.4: Gas used for the execution on Polygon.

The results of the experiments are summarized in Table 4.4, all the de-
ployments consumed 3,131,321 units of gas as the smart contract logic re-
mains the same for all the cases. The execution cost instead, depends on
the followed path as demonstrated by the resulting performance. Indeed, the
lowest amount of gas used is 816,986 and corresponds to the shortest path
where there is no loop and the choreography terminates on the registration
task. On the contrary, the highest amount of gas used is 1,204,517 and it
corresponds to the execution of the choreography with the first performed
loop and the termination on the longest path. Of course, the other paths
that perform more iterations of the loop have an increasing cost (i.e., 145,109
units of gas per iteration).

4.4.3 Algorand Experiments

The results of Algorand experiments are reported in Table 4.5. In this case, it
is worth noticing that Algorand has a fixed transaction fee of 0.001 ALGO for
every transaction, regardless of the type. This leads to the deployment costs
of 0.001 ALGO for each path, and the execution only depending on the num-
ber of executed messages. Indeed, the lowest execution cost is 0.009 ALGO,
corresponding to the shortest path without any loop in the choreography.
The highest cost is 0.013 ALGO refers to the longest execution path
with the initial loop and the termination on the last task. (1 start and
12 messages). Algorand has a fixed transaction fee for every transaction,
regardless of the type of transaction. The fee is paid only if transaction
is included in the block. Algorand has also a notion of minimum balance
requirement, which acts like a deposit to rent a space on the blockchain.
As the amount of data stored increases, opting into application or ASA,

5The complete transaction logs for the smart contracts are
available at shttps://lora.algokit.io/testnet/account/
GDMVSGQMZKUDMIJ54RCMBGSW7YK6N53QYBS74UC3MIGT7EBRAVKEUAOHIE


https://lora.algokit.io/testnet/account/GDMVSGQMZKUDMIJ54RCMBGSW7YK6N53QYBS74UC3MIGT7EBR4VKEUAOHIE
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Path Deploy-cost Execution-cost Total-cost
(ALGO) (ALGO) (ALGO)
1 0.001 0.011 0.012
2 0.001 0.009 0.010
3 0.001 0.013 0.014
4 0.001 0.011 0.012

Table 4.5: Execution costs for different workflow paths on Algorand.

storing data in boxes the minimum balance requirement of associated account
increases [7]. The minimal fee prevents spam and remains low enough to allow
everyday use, aligning with algorand’s high efficiency and scalability. Further
it compensates network validators for their work in confirming transactions.

4.4.4 Polygon vs Algorand comparison

To provide an evaluation of the feasibility of the proposed approach, we
report here the comparison between the two implemented translations and
executed paths. Table 4.6 shows the costs in terms of cryptocurrency and
fiat currency for the Polygon and Algorand blockchains.

Path Polygon Algorand
POL USD ALGO USD
1 0.121784 0.0490 0.012 0.0015
2 0.120777 0.0485 0.010 0.0012
3 0.132792 0.0534 0.014 0.0017
4 0.125395 0.0504 0.012 0.0015

Table 4.6: Comparison of costs for Polygon and Algorand executions.

Considering Polygon, the execution of the four paths costs an average of
0.125187 POL corresponding to 0.0504 USD (according to the exchange value
at the time of writing). For Algorand instead, the average cost is 0.001475
ALGO corresponding to 0.000179 USD.

These results highlight the feasibility of the implemented choreography
transformation, as the smart contracts deployed and executed exhibit strong
performance. It is important to consider that the chosen blockchain plat-
form determines the execution costs, which can vary significantly from one
platform to another. For example, using Ethereum could increase the costs.
However, this variance is independent of the proposed approach and can be
mitigated by selecting the appropriate platform. Another important factor is
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the size of the choreography, which directly affects the size of the implemented
smart contract. As the number of elements in the choreography increases,
the size of the smart contract linearly grows, leading to higher costs. How-
ever, given the obtained results, small increases in the choreography model
size are likely not to result in significant variations in the performance of the
smart contract. Anyway, in practice, large increases in the choreography size
are not frequent and the considered case study is part of the average cases
[26].

It is worth mentioning that the works reported above mainly focus on
aspects related to the generation of smart contract, but it also support the
whole life-cycle of choreographies to pseudocode, intermediate representation
and finally smart contract.



CHAPTER 5

‘_SUPPORTING RUN-TIME
FLEXIBILITY

This chapter of the thesis presents the controlled runtime adaptation execu-
tion framework for business process execution, achieving the second objective
of this research.

"To design and implement controlled runtime adaptation of
blockchain-based business processes using Algorand’s update capa-
bilities."

This chapter focuses on enabling controlled and flexible execution of busi-
ness processes on the Algorand blockchain, leveraging its native update mech-
anisms to support dynamic adaptation during runtime without compromising
process integrity or security.

The advent of blockchain has enabled the creation of novel decentralized
applications where participants have trust and accountability needs. Among
the various domains, inter-organizational business processes have found in
blockchain a proper solution to create technical infrastructures supporting
process execution in decentralized and untrusted environments [85]. By en-
coding business logic into smart contracts, the latter enforce the proper exe-
cution of the process behavior, automatically executing constraints and ad-
vancing the state of the process. Blockchain immutability and transparency
also play a crucial role, as they allow for keeping a secure and accessible track
of past business interactions [23, 24].

Over the years, different approaches have emerged to leverage blockchain
for process automation and coordination, typically relying on Ethereum-
based platforms [108, 39]. Such solutions specify inter-organizational interac-
tions employing the Business Process Model and Notation (BPMN) standard
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[91], which has been established over the years as a dominant solution both
in industry and academia. In particular, BPMN choreographies allow for
modeling inter-organizational interactions, specifying only the message ex-
change between participants without exposing their internal behavior. In
this context, blockchain serves as a target technology, encoding the choreog-
raphy and its interactions, supporting their distributed execution at runtime
[35, 29].

While the adoption of blockchain has enabled a concrete and trustworthy
enactment of choreographies, it has also led to several challenges, among
which flexibility is a significant one. When modeling business interactions in
terms of a choreography, not all scenarios can be foreseen. Thus, it is crucial
to deal with possible factors that can affect a process at runtime, which may
lead to the introduction of changes in the initially designed choreography
model and, hence, the consequent update of the underlying implementation
[31]. This ability to react to unforeseen scenarios is called adaptation [102].

However, in the context of blockchain-based execution of choreographies,
flexibility remains a persistent and open challenge due to the native structure
of blockchain [108]. Indeed, the inherent immutability of blockchain typically
does not allow for direct updates to smart contract code once deployed, mak-
ing it difficult to deal with runtime changes. This requires dedicated solu-
tions, opening to new research directions. While updates can be implemented
through new smart contract deployments, these come with significant costs
and operational overhead, especially if adopting complex patterns [123]. Off-
chain solutions have been explored to address this limitation [32], but they
introduce their own set of challenges, including security risks and increased
complexity in integration.

On the other hand, these limitations can be overcome nowadays by ex-
ploiting blockchain architectures that introduce mechanisms for more flexi-
ble and adaptive execution |74]. In particular, Algorand [20] is a blockchain
platform that aims to address the ‘blockchain trilemma’, concerning the si-
multaneous satisfaction of the scalability, security, and decentralization chal-
lenges. Designed with a pure proof-of-stake consensus mechanism, Algorand
provides instant transaction finality, high throughput, and robust fork re-
sistance, which are key properties for enabling reliable, time-critical busi-
ness workflows. Traditional blockchain platforms, such as Ethereum, often
suffer from issues like unpredictable transaction fees and intricate upgrade
procedures, which can limit scalability and reduce the flexibility needed for
dynamic business process execution [127]. Instead, Algorand adopts a fixed,
low-fee model that provides predictability and cost efficiency for developers
and users alike. Furthermore, Algorand offers native features that facilitate
updates of smart contracts and storage elements, without the use of prox-
ies, enabling seamless and secure business process evolution and minimizing
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operational disruption [8]. These capabilities make Algorand particularly
well-suited for implementing flexible choreographies, where adaptability, re-
liability, and low overhead are critical.

Here, we present how Algorand’s design principles can be leveraged to
realize flexible and trusted execution of inter-organizational busi-
ness processes specified in terms of BPMN choreographies. To this
purpose, we encode BPMN choreographies as smart contracts, deployed and
executed on the Algorand blockchain. We show how the adaptation of a
choreography at runtime is reflected and enacted on the corresponding smart
contract. In fact, a choreography can be adapted to multiple perspectives
of the process, and each change leads to a specific update in the underlying
smart contract. By relying on the native Algorand update capabilities, we do
not need complex and gas-consuming patterns or operations to update the
underlying smart contract. In addition, using a native update mechanism
allowed us to define a lean approach to control the conditions enabling smart
contract updates, thus fostering the definition of update policies for regulat-
ing the choreography adaptation. Furthermore, the performance efficiency
of Algorand permits dealing with adaptation without incurring high costs.

5.1 Algorand and BPMN Choreographies

Now, we introduce basic notions of the Algorand blockchain, focusing on its
peculiarities and technical features. We then describe BPMN choreography
diagrams and their elements via a simple example.

5.1.1 Algorand Key Features

Algorand is a decentralized, permissionless blockchain platform designed for
scalability, security, and true decentralization [53, 20|]. Different to other
blockchain technologies such as Ethereum-based ones, it introduces several
novelties both at the protocol and implementation layers. As a consensus
mechanism, Algorand relies on a Pure Proof-of-Stake (PPoS) protocol, which
randomly selects a committee of users to propose and validate blocks depend-
ing on their stake amount in the network. This approach ensures fast finality,
low latency, and resistance to forks while maintaining decentralization.

Algorand supports smart contracts (also referred to as applications)
through the Algorand Virtual Machine (AVM). Developers can write smart
contracts using Transaction Execution Approval Language (TEAL), a lan-
guage optimized for safety and performance. To simplify development,
Algorand also offers Python-based languages, i.e., PyTEAL and Algorand
Python. In this work, we use the latter one.
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Another key difference with respect to other platforms is the Algorand
storage model, which includes three different types of storage presented in Ta-
ble 5.1: Local storage, Global storage, and Box storage. Specifically, the local
storage is suited for storing user-specific data, the global storage for shared
data accessible by all users, and the box storage for application-specific data.
In this work, we mainly rely on the global storage, as it provides a persistent
on-chain storage that serves as shared memory among business participants
to keep exchanged information.

Storage Size Funding Account
Local Storage 2 KB User account

Box Storage 32 KB Application account
Global Storage 8 KB Creator account

Table 5.1: Algorand Storage Capacities and Funding Accounts.

More specifically, the global storage in Algorand is a key-value store di-
rectly associated with a smart contract application. Each application can
store up to 64 key-value pairs, with each pair having a combined maximum
size of 128 bytes (key + value < 128 bytes), and a total storage limit of 8
KB shared across all pairs. Technically, this storage is maintained as part
of the application’s on-chain state, where keys are stored as byte slices and
values can be either byte slices or uint64 integers.

Storage Read Write Delete

Local Storage  local Get local_ Put local_ Del

Global Storage global_ Get global_ Put globalDel

Box Storage box FEaxtract, box Put, boxr_Del
box Get box_replace

Table 5.2: Algorand Storage Read, Write, and Delete Operations.

To modify global storage in a smart contract, developers must use the
appropriate methods within the contract code. Table 5.2 presents the oveview
of the methods that can be used to modify the storage on Algorand. Global
state can be managed using two approaches:

e Implicit declaration (self.var = UInte4 (1)): This method directly as-
signs a typed value to the variable, offering concise syntax. It provides
limited control over state behavior and obscures the underlying storage
mechanism.

e FEuplicit declaration (self.var = GlobalState (UInt64(1))): This ap-
proach clearly defines the variable as part of the global state. It uses
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.value for access and modification, and provides a richer API and sup-
port for explicit deletions.

Both approaches use the same TEAL opcodes and incur identical minimum
balance requirements. However, the explicit method is preferred for clarity,
better error handling, and maintainability.

5.1.2 BPMN Choreographies: Running Example

The BPMN standard provides the choreography diagram [91, Ch. 11| as an
intuitive and graphical means to describe the interactions that should occur
among the multiple participants of a distributed scenario. We illustrate some
key elements of this kind of diagram by resorting to the choreography model
in Fig. 5.1. We use this simple model throughout the Chapter as a running
example.

msg2(y)

msg1(x)
A end1
<::::>———> Task 1
start1 B

end2

Figure 5.1: Running example: original choreography.

The starting point of the choreography is represented by the start event
(start1), which is drawn as a circle with an outgoing edge. As in any workflow
diagram, edges are used to specify the execution flow by connecting chore-
ography elements. Although edge names typically are not visualized in the
graphical representation of the diagram, these names are always included in
the underlying XML file produced by BPMN modelers; to improve the pa-
per’s readability, we reported edge names (using the gray color) in the model
in Fig. 5.1.

The start event is connected by edge el to a choreography task element,
which describes a message exchange between two participants involved in the
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choreography. The task is represented as rectangles divided into three bands:
the central one contains the task’s name (Task 1), the white band refers to the
initiator participant (A), and the grey one refers to the recipient participant
(B). The exchanged message, of type msg1, is graphically represented by a
white envelope. Its payload is formed by a single field (x), whose actual
content will be used subsequently in the choreography execution to make a
choice.

The execution flow of the choreography is controlled by using gateways.
Gateways act as either split nodes (forking into outgoing edges) or join nodes
(merging incoming edges). In the example model, Task 1 is connected by e2
to the exclusive (XOR) gateway xor1. This is drawn with a diamond marked
with the x symbol and represents a conditional choice based on the value
previously exchanged via message msg1. More specifically, this is a XOR-
split gateway defining two execution branches to be selected on the basis of
the conditions labelling the outgoing edges (i.e., €3 is selected if the value
of the field x is greater than 0, otherwise €5 is selected); when executed, the
gateway activates exactly one outgoing edge.

If x>0, the choreography execution continues with Task 2, which allows
the participant B to reply to the participant A with a message of type msg2.
After this message exchange, the choreography terminates by means of an end
event (end1), which is drawn as a circle with an incoming edge and denotes
an ending point of the choreography. If instead x<=0, the choreography
execution directly terminates by means of the end2 event.

Real-world distributed processes are rarely static; instead, they evolve due
to changes in business requirements, regulatory constraints, or partnership
agreements. Therefore, BPMN choreography models must support adapta-
tion, allowing modifications to interaction logic while preserving the overall
correctness and interpretability of the workflow. Adaptation typically affects
the structure of the choreography, such as refining gateway conditions, intro-
ducing additional interaction tasks, or including new participants to reflect
operational changes.

We illustrate this concept by adapting our running example, resulting in
the updated choreography model shown in Fig. 5.2. This revised model in-
corporates several structural and logical changes to enhance the interaction
flow. A notable change is the introduction of a new participant, C, who is
involved in a subsequent interaction. The choreography still begins with the
start event start1, followed by the initial message exchange Task 1 where par-
ticipant A sends message msg1(x) to participant B. However, the conditional
logic immediately following this task has been refined. The exclusive (XOR)
gateway now evaluates the condition on the payload x differently: edge e3
is taken if x >= 5, leading to a new choreography task, Task 2. In this task,
participant B initiates a new message msg4(k) to participant A, indicating an
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msg4(k)
msg1(x) B
>=
: xEe Task 2 —»O
A A end1

Task 1
xor1
AT a0
B
start1 B
eb6
Task 3
x<5

C end2

msg3(z)

Figure 5.2: Running example: updated choreography.

extended interaction pattern not present in the original model.

Furthermore, the adaptation introduces additional changes, specifically
msg3(z) and Task 3. If the condition x >= 5 is not met, the flow proceeds along
edge e5 (labeled x < 5) and concludes at end2. This refined gateway logic
and the introduction of a new task and termination points demonstrate how
a choreography can be adapted to handle more complex business scenarios,
incorporate feedback loops, or comply with new procedural rules, all while
maintaining a clear and executable workflow structure.

Adaptation may also involve adding new parallel branches to incorporate
supporting procedures. For example, before executing Task 2, both partici-
pant A and a newly introduced C could be required to provide confirmation
messages. This modification would replace the simple XOR decision path
with a combination of conditional and parallel gateways, increasing collabo-
ration and validation layers in the process.
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5.2 Flexible Execution of Choreographies on
Algorand

In this section we show the general idea of how BPMN choreographies can be
executed on the Algorand blockchain considering flexibility needs. We start
by describing the main components and then we focus on the adaptation of
choreographies and the different kind of changes that can be applied.

Original choreography Updated choreography
Update | 2 i g
o= {:
Translate Translate
Global Updated
storage /oo > global
storage
Smart contract v.1 Smart contract v.2

Algorand blockchain

Figure 5.3: Approach to flexible choreography execution: Key phases and
components.

Figure 5.3 depicts an overview of the different phases supporting the de-
ployment and update of choreographies. During the deployment, a BPMN
choreography model is created and translated into blockchain artifacts. In
particular, a choreography translates into a smart contract, containing the
logic of the interactions to be executed. Additionally, the Algorand global
storage is instantiated, containing all relevant information to be stored in a
permanent manner, such as data exchanged through choreography messages.
At this point, the smart contract can be executed by interested parties send-
ing data according to the deployed logic. During the execution, a choreog-
raphy may need to adapt to certain changes in the business scenario or the
general context. To manage such flexibility need, an update is performed
on the choreography model, by applying changes to elements such as tasks,
messages or participants. This leads to an update of its smart contract im-
plementation, as the choreography is translated into a new version of the
smart contract, which is deployed in the blockchain and replaces the existing
one. In addition to the smart contract logic, it is also possible to update



CHAPTER 5. FLEXIBILITY APPROACH 73

the global storage by operating on the relative information (e.g., adding or
removing storage variables).

5.2.1 Runtime Adaptation of Choreographies

To ensure a flexible execution of choreographies, the update phase is crucial
as it consists of the choreography and its underlying implementation. For
this reason, here we focus on the high-level changes that can be applied to the
choreography specification and used to derive the new version of the smart
contract.

Choreography changes. When adapting a choreography at runtime, sev-
eral changes can be made to the BPMN model categorized into different types
[102, 74]. In this work, we focus on the below operations.

o Addition
e Deletion

e Modification

as they represent atomic types of changes that can be applied to a choreog-
raphy and that directly reflect on the smart contract and the global storage.
These operations can affect the various BPMN choreography elements in-
troduced in Section 5.1, specifically by adding, removing, and modifying
(a) tasks, (b) messages, (c) participants, (d) control flow elements, and
(e) events.

More specifically, the changes in the adapted model are as follows (mod-
ified elements are highlighted in red color, while added ones are in blue):
(i) the XOR conditions are modified; (ii) message msg2 is replaced by msg4;
(iii) Task 3, exchanging message msg3, is added; (iv) edge e6, connecting Task
3 to end2, is added. It is worth noticing that the shown types of changes
in Fig 5.4 represent base operations that can be combined or integrated to
derive more complex patterns. For example, choreography elements can be
moved, swapped, or replaced. Anyway, thanks to their compositional nature,
these patterns do not pose any additional issue concerning the update of the
underlying smart contract and global storage.

Controlling adaptation. While updating BPMN choreographies at run-
time allows for dynamic adaptation to evolving requirements, some restric-
tions could be necessary. To this purpose, update policies can be adopted to
regulate and constrain changes to the choreography.

A first possibility is the enablement or disablement of changes. In certain
contexts, it may be desirable to disable updates for a certain period once the
choreography is deployed. For instance, changes may be allowed only during
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Figure 5.4: Updated choreography with new added task and conditions.

specific reconfiguration periods or under defined conditions, such as when a
quorum among participants is reached. Furthermore, a limited number of
updates can be allowed for a given choreography; once this limit is reached
all update requests will be denied. Another important aspect refers to par-
ticipant permissions. Not all entities involved in the choreography should
necessarily possess the authority to modify its structure. Policies can be
used to assign update rights only to authorized participants, such as process
owners. In addition, policies can be used to define element-specific restric-
tions. To safeguard essential parts of the process logic, certain elements may
be declared immutable, or some elements act as a commit action that disables
the update capability.

These various types of policies can be embedded in the smart contract
layer associated with the choreography model. In this way, they will be a
publicly visible part of the contract. By doing so, the execution infrastruc-
ture can automatically enforce the specified constraints, thereby mitigating
the risk of undesired operations. The effectiveness and robustness of this
controlled form of update strongly rely on the native update mechanisms of
Algorand.
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5.3 Implementation of the approach

Here, we present the implementation of our proposal according to the differ-
ent phases described in Section 5.2. We start by describing how an Algorand
smart contract implements a BPMN choreography, then showing how it re-
flects runtime updates.

5.3.1 Choreography smart contract deployment

The first phase consists of the deployment of the Algorand smart contract
encoding the logic of the BPMN choreography model. To this purpose, the
smart contract is derived through a translation of the choreography model
into smart contract code. As a translation mechanism, in this work we rely
on the general approach presented in [80] Chapter 4 . We recall that, this is
a modular translation, in the sense that the structure of the generated smart
contract follows the structure of the choreography from which it originates,
thus ensuring a one-to-one correspondence between BPMN choreography el-
ements and smart contract functions. The translation is defined by induction
on the syntax of choreographies and transforms each element of the BPMN
choreography model into a corresponding function of the smart contract that
faithfully implements the element’s semantics. The general structure of the
smart contract is composed of several functions related to: state initializa-
tion, message execution, control flow execution, and contract update. In the
following, we show the main parts of the smart contract, focusing on the
variables and functions affected by the successive update.

Listing 5.1 shows the init and create methods used to initialize the
global storage of the smart contract. This state contains several vari-
ables. The admin variable (line 3) represents a privileged account used
to manage sensitive operations such as updates or administrative controls
in an Algorand smart contract. It is typically declared as self.admin
= GlobalState (Account), storing the authorized address directly in the
global storage. This variable can be initialized at deployment using
self.admin.value = Txn.sender(line 23), or assigned to a specific address
with self.admin.value = Account ("ADDRESS"). Access control is then en-
forced in the other methods through checks like assert Txn.sender ==
self.admin.value. Variables party_a and party b (lines 4-5) store the
addresses of the two choreography participants, i.e. A and B, respectively.
The subsequent list of variables (lines 10-15) represents the marking of the
edges el, ..., e5 connecting the BPMN elements of the choreography (no-
tably, e0 represents a spurious edge for denoting the enabled /disabled status
of the start event). The values of these variables represent the choreogra-
phy marking, which drives the execution flow. Message-specific variables
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1 def  init (self) —> None:

2 # Account variables

3 self .admin = GlobalState (Account)

4 self .party a=GlobalState

5 (Account ("ZLVEALW2YM. . .... EDRRXIUY2TVWBUDLA"))

6 self .party b = GlobalState

7 (Account ("6WHEXXVYMB7. .. .. WB3VKJWJLRITZBTIY"))

8

9 # Edge marking variables

self . e0 = GlobalState (Ulnt64 (
self .el = GlobalState (Ulnt64 (
self.e2 GlobalState (UInt64 (
self.e3 GlobalState (Ulnt64 (
( (
( (

=
=]

-
[

Jun
w

self.e4 = GlobalState (UInt64
self .eb = GlobalState (Ulnt64

==
[SLE

0))
0))
0))
0))
0))
0))

fun
(=]

17 # Message-specific variables

18 self .msgl payload x = GlobalState (UInt64(0))

19 self .msg2 payload y = GlobalState (UInt64(0))

20

21 # Locking variable

22 self.locked = GlobalState (UInt64(0)) # 0 = unlocked, 1 =
locked

23

24 def create(self) — None:

25 self.admin. value = Txn.sender
26 self .e0.value = Ulnt64 (1)
27 self.locked.value = Ulnt64 (0)

Listing 5.1: Initialization of global state for the choreography contract.

(lines 18-19) keep track of the exchanged message data. The 1ocked variable
(line 22) is used to lock the smart contract methods (by means of assertion
assert self.locked.value == UInté4 (0) that causes method calls to fail)
until the global storage is correctly updated. This variable acts as a safety
switch: when it is set to false (i.e., value 0), the contract runs normally,
instead, during updates it is set to true (i.e., value 1) to block all external
activities, preventing inconsistencies; after the global storage updates, it is
reset to false to resume execution safely. More details on the update proce-
dure are provided in Section 5.3.2. Finally, the create method (lines 24-27)
initializes the admin variable (line 25) and starts the process execution at
the app creation time by placing one token on the edge e0 (line 26).

Listing 5.2 shows how the logic of a BPMN choreography model is ren-
dered in terms of Algorand Python smart contract methods. In fact, the
translation approach we rely on maps each choreography element (i.e., event,
gateway, or task) into a method. Specifically, the reported code refers to the
methods corresponding to the first three elements of the running example
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@subroutine

1

2 def startl(self) — Ulnt64:

3 if self.e0.value = Ulnt64(1):

4 self.e0.value —= Ulnt64 (1)

5 self.el.value += Ulnt64(1)

6 return Ulnt64 (1)

7 return Ulnt64 (0)

8

o @arc4.abimethod

10 def taskl(self, msgl param x: Ulnt64) —> None:

1 assert self.locked.value =— UlInt64(0), "Contract is
locked"

12 assert self.el.value > Ulnt64(0), "Task 1 not active."

13 assert Txn.sender — self.party a.value, "Only A can
send msgl"

14 self.el.value — Ulnt64 (1)

15 self .msgl payload x.value = msgl param x

16 self.e2.value += Ulnt64(1)

17 self . execute ()

18
19 @subroutine
20 def xorl(self) — Ulnt64:

21 if self.e2.value > Ulnt64(0):

22 self.e2.value —= Ulnt64 (1)

23 if self.msgl payload x.value > Ulnt64(0):
24 self.e3.value += Ulnt64 (1)

25 else:

26 self .e5.value += Ulnt64 (1)

27 return Ulnt64 (1)

28 return Ulnt64(0)

Listing 5.2: Contract methods corresponding to BPMN choreography
elements (an excerpt).

model, i.e., the event start1, the task Task 1, and the XOR-split gateway
xor1; the other elements are translated in a similar way. The method corre-
sponding to the start event start1 (lines 1-7) checks if the spurious edge of
the event (i.e., e0) is marked; in the negative case it returns false (i.e., value
0), because the condition that triggers the element execution is not satisfied,
otherwise the method moves one token from the spurious edge to the out-
going edge (i.e., e1) and returns true (i.e., value 1). Notably, @subroutine
are methods to encapsulate internal logic, where no user interaction is ad-
mitted. These functions are not publicly exposed and can only be called
internally by the contract. In contrast, for tasks involving user interaction,
we defined @arc4.abimethod methods, which serve as the public, externally
callable interface of the smart contract.

The method corresponding to the task Task 1 (lines 9-17) allows an ex-
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ternal user to exchange the message msg1; this is indeed a directly callable
method (see annotation @arc4.abimethod). The method accepts as input
the payload to be sent, which is then stored inside the global storage in the
variable self.msgl_payload_x (line 15). Before executing the method, three
checks are performed: (i) the contract must be unlocked (line 11); (ii) the
task must be enabled according to the control flow of the choreography (i.e.,
the edge el must be marked) (line 12); (iii) the caller account must cor-
responds to participant A (line 13). If all checks are positive, the method
consumes the incoming token (line 14), stores the input data in the global
variable (line 15), marks the outgoing edge to advance the control flow (line
16), and resumes the choreography execution (line 17). Finally, the method
corresponding to the XOR-split gateway xor1 (lines 19-28) checks if the gate-
way is enabled (i.e., the incoming edge €2 is marked); in the negative case
it returns false, otherwise it executes the logic of the gateway and returns
true. The gateway logic consists of consuming the incoming token (line 22)
and checking the condition x>0 (line 23), on the basis of which one of the
outgoing edges is marked (line 24 or line 26).

The execution of the choreography is carried out by the execute ()
method, which has the same code for any choreography (i.e., it is chore-
ography agnostic). This is the public method that one has to invoke to
activate the choreography once the smart contract has been deployed in the
blockchain. It iteratively executes one choreography element method at a
time until one element is successfully executed (denoted by the return value
true); in our running example, the invoked methods are start1 (), xorl (),
endl (), and end2 (). Notably, methods task1() and task2() are not in-
voked by execute (), because they have to be called by external users. If
all elements of the choreography cannot be executed, the instance execution
stops. In case there are enabled tasks, the execution is suspended and will be
resumed when the waited message is delivered (see the call execute () as the
last instruction of a task method’s body). The complete code of the running
example choreography is available in an online public repository [76].

Once the Algorand Python smart contract is derived from the choreog-
raphy model, it has to be compiled to obtain the corresponding TEAL files,
containing the approval and clear programs. Finally, these files can be de-
ployed in the Algorand blockchain, creating an Algorand application, via the
following command:

algokit goal app create
—-—Ccreator
XYWE34VCZTEGZJI5PBTGN44PT75ZGUG7T2COJFAYUGI3TUHWSJ7TNSYI3ZE
——approval-prog original_running example.approval.teal
—-—clear-prog original_running_ example.clear.teal
—-—global-byteslices 16 -—-global-ints 35 —--local-byteslices
8 —-local-ints 8 —--extra-pages 3
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It is worth noticing that the above command specifies the max-
imum number of byte slices that may be stored in the global/lo-
cal store (globalfbyteslices/localfbyteslices), the maximum num-
ber of integer values that may be stored in the global/local store
(global-ints/local-ints), and the additional program space for support-
ing larger TEAL programs (extra-pages). The specification of these limits
is necessary in order to provide enough space for future extensions of the
contract and related stores. However, after the application creation, such
values are immutable.

Remark 1. When deploying the choreography’s smart contract, the admin
user must take into account the limits imposed by the Algorand platform on
the occupancy of the contract and the associated storage. In particular, the
user has to foresee how much additional space the contract and its variables
may require in the future, as these space limits cannot be modified later.
Notably, as shown in Section 5.3.2, variables unused in the updated contract
can be removed from the global storage, freeing the space they occupy.

5.3.2 Choreography smart contract update

The second implemented phase includes the update of the choreography
smart contract due to an adaptation of the choreography model. This is
achieved by translating the adapted BPMN model into a new version of the
choreography smart contract and then updating it in the blockchain.

To this purpose, we rely on the adapted choreography model illustrated
in Fig. 5.2. While the translation of the choreography’s logic follows the
approach previously described, its update is managed by means of two ded-
icated methods: one for updating the smart contract code and checking
update rights, and another one for updating the global storage, initializing
new variables, or deleting old ones. Therefore, the update procedure requires
two separate method invocations.

Listing 5.3 shows the methods involved in the update. Differently from
the previous shown methods, update () (line 1) is a baremethod, i.e., a low-
level method for administrative operations that does not require data type
encoding. In particular, it handles the raw action Updateapplication. This
method contains all the checks required to manage permissions for update
and can trigger additional logic. In our running example, the update method
checks if the user performing the contract update is authorized (line 3). Here,
we assume that only the admin user can perform the update operation; of
course, such privilege could be granted to more than one user, on the basis
of the specific authorization policies required by the considered scenario.
In addition, the method locks the contract by setting the variable 1ocked
accordingly (line 4). This prevents executing any methods implementing the
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1 @baremethod (allow actions=["UpdateApplication"])

2 def update(self) — None:

3 assert Txn.sender =— self.admin.value, "Only admin can
update the contract"

1 self .locked.value = Ulnt64(1) # Lock the contract

5

6 @arc4.abimethod

7 def update global store(self) —> None:

8 assert Txn.sender =— self.admin.value, "Only admin can
update the global store"

9

10 # Added variables

1 self.e6.value = Ulnt64(0)

12 self .msg4 payload k.value = Ulnt64(0)

13 self .msg3 payload z.value = Ulnt64(0)

14 self .party c.value =
Account ("OWSIGW6NHIYM. ... ... 5TI3QBHDWIH775ZZLE")

15

16 # Removed variables

17 del self.msg2 payload y.value

18

19 self.locked.value = Ulnt64(0) # Unlock the contract

Listing 5.3: Methods managing the smart contract update.

logic of the updated choreography until the global storage is updated as well,
in order to avoid any inconsistency.

The admin user can perform the update of the smart contract by means
of the following command:

algokit goal app update
—app—id 1001
—from
XYWE34VCZTEGZJ5PBTGN4PT75ZGUGTT2COJFAYUGISTUHWSJ7INSYI3ZE
—approval—prog updated running example.approval.teal
———clear —prog updated running example.clear . teal

where 1001 is the identifier of the previously deployed Algorand application
(generated and returned by the create command). The update command
automatically invokes the update () method of the smart contract currently
deployed; if it executes successfully, the current contract code is replaced by
the new one.

The second method in Listing 5.3 (lines 6-19) permits updating the global
storage to include new variables (representing, e.g., the marking of edges or
the payload of exchanged messages) and/or delete variables no longer used
in the updated contract. Similarly to the update () method, it can be suc-
cessfully executed only by the admin user (line 8). The method performs
additional actions that depend on the specific changes applied to the chore-
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ography. In this example, it adds variables representing the new edge e6
(line 11), messages msg3 and msg4 (lines 12, 13), and participant C (line
14). Moreover, the method deletes the variable representing the removed
message msg2 (line 17). The variables that have to be added or removed can
be automatically determined by comparing the original smart contract and
the one generated from the choreography after it has been modified. Notably,
the replacement of msg2 into msg4 is achieved by deleting the former vari-
able and adding the latter. Finally, the method always unlocks the contract
(line 19).

Remark 2. Although, in principle, unused variables could be kept in the
global storage, we decided to delete them in order to free the memory space
they occupy. Indeed, we recall that the dimension of the global storage is
limited and fized once and for all at application creation time.

It is also worth noticing that all variables referred into the the two meth-
ods in Listing 5.3 must be declared in the init () method. This also applies
to deleted variables (msg2_payload_y in the example). Anyway, in case of
further updates, the variable deleted in this code could be omitted by sub-
sequent versions of the contract code.

Remark 3. It is worth noticing that we cannot perform the update of both
the smart contract and the global storage in a single step. Indeed, if the code
performing the update of the global storage (within update_global_store())
would be moved inside the update () method, it would not be executed when
the update of the smart contract is called by means of the algokit goal
app update command. This is because, the command executes the update ()
method of the currently deployed contract, i.e., the initial one, and not the
updated one.

5.3.3 Update Policies

The update mechanism of the smart contract can be governed through a
policy-based control mechanism. A simple policy is illustrated in Listing 5.4.

1 def _ init_ (self) -> None:

2 50 o

3 # Update policy

4 self.update_policy = GlobalState (UInt64(0)) # 0 = update
disabled, 1 = update enabled

6 def create(self) —> None:

7 o0 o

8 self.update_policy.value = UInt64 (1)

10 @arcéd.abimethod
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11 def taskl (self, msgl_param_x: UInt64) —> None:

13 self.update_policy.value = UInt64 (0) # Disable the update
14 self.execute ()

16 @baremethod(allow_actions=["UpdateApplication"])
17 def update(self) —-> None:

18 assert Txn.sender == self.admin.value, "Only admin can
update the contract"

19 assert self.update_policy.value == UInt64 (1), "Update is
disabled" # check the update policy

20 self.locked.value = UInt64d (1)

Listing 5.4: Update policy example.

The purpose of this policy is to disable the update capability of the chore-
ography once Task 1 has been executed. To achieve this, we rely on variable
update_policy that acts as a flag: a value of 0 disables updates, while a
value of 1 enables them. The variable is initialized to 1 at contract creation
(line 8), indicating that updates are initially allowed. The update capability
is disabled after the execution of Task 1 (line 13). The update () method (line
17) checks the value of update_policy (line 19); if updates are disabled, the
assertion fails, causing the transaction that invokes update () to fail. Other
simple update policies, based on the status of the choreography or the au-
thorization rights of the user requesting the update, can be implemented
similarly.

5.4 Cost Evaluation

To evaluate the feasibility of the proposed implementation, we present an
evaluation of the cost analysis of the executed scenarios on the Algorand
blockchain!, expressed in both cryptocurrency and fiat currency.

More specifically, we have considered different execution scenarios con-
cerning our running example. First, we executed the original choreography
depicted in Figure 5.1 (scenarios 1 and 2), then we considered executions
where the choreography is replaced by the one shown in Figure 5.2 (scenar-
ios 3, 4, and 5). Due to Algorand’s flat and low transaction cost structure,
the expenses in microAlgos (pA) remain especially low (the fees for every
transaction in our experiments are 1000 pA).

"We used the Algorand local network for these experiments.
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Scenario Cost (pA) Total (USD)
Deploy | Update | Execution | Total
1 1000 - 3000 4000 0.000717
2 1000 - 2000 3000 0.000537
3 1000 2000 3000 6000 0.0011
4 1000 2000 3000 6000 0.0011
5 1000 2000 3000 6000 0.0011

Table 5.3: Execution costs for the running example.

We detail below the five scenarios, whose results are reported in Table 5.3,

also with the USD conversion of total costs?.

1.

Scenario 1: The choreography is deployed (1000 pA) and start1 is
executed (1000 pA). Then, Task 1 is executed (1000 pA), providing an
input value greater than 0, which directs the execution flow to Task 2.
After the execution of Task 2 (1000 pA), the choreography terminates
with end1.

Scenario 2: The choreography is deployed (1000 pA) and start1 is
executed (1000 pA). Then, Task 1 is executed (1000 pA) providing an
input value equal to 0, leading the choreography directly to terminate
with end2.

Scenario 3: After deploying (1000 pA) the choreography and executing
start1 (1000 pA), an update is performed via methods update () (1000
pA) and update_global_store () (1000 pA). Following this, Task 1 is
executed (1000 pA) providing an input value greater than 5, which
triggers Task 2. The execution of Task 2 (1000 pA) then leads the
choreography to terminate with end1.

Scenario 4: After deploying (1000 A) the choreography and executing
start! (1000 pA), an update is performed via methods update () (1000
pA) and update_global_store () (1000 pA). Following this, Task 1 is
executed (1000 pA) providing an input value less than 5, which triggers
Task 3. The execution of Task 3 (1000 ©A) then leads the choreography
to terminate with end2.

Scenario 5: The choreography is deployed (1000 ©A) and start1 is ex-
ecuted (1000 pA). Then, Task 1 is executed (1000 pA) providing an
input value greater than 5, which directs the execution flow to Task
2. An update is performed via methods update () (1000 pA) and
update_global_store () (1000 pA). The execution of the updated Task
2 (1000 pA) then leads the choreography to terminate with end1.

2Based on the ALGO/USD conversion at the time of writing (16/04/2025).
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Notably, if the update is performed after Task 1’s execution, task Task
3 can never be executed. In fact, the execution of the choreography auto-
matically progresses until it reaches a task, which requires the related task
initiator user to send the message by calling the method corresponding to the
task. Only during the period from the task enabling and its invocation, the
update () method can be called to update the contract. Hence, once Task 1 is
executed, the execution flow stops at Task 2 and therefore, after the update,
Task 3 is unreachable (hence, the corresponding method is disabled).

If we consider choreography-based approaches in the literature, such as
ChorChain [30] and FlexChain [33], we can draw a general comparison with
our solution, despite the differences in their objectives and implementation
architectures. Indeed, we observe that on a performant blockchain like Poly-
gon®, executing a choreography of 10 messages incurs approximately 0.10
USD for a supply chain scenario and 0.08 USD for an X-ray analysis sce-
nario. In contrast, our implementation, for the same number of tasks, would
require approximately 11,000 pA. This corresponds to an estimated total
amount of about 0.0026 USD, demonstrating negligible costs and economic
viability of our solution.

3Based on the POL/USD conversion at the time of writing (19/05/2025).



CHAPTER 0

BPMN-TO-ALGORAND
SMART CONTRACT
GENERATION TOOL

This chapter elaborates on the design and development of an automated
BPMN-to-Algorand smart contract generation tool to address the fourth
research objective:

"To develop a BPMN-to-Algorand smart contract generation tool
that translates BPMN choreography models into executable Algo-
rand smart contracts."

This automated framework transforms Business Process Model and No-
tation (BPMN) choreographies into executable Algorand ARC-4 smart con-
tracts. The system bridges the conceptual gap between high-level business
process design and blockchain implementation. It allows organizations and
developers to describe multi-party business interactions using BPMN dia-
grams and to automatically generate verifiable, deployable smart contracts
that can execute these workflows on the Algorand blockchain.

The tool' was conceived to address the complexity of manually translating
business workflows into blockchain logic, which is often prone to human error
and inconsistent interpretation. By automating this translation, the system
ensures process fidelity, auditability, and repeatability. Moreover, it supports
version control, intermediate representations, and interoperability features
that make it adaptable to future blockchain environments.

!The BPMN-to-Algorand Smart Contract Generation Tool is available on GitHub:
https://github.com/nawaz-malla/bpmn-to-algorand-sc.
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6.1 Objectives and Scope

The central goal of this tool is to provide a fully automated and transparent
method for generating blockchain-based smart contracts from BPMN chore-
ography diagrams. It supports the entire lifecycle of process translation, from
model parsing and intermediate representation to smart contract generation
and deployment.

At its core, the tool parses BPMN choreography models—those that de-
scribe interactions between independent participants such as clients, suppli-
ers, or services—and converts them into an intermediate, language-agnostic
data model. This intermediate representation (IR) serves as the backbone
for generating executable Algorand contracts following the ARC-4 standard,
which defines the interaction structure and stateful behavior of Algorand ap-
plications. Beyond this, the tool also maintains detailed versioning records
so that every modification in the BPMN model leads to the creation of a
new, traceable version of the corresponding smart contract and IR.

The system’s scope extends beyond mere translation: it is designed to
ensure continuity of process execution, support dynamic model evolution,
and produce pseudocode suitable for future adaptation into other blockchain
or smart contract languages.

6.2 System Architecture

The architecture of the BPMN-to-Algorand tool follows a modular and lay-
ered structure, with each component responsible for a specific phase of the
transformation pipeline. Figure 6.1 presents the overall architecture of the
tool. The foundation of the system lies in the BPMN Parser, which reads and
interprets ‘.bpmn‘ XML files. This parser identifies key process elements such
as participants, messages, tasks, and control gateways, and then constructs
a formal internal representation known as the Choreography Intermediate
Representation (IR).

The IR serves as an abstract layer between the business model and
the blockchain logic. It encapsulates all semantic details—participants,
tasks, message flows, and control dependencies—in a structured and JSON-
serializable format. This abstraction ensures that the business process can
later be converted into smart contract code in any target blockchain language.

Once the IR is generated, it is passed to the Contract Generator module,
which produces a fully executable Algorand ARC-4 smart contract written in
Python. This contract includes the full set of state variables, task methods,
and subroutines necessary to replicate the original BPMN workflow’s behav-
ior on-chain. Each participant, task, and decision gateway in the model is



CHAPTER 6. TRANSLATOR 87

User Interface
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Figure 6.1: Overall Architecture of the BPMN-to-Algorand Smart Contract
Translator

translated into an equivalent Algorand construct such as global states, ABI
methods, and subroutine functions.

Alongside the contract generator, the Pseudocode Generator creates a
platform-independent, algorithmic representation of the workflow. This pseu-
docode allows the same choreography to be implemented on other platforms,
such as Ethereum or Hyperledger, making the tool highly interoperable.

A separate component, the Version Manager, maintains the evolutionary
history of all models and contracts. By comparing newly parsed IRs with
existing ones using deep structural comparison, it automatically detects mod-
ifications to the BPMN model—such as added participants, updated tasks, or
new gateways—and stores each new version in an organized directory struc-
ture. Each version folder contains the original BPMN file, its intermediate
representation, and the generated contract, providing complete traceability
of process evolution.

The User Interface (UI) complements these backend modules with a user-
friendly front-end built using Streamlit. The interface allows users to upload
BPMN files, visualize their intermediate representations, and generate cor-
responding smart contracts directly from a web browser. It also integrates
with Algorand’s LoRa Explorer, enabling real-time inspection of deployed
contracts and their transaction states.
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6.3 Workflow and Execution

The operational workflow of the tool follows a clearly defined sequence of
phases. When a user provides a BPMN file, the system first enters the pars-
ing phase, during which the XML structure is analyzed and converted into
the internal IR model. Each BPMN participant is recognized as an indepen-
dent account entity, while tasks and message flows are interpreted as contract
methods and state transitions. Gateways such as XOR or AND nodes are
mapped to subroutines that handle decision-making logic. Figure 6.2 il-
lustrates an overview of workflow and execution of the BPMN-to-Algorand
smart contract generation tool.

Following parsing, the intermediate representation phase stores the IR
in a persistent JSON format. This allows for reusability, portability, and
verification without the need to reprocess the BPMN file. The IR acts as
a single source of truth for both code generation and future interoperability
efforts.

User ul Parser Version Generator ALgarand Netwark

Upload BPMN File

Parse_bpmn(file)

version

Save contract + metedata

Deplay_| contract(y

Return transactions| + state logs

User ul Parser Version Generator ‘Algorand Network

Figure 6.2: Sequence Diagram of BPMN to Smart Contract Translation
Workflow

In the contract generation phase, the IR is transformed into a complete
Algorand smart contract. The generated code defines all participants, ini-
tializes global state variables, and specifies the control flow using process
flags that correspond to BPMN edges. Each BPMN task results in a distinct
method within the contract, and gateways are represented as conditional
subroutines that emulate token flow and branching behavior. The resulting
contract can execute deterministically on the Algorand blockchain and in-
cludes logging and administrative capabilities such as contract updates and
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deletions.

The version management phase ensures the integrity and traceability of
process evolution. When a BPMN file is modified and reprocessed, the ver-
sion manager compares the new IR with previously saved versions. If differ-
ences are detected, a new version directory is created to store the updated IR
and generated contract. This mechanism enables developers and organiza-
tions to track changes in their business processes over time while maintaining
a complete historical record.

Finally, during the deployment and monitoring phase, the user can deploy
the generated contract to Algorand’s local network and observe its execution
in real time using the LoRa Explorer integration. The tool provides complete
visibility into transaction flow and process state transitions, allowing users
to validate the correctness of the generated contract.

6.4 Software Design and Implementation

The tool is implemented entirely in Python 3.13, leveraging the Algopy ARC-
4 framework for contract generation and Streamlit for the web interface.
XML parsing is performed using Python’s built-in ‘ElementTree’ library,
while DeepDiff is used for version comparison. The architecture follows a
modular design pattern that separates concerns across parsing, IR model-
ing, generation, and persistence layers. Data interchange between modules
is achieved through JSON files, providing both flexibility and transparency.
The system’s internal design adheres to an object-oriented, modular struc-
ture. Figure 6.3 shows the class diagram representing the relationships be-
tween the key components of the tool. The generated contracts follow a

VersionManager

BPMNParser ContractGenerator PseudocodeGenerator

+record_new_version(file : str, ir :
+parse_bpmn(file_path : str) : +generate_contract(ir : +generate_pseudocode(ir : ‘ChoreographylR)
ChoreographylR ChoreographylR, source : str) : : str ChoreographylR, source : str) : : str +compare_ir(old : Choreography|R,
| ‘ new : ChoreographylR)

AN - ChoreographylR d /

. D e —
~— = iparticipants : List -« ,”/
—— +asks : List —_—

+messages : List
+gateways : List

+o_dict() : Dict

Figure 6.3: Class Diagram of the BPMN-to-Algorand Tool Components

standardized structure consistent with Algorand’s ARC-4 protocol. Each
contract defines its participants, global states, and message exchanges, and
embeds a dynamic execution engine that replicates BPMN token flow. The
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engine, composed of subroutines and control edges, automatically fires tran-
sitions between states, logging progress until the process reaches completion.
Administrative functions such as ‘update‘, ‘unlock, and ‘delete‘ ensure secure
lifecycle management of the contract on-chain.

6.5 Functional Features

One of the defining characteristics of the BPMN-to-Algorand tool is its adapt-
ability. The contract generator is fully dynamic: regardless of the complex-
ity or structure of the input BPMN file, the tool automatically generates all
necessary global states, methods, and control transitions. This dynamic be-
havior extends to gateways and events, which are translated into executable
subroutines that mirror the conditional and parallel behavior of BPMN mod-
els.

Every transaction and process step is logged on the blockchain, guaran-
teeing transparency and traceability. The tool also provides version aware-
ness, enabling users to retrieve and compare older and newer versions of
both BPMN and generated contracts. Furthermore, the IR model serves as
a foundation for extending the system to other blockchains or programming
languages, allowing future researchers or developers to build multi-platform
smart contract compilers from the same framework.

6.6 User Interface Design

The Streamlit-based web interface of the BPMN-to-Algorand Smart Contract
Generation Tool enhances accessibility, allowing even non-technical users to
upload BPMN files, visualize intermediate representations, and generate or
inspect Algorand contracts with a single click. The integration with Algo-
rand’s LoRa Explorer further enhances its utility by providing direct insights
into the state of deployed contracts.

The interface integrates all major functionalities from BPMN model up-
load and intermediate representation (IR) visualization to pseudocode and
smart contract generation within a single, interactive dashboard.

6.6.1 Main Dashboard

This section illustrates the main user interface components and describes the
key stages of interaction during the translation process. The main dashboard
serves as the central access point for the entire translation workflow. It dis-
plays the tool’s title, description, and a dedicated upload panel for importing
BPMN models.
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At the top of the interface, users can also access action buttons for down-
loading the generated outputs and connecting directly to the Algorand LoRa
Explorer for blockchain-level inspection. The design emphasizes clarity and
usability, enabling seamless navigation across different stages of the process.
Figure 6.4 presents the overview of the main dashboard of the Tool.

Deploy

BPMN - Algorand Smart Contract Translator

Translate BPMN choreography models into executable Algorand ARC-4 smart contracts
& Upload your BPMN file (.bpmn)
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Browse files

= Please upload a . bpmn file to begin translation.

Figure 6.4: Main Dashboard of the Tool

6.6.2 Uploading a BPMN Model

The upload panel supports both drag-and-drop and manual file selection
for BPMN diagrams in .bpmn format. Once the user uploads a file, the
system validates it and automatically stores it in the /uploads directory for
processing. Figure 6.5 shows the process of uploading a BPMN model file
through the system interface.
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Figure 6.5: Uploading a BPMN Model File
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This action triggers the BPMN Parser, which begins extracting structural
elements such as participants, tasks, and message flows. Upon successful
parsing, the tool transitions to the IR visualization stage, ensuring a smooth
and interactive workflow for the user.

6.6.3 Viewing the Intermediate Representation

After the parsing phase, the tool generates a structured Intermediate Rep-
resentation (IR) of the BPMN model, displayed in the interface as a JSON-
based schema. Figure 6.6 presents a visualization of the generated interme-
diate representation (IR) produced by the tool.

BPMN - Algorand Smart Contract Translator

) examprocedure.bpmn 12,0k 5%
Uploaded: examprocedure.bpmn

@ Downloads & Tools

¥ Smart Contract ¥ IRISON ¥ Pseudocode @ Connect to Lora Explorer

Figure 6.6: Visualization of the Generated Intermediate Representation

The IR outlines key process components including participants, tasks,
gateways, and message flows,offering users a detailed view of the internal
process structure. This visual feedback ensures that users can verify model
accuracy before proceeding to pseudocode or smart contract generation. Ad-
ditionally, the IR is automatically stored for version control and reuse, sup-
porting long-term process management and reproducibility.
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6.6.4 Generating Pseudocode

Once the IR is confirmed, the Pseudocode Generator converts it into an
pseudocode representation. The pseudocode serves as a human-readable ab-
straction of the BPMN logic, reflecting the process flow, participant roles,
and decision points. Figure 6.7 presents the Generated Pseudocode.

©BPMN - Algorand Smart Contract Translator

B Uplosdec: hotelbooking bpmn

@ Downloads & Tools

== = e

Figure 6.7: Visualization of the Generated Pseudocode

This output acts as a conceptual bridge between the high-level business
model and the eventual smart contract code. It also provides cross-platform
interoperability, as the same pseudocode can serve as a foundation for im-
plementing the process in other blockchain environments such as Ethereum
or Hyperledger.

6.6.5 Generating the Algorand Smart Contract

The Contract Generator module produces a fully executable Algorand ARC-4
smart contract written in Python. The generated contract defines all par-
ticipants, global state variables, and process control flows corresponding to
the BPMN model’s tasks and gateways. Figure 6.8 shows the generated
Algorand ARC-4 smart contract.

Each task in the BPMN diagram becomes a distinct ABI method, while
gateways are implemented as subroutines that manage conditional or parallel
execution paths. The generated contract is displayed directly in the user
interface, where users can review, edit, or save it locally for deployment.
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Figure 6.8: Algorand ARC-4 Smart Contract Generated by the Tool

6.6.6 Downloading and Exploring the Results

After the translation process completes, the interface provides download op-
tions for all generated artifacts. In addition to local downloads, the interface
offers a direct integration with the Algorand LoRa Explorer, which allows
users to inspect the deployed contract’s state, transaction history, and event
logs in real time. This functionality enhances transparency and verifiabil-
ity, ensuring that the generated contracts can be monitored directly on the
blockchain. Figure 6.9 highlights the available download options and the
LoRa Explorer integration interface.
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Figure 6.9: Download Options and LoRa Explorer Integration

Overall, the user interface embodies the system’s guiding principles of
simplicity, transparency, and automation, making the BPMN-to-Algorand
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tool both powerful and accessible to users from technical and non-technical
backgrounds alike.

6.7 Discussion

The BPMN-to-Algorand Smart Contract Generation Tool represents a sig-
nificant step forward in the integration of business process modeling and
blockchain automation. By seamlessly converting BPMN choreographies
into executable Algorand ARC-4 smart contracts, the system unifies high-
level process design with decentralized execution. Its modular architecture,
version control capabilities, and extensible design make it both a practical
engineering tool and a research contribution to the field of model-driven
blockchain development.

Through its ability to translate abstract workflow models into real, exe-
cutable smart contracts, the tool reduces the technical barrier to blockchain
adoption while maintaining semantic correctness and full lifecycle traceabil-
ity. Future work may focus on enhancing the reasoning behind gateway
translation, automating data-type inference from BPMN variables, and ex-
tending the tool’s interoperability to multiple blockchain ecosystems.






CHAPTER 7

LSOLIDITY TO ALGORAND
SMART CONTRACTS

This chapter elaborates on the Al-assisted translation of Solidity smart con-
tracts into Algorand smart contracts to address the following objective:

"To provide an Al-assisted methodology for migrating existing busi-
ness process implementations to the Algorand blockchain platform."

The blockchain ecosystem, however, is far from homogeneous. Leading
platforms like Bitcoin [88], Ethereum [18|, Solana [15] and Algorand [19]
each provide unique architectures, languages, and execution environments.
Despite that, so far most of the solutions for blockchain-based execution of
business processes relied on Ethereum, thus encoding the business logic of
processes into solidity smart contracts. However, the reliance on Ethereum
also introduces several limitations for organizations seeking to adopt alter-
native platforms. Issues such as high transaction fees, network congestion,
and evolving protocol changes incentivize the exploration of more scalable,
cost-efficient, and secure alternatives.

On the other hand, as discussed in the previous chapters, the Algorand
blockchain provides great benefits in terms of performance, costs, and most of
all the flexibility. Therefore , to migrate solidity implementations of business
processes, we investigate whether current LLMs can help bridge this gap by
assisting in the translation process from Solidity (the most popular smart
contract language) to Algorand Python.

While recent research has demonstrated the potential of LLMs for code
translation across various programming languages, Algorand Python presents
unique challenges. As a relatively new language with a specialized syntax
for blockchain operations, it is likely underrepresented in the training data
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of most LLMs. Furthermore, the fundamental architectural differences be-
tween Ethereum’s account-based model and Algorand’s architecture mean
that direct translations often require significant restructuring beyond simple
syntax conversion. Specific challenges include differences in state manage-
ment (global vs. local storage), transaction handling models, and execution
contexts between EVM and AVM.

Our exploratory investigation addresses three key questions:

RQ1 To what extent can current LLMs generate syntactically valid and
functionally equivalent Algorand Python code from Solidity contracts?

RQ2 Which prompting strategies appear most effective for guiding LLMs
in this cross-language translation task?

RQ3 What are the common error patterns and challenges that emerge when
using LLMs for blockchain code translation?

To address these questions, we experimented with four leading LLMs—
ChatGPT, Claude, Qwen, and DeepSeek, (shown in Table 7.1)-and evaluated
their performance on translating 20 Solidity smart contracts using different
prompting strategies, including zero-shot, few-shot, chain-of-thought, and
combined approaches.

Model Name  Developer/Organization Version / Access

ChatGPT OpenAl GPT-4 / GPT-3.5
Claude Anthropic sonnet, 4.5

Qwen Alibaba Cloud Qwen 2.5

DeepSeek DeepSeek Al DeepSeek-latest version

Table 7.1: Large Language Models (LLMs) Evaluated in the Experiment

We manually assessed the translation quality based on syntax correctness,
functional equivalence, and compilation success, tracked error patterns, and
documented the effort required to transform LLM-generated code into fully
functional Algorand smart contracts. Table 7.2 presents the experimental
setup for the translation of smart contracts.

The contributions of this preliminary study include:

1. A collection of corresponding Solidity and Algorand Python smart con-
tracts that can serve as examples for few-shot learning in future LLM
applications

2. Practical insights regarding the time, effort, and expertise required when
using LLMs to translate between blockchain programming languages,
namely Solidity to Algorand.
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Aspect Description

Objective Evaluate the translation performance of leading Large
Language Models (LLMs) on Solidity smart contracts.

Number of Smart 20 Solidity smart contracts.

Contracts

Task Type Translation between Solidity and Algorand Python pro-
gramming language).

Evaluation Metrics  Accuracy, syntactic correctness, semantic fidelity.

Table 7.2: Experimental Setup for Translating Solidity Smart Contracts
with LLMs

3. An analysis of common translation errors and comparative performance
metrics across different LLMs and prompting techniques for Solidity to
Algorand Python translation

4. A preliminary evaluation framework for LLM-generated smart contract
translations, including metrics for measuring syntactic correctness, func-
tional similarity, and required manual correction effort

5. A detailed mapping between Solidity and Algorand Python language
constructs that can inform future research and tool development in this
1
area.

While our findings are based on a limited sample of smart contracts and
a single developer’s expertise, and represent initial explorations rather than
comprehensive validation, they provide valuable practical insights for devel-
opers seeking to leverage LLMs in blockchain development workflows. Our
error pattern analysis and mapping between language constructs offer im-
mediate utility for developers working across these ecosystems, even as LLM
capabilities continue to evolve. Moreover, our observations can guide future
research efforts, help developers set realistic expectations when using LLMs
for code translation, and identify specific areas where current models require
improvement or human oversight.

As both LLMs and blockchain technologies continue to evolve, early ex-
plorations like ours play an important role in identifying promising research
directions, surfacing practical challenges, and developing initial frameworks.
Our experience report contributes to the emerging body of knowledge at
the intersection of artificial intelligence and blockchain development, offering
practical perspectives on how these technologies can be combined to reduce
barriers to entry and enable greater interoperability across blockchain ecosys-

LAll data, code, and translation artifacts described in this paper are available on a
GitHub repository : https://github.com/nawaz-malla/Algosol-Dataset
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tems.

7.1 Methodology

We conducted a preliminary, small-scale evaluation of large language models
(LLMs) for translating Solidity smart contracts to Algorand Python. Our
approach examined the models’ ability to assist in the translation process
by generating code that, with appropriate human guidance and verification,
could be refined into syntactically valid and functionally equivalent Algorand
implementations.

Criterion Purpose

Syntax Validity Checks if translated code compiles correctly.
Semantic Accuracy Ensures logic and function equivalence.
Readability Measures clarity and maintainability.
Prompt Efficiency Evaluates token cost vs. performance gain.

Table 7.3: Evaluation Framework for Solidity Translation Performance

We measured translation quality through metrics including correct lines
of code (LOC) percentage, successfully translated methods, and error pat-
terns across a limited set of 20 manually verified contracts. While small in
scale, this focused assessment provides preliminary insights into both the
capabilities of current LLMs and the specific translation challenges between
these blockchain ecosystems. Table 7.3 presents the evaluation criteria used
in this study.

7.1.1 Dataset Collection and Preparation

Our preliminary investigation employed a bidirectional translation approach
to evaluate LLM performance in translating between Solidity and Algorand
Python. Given the scarcity of Algorand smart contracts in public reposito-
ries, we curated a small dataset of 10 contracts through the following process:

1. We selected 6 Algorand Python smart contracts, which represent avail-
able exemplar contracts from official Algorand Foundation repositories
[50], and 4 Solidity smart contracts from [124|. These contracts en-
compass different functionality, including marketplace operations, vot-
ing systems, auctions, calculations, attendance tracking, data storage,
banking, and token handling.
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2. The 6 Algorand contracts were manually translated to Solidity by the
first author, who has medium-level development experience in both So-
lidity and Algorand. The translation process focused on preserving func-
tional equivalence while adapting to Ethereum’s architectural model.
This included mapping Algorand’s global state management to Solidity
storage variables, converting transaction handling patterns, and adapt-
ing Algorand’s program logic to Solidity’s contract structure.

We included both manually translated Algorand contracts and native So-
lidity contracts to provide a basic evaluation reference point while still cap-
turing some authentic Solidity development patterns, acknowledging that
this preliminary exploration serves as a starting point rather than a com-
prehensive assessment. For evaluation, we measured several key metrics: (1)
percentage of correctly translated lines of code, (2) number of correctly trans-
lated methods, (3) number of iterations required to achieve compilable code,
and (4) time required for manual correction when necessary. Correctness
was assessed through syntax validation, compilation testing, and functional
comparison with reference implementations. The evaluation metrics are sum-
marized in Table 7.4.

Metric Description Scale
Translated Lines Lines of code correctly translated. Percentage
Translated Methods Correctly translated functions. Count
Compilation-

[terations Attempts to obtain compilable code. Count
Manual Fix Time Time needed for manual corrections. Minutes

Table 7.4: Key metrics used to evaluate Solidity smart contract translation
performance.

While we acknowledge limitations in this methodology, particularly the
modest sample size and potential biases in the manual translations, it pro-
vides a practical framework for generating preliminary insights into LLM
capabilities in cross-blockchain smart contract translation.

7.1.2 Solidity Constructs to Algorand Python Mapping

We present a mapping between Solidity and Algorand Python language con-
structs to bridge the architectural differences between these blockchain plat-
forms. Created through analysis of documentation, example contracts, and
developer resources, this mapping identifies equivalent constructs across con-
tract structure, data types, function modifiers, operations, and state man-
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agement. A concise overview is presented in Table 7.5 and the full extended
mapping is available in the project repository [75].

Category Solidity Algorand Python
Contract contract X { ... } | class X(algopy. ARC4Contract):
Structure

is inheritance Multiple base classes
Basic Types uint256, uint8 Ulnt64

address Account

string String

bytes, bytes32 Bytes

bool bool

mapping GlobalState
Complex Arrays Box, BoxRef
Types

Structs Multiple boxes

Enums Constants
Function public @algopy.arc4.abimethod|()
Modifiers

view @algopy.arc4.abimethod  (read-

only="True)

pure @algopy.subroutine

payable Check Txn.amount in function
Operations require(x, msg) | assert X, msg

+=, -=, *= /= | Direct operators

revert("msg") assert False, "msg"
Visibility public @algopy.arc4.abimethod|()

private @algopy.subroutine

internal @algopy.subroutine

external @algopy.arc4.abimethod()
Events event X(...) log(...)

emit X(...) log(Bytes(...))

Table 7.5: Feature Mapping: Solidity vs Algorand Python

This mapping serves dual purposes: it provides a structured reference
for evaluating translation correctness and forms a key component of our
prompting strategies. By incorporating this mapping into our prompts, we
aimed to improved LLMs’ understanding of platform differences and improve
translation accuracy. To our knowledge, no existing studies focus specifically
on Solidity-to-Algorand Python translation, making this mapping a novel
contribution.
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7.1.3 Selected Prompts

Prompt engineering plays an important role in optimizing LLM performance
for specialized tasks like code translation. Our prompt selection was guided
by established research on LLM capabilities |58, 46] and progressed system-
atically from basic to more sophisticated techniques. Table 7.6 summarizes
the four prompting strategies employed in our study. Detailed prompts are
available on our GitHub repository [75]. We selected these prompting tech-

Prompting Description Expected Effect
Strategy

Zero-Shot without examples. generalization.
Few-Shot few sample translations. learning from context.
Chain-of- step-by-step reasoning. reasoning clarity.
Thought (CoT)

Combined Ap- examples and reasoning. additive benefits.
proach

Table 7.6: Prompting strategies used in the experiment.

niques based on their demonstrated effectiveness in complex reasoning and
code generation tasks.

Zero-shot prompting served as our baseline, testing the models’ inher-
ent knowledge of both languages without additional context. This approach,
while straightforward, helps establish the fundamental capabilities of each
model.

Few-shot prompting leverages the models’ ability to learn from exam-
ples, providing concrete translation patterns between Solidity and Algorand
Python. This approach is particularly valuable for Algorand, which may be
underrepresented in the models’ training data. Our few-shot prompts in-
cluded the mapping table (Table 7.5), and two short corresponding smart
contract examples that demonstrate basic constructs before presenting the
translation task.

Chain-of-Thought (CoT) prompting exploits the models’ reason-
ing capabilities by decomposing the translation process into discrete steps.
This technique has shown particular effectiveness for complex tasks requir-
ing multi-step reasoning [58]. We guided each model through a structured
analysis of the input contract’s features before generating Algorand code.
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7.2 Evaluation

This section documents our practical experience using four LLMs—
ChatGPT, Claude, Qwen, and DeepSeek—to assist in translating Solidity
smart contracts to Algorand Python. Rather than presenting a comparative
evaluation of model performance, we share observations from our translation
effort of 10 Solidity contracts using a few popular prompting techniques. Our
goal was to explore whether current LLMs can serve as useful assistants in
cross-blockchain development workflows, specifically for developers seeking
to port Ethereum applications to Algorand’s ecosystem.

7.2.1 Translation Process and Developer Workflow

Our translation workflow followed a consistent pattern across all contracts
and models. We began with careful prompt construction, developing few-
shot, chain-of-thought, and combined prompt strategies that incorporated
Solidity-to-Algorand feature mappings (Table 7.5). Each LLM generated
initial translations, which we then refined through iterative cycles when er-
rors appeared. These refinements continued for up to four iterations, with
LLMs attempting to correct issues based on error messages and guidance.
When this iterative refinement reached diminishing returns, a developer with
knowledge of both ecosystems manually intervened to correct remaining is-
sues. Translations were considered complete only when they successfully
compiled in the Algorand development environment. This approach reflects
practical development scenarios where LLM assistance reduces initial trans-
lation effort, while domain expertise remains essential for resolving complex
implementation challenges.

7.3 LLM-Assisted Translation

Our experience, quantified for four different LLM models is quantified in next
subsections, revealed several patterns across prompting strategies. Notably,
the zero-shot prompt was excluded from this analysis as it consistently gen-
erated PyTeal code instead of the intended Algorand Python code, thereby
failing to meet the evaluation criteria. The specific models evaluated in
this study are listed in Table 7.7, which provides the essential details for
each—mnamely the model name, its developer, and the version accessed dur-
ing experimentation.
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Model Name Developer Version Access
ChatGPT OpenAl GPT-3.5

Claude Anthropic Claude 3.5 sonnet
Qwen Alibaba Cloud Qwen 2.5
DeepSeek DeepSeek Al DeepSeek-V3

Table 7.7: Large Language Models (LLMs) Evaluated in the Experiment

7.3.1 ChatGPT: GPT 3.5

ChatGPT emerged as a robust generalist in smart contract translation,
demonstrating strong capabilities in understanding Solidity patterns and gen-
erating syntactically correct Algorand Python code as presented in Table 7.8.
The model excelled in translating basic contract structures and common pro-
gramming patterns, achieving approximately 70% accuracy in initial trans-
lation attempts for straightforward contracts. However, ChatGPT struggled
with Algorand-specific constructs, particularly the box storage model and
ARC4 method decorators, often requiring 3-5 iterative refinements to achieve
compilable code.

Task Few-Shot CoT FS+CoT
Hello World 66.66% 55.55% T7T%
Voting 62.08% 55.00% 60.41%
Auction 68.86% 63.20% 66.98%
Calculator 65.21% 34.78% 56.52%
Attendance 53.33% 34.44% 50.55%
Counter 70.37% 44.44% 62.96%
Tokenpool 59.37% 38.54% 55.20%
Banking 78.00% 48.00% 72.00%
Storage 61.21% 52.12% 59.39%
Marketplace 67.53% 45.45% 62.33%

Table 7.8: Accuracy of ChatGPT by code correctness under different
prompting techniques.

7.3.2 Claude: Claude 3.5 Sonnet

Claude demonstrated exceptional performance in understanding the archi-
tectural nuances between blockchain platforms, showing particular strength
in translating complex state management patterns and contract inheritance
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hierarchies. With method-level translation accuracy reaching 75% for inter-
mediate complexity contracts, Claude proved most effective in maintaining
functional equivalence across platforms as shown in Table 7.9. The model’s
structured reasoning capabilities made it particularly responsive to chain-of-
thought prompting, allowing it to systematically address translation chal-
lenges step by step. However, Claude occasionally over-engineered solutions
for simple contracts and showed limitations in handling Algorand’s transac-
tion grouping patterns, requiring manual intervention for optimal payment
verification implementations.

Task Few-Shot CoT FS+CoT
Hello World 88.88% 55.55% 88.88%
Voting 72.08% 61.25% 67.91%
Auction 76.41% 64.15% 74.52%
Calculator 82.60% 65.21% 78.26%
Attendance 73.33% 57.77% 70.55%
Counter 85.18% 59.25% T7.7T%
Tokenpool 67.70% 46.87% 60.41%
Banking 76.00% 58.00% 70.00%
Storage 65.45% 59.39% 62.42%
Marketplace 68.83% 53.24% 61.03%

Table 7.9: Accuracy of claude by code correctness under different
prompting techniques.

7.3.3 Qwen: Qwen 2.5

Qwen distinguished itself through efficient translation of core business logic
and reliable handling of basic data types and control structures. The model
achieved remarkable success with simpler contracts under 50 lines of code,
generating compilable Algorand Python with minimal iterations. Qwen’s
pragmatic approach proved valuable for straightforward translations, though
it encountered challenges with complex data structures and advanced Algo-
rand features like box references and global state management. The model
responded well to few-shot prompting with concrete examples, demonstrat-
ing rapid learning from provided translation patterns while maintaining con-
sistent output quality across multiple contract types as documented in Ta-

ble 7.10.
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Task Few-Shot CoT FS+CoT
Hello World 66.66% 44.44% 55.55%
Voting 52.91% 46.25% 49.58%
Auction 59.43% 52.28% 54.71%
Calculator 60.86% 34.78% 52.17%
Attendance 53.88% 43.88% 47.22%
Counter 62.96% 44.44% 55.55%
Tokenpool 47.91% 40.62% 48.95%
Banking 62.00% 46.00% 54.00%
Storage 52.72% 47.87% 53.93%
Marketplace 55.84% 46.75% 53.24%

Table 7.10: Accuracy of Qwen by code correctness under different
prompting techniques.

7.3.4 DeepSeek: DeepSeek V3

DeepSeek showed promising capabilities in specific translation domains, par-
ticularly excelling in mathematical operations and algorithmic logic transla-
tion, with the corresponding results summarized in Table 7.11.

Task Few-Shot CoT FS+CoT
Hello World 77 7T7% 55.55% 66.66%
Voting 66.25% 58.33% 64.16%
Auction 68.86% 59.43% 66.98%
Calculator 73.91% 43.47% 65.21%
Attendance 67.77% 55.00% 60.55%
Counter 70.37% 51.85% 66.66%
Tokenpool 60.41% 56.25% 61.45%
Banking 70.00% 54.00% 62.00%
Storage 62.42% 55.75% 60.00%
Marketplace 67.53% 58.44% 64.93%

Table 7.11: Accuracy of DeepSeek by code correctness under different
prompting techniques.

The model demonstrated strong performance in translating calculation-
intensive contracts and voting mechanisms, achieving near-perfect accuracy
for arithmetic and logical operations. However, DeepSeek exhibited signifi-
cant variability in handling platform-specific features, struggling consistently
with Algorand’s asset transfer operations and application call verification
patterns. Its performance improved dramatically with explicit feature map-
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ping guidance, suggesting strong potential with more targeted training and
refined prompting strategies.

Our experience, quantified in Table 7.12, revealed several patterns across
four different models. The results presents the performance comparison of
four different LLMs for the Few-shot prompt which gave the highest accu-
racy. Notably, the zero-shot prompt was excluded from this analysis as it
consistently generated PyTeal code instead of the intended Algorand Python
code, thereby failing to meet the evaluation criteria.

Methods Translated Correctly (%
Contract Name Methods-o 0 - ChatGPTDeepSeekCla(ud)e
HelloWorld 2 50.0% 50.0% 100.0% 100%
Voting 13 46.1% 53.8% 61.5% 69.2%
Auction 9 44.4% 55.5% 55.5% 77.7%
Calculator 6 33.3% 50.0% 50.0% 66.6%
Attendance 16 56.25% | 62.5% 68.7% 75.0%
Counter 3 0.0% 33.3% 33.3% 66.6%
Tokenpool 8 50.0% 62.5% 62.5% 87.5%
Banking 6 50.0% 50.0% 66.6% 83.3%
Storage 17 47.05% | 58.8% 64.7% 70.5%
Marketplace 5) 40.0% 60.0% 60.0% 60.0%

Table 7.12: Methods Translated Correctly Across LLMs

Few-shot prompting consistently produced more accurate translations
than chain-of-thought approaches alone, suggesting that concrete examples
are particularly valuable for this specialized task. Translation accuracy de-
clined predictably with contract complexity for all models and prompting
strategies, with average accuracy dropping from approximately 75% for sim-
ple contracts to around 60% for complex ones.

We identified common failure points across all models, including Algo-
rand’s box storage model for complex data, asset transfer operations, and
application call verification patterns. Translations accuracy varied from mi-
nor to substantial errors, suggesting that certain Solidity patterns remain
challenging to translate regardless of the model or prompting approach used.
These observations indicate that current LLMs have useful but limited ca-
pabilities in cross-blockchain translation, with clearly defined strengths and
weaknesses that developers should consider when planning translation efforts.

7.4 Developer Effort and Intervention

Based on our observation that few-shot prompting yielded better results, we
conducted a deeper analysis focusing exclusively on this prompting technique.
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Table 7.13 presents method-level translation performance and documents the
effort required to achieve compilable Algorand Python code.

Contract Name LoC Effort Until Correct Translation

LLM /Manual | Iterations/Time
(min)

HelloWorld 9 LLM 3

Voting 152 Manual 45

Auction 74 Manual 38

Calculator 47 LLM 4

Attendance 180 Manual 52

Counter 23 LLM 3

Tokenpool 96 Manual 30

Banking 40 LLM 6

Storage 165 Manual 67

Marketplace 7 Manual 23

Table 7.13: Effort Required for Correct Translation of Smart Contracts

. Claude showed good method-level accuracy, with DeepSeek performing
well on certain contracts. The effort metrics indicate that simpler contracts
(HelloWorld, Calculator, Counter, Banking) could be translated with just
LLM refinement through 3-6 iterations. More complex contracts required
manual intervention ranging from 23-67 minutes.

We observed a relationship between contract complexity and developer
effort. The Storage contract (165 LoC) needed 67 minutes of manual cor-
rection, while the Counter contract (23 LoC) required only 3 LLM itera-
tions. Contracts needing manual intervention typically contained complex
data structures, state management, and platform-specific logic that presented
challenges for automated translation.

7.4.1 Common Translation Challenges

Throughout our translation experience, we encountered recurring error pat-
terns that represent the key challenges in cross-blockchain translation. Ta-
ble 7.14 shows a preliminary categorization of these errors, which we found
consistent across all models. State management discrepancies emerged as
a primary challenge, with conceptual differences between Ethereum’s global
state and Algorand’s key-value approach leading to persistent translation
errors, particularly with complex data structures. Type system mismatches
also proved problematic, as Solidity’s static typing system differs significantly
from Algorand Python’s approach, resulting in frequent type errors that re-
quired manual correction.
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Category

Error Message

Attribute Er-
rors

"BoxMap|String, VotingRound|" has no attribute
"exists"
"String" has no attribute "encode"

Name Errors

Name "gtxn" is not defined

Type System | Expression has type "Any"
Errors "Ulnt64" not callable
"Bytes" has no attribute "to uint64"
Argument Argument 1 to "join" has incompatible type "re-

Type Errors

versed|str|"
Argument 1 to "join" has incompatible type
"list[String]"

Logical Errors

assert not self.rounds.exists(vote id)

asset transfer.xfer asset == self.assetid.value
Transaction assert paymenttx.type enum == 1
Errors assert payment tx.receiver ==
Txn.application address
Unsupported | Value of type Module is not indexable
Operations
Return Type | Returning Any from function declared to return
Mismatch "Bytes"
Global/Local | GlobalState|Account| has no attribute "exists"

State Issues

Expression has type "Any" when accessing global
state

Table 7.14: Comprehensive Table of Errors in Algorand Python Smart
Contract Execution

Transaction handling represented another significant challenge area. Al-
gorand’s transaction model differs fundamentally from Ethereum’s, causing
consistent errors in payment verification and asset transfers. We also ob-
served frequent API knowledge gaps, with all models occasionally attempting
to use non-existent Algorand methods or incorrectly implementing Algorand-
specific features. These patterns highlight areas where LLMs currently lack
sufficient understanding of blockchain-specific concepts rather than general
programming knowledge. Notably, approximately 60-70% of errors were re-
lated to syntax issues from the platform-specific constructs related to Algo-
rand blockchain.
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7.5 Discussion

Based on our translation experience, we offer several practical guidelines for
developers considering LLM-assisted Solidity-to-Algorand migration. First,
developers should approach LLM-generated translations as a starting point
rather than a finished product, particularly for contracts exceeding 50 lines
of code. For optimal results, we recommend decomposing complex contracts
into functional components before translation, employing few-shot prompting
with explicit feature mappings, and allocating sufficient time for manual ver-
ification of state storage implementations, type conversions, and transaction
validation logic. This hybrid human-Al approach currently offers the most
efficient path for cross-blockchain development, reducing but not eliminating
the need for platform-specific expertise.

This work should be interpreted as an initial exploration rather than a
comprehensive evaluation, offering a practical perspective on an emerging
technological opportunity despite its inherent limitations of relying on a sin-
gle developer’s expertise, a modest set of contracts, and a limited number
of translation iterations. As blockchain ecosystems continue to diversify, the
need for interoperability solutions becomes increasingly pressing, and our
findings demonstrate that LLMs already offer tangible assistance in address-
ing this challenge. We see this work as a call to action for the broader
blockchain and Al communities to invest in purpose-built solutions for cross-
chain development. While current general-purpose LLMs provide useful
starting points, specialized models trained on blockchain-specific datasets
could dramatically improve translation accuracy. By sharing our experiences
now, we hope to catalyze these developments and accelerate progress toward
more seamless blockchain interoperability.

Beyond this work, we have applied our findings to translate 10 previ-
ously untranslated Solidity smart contracts from [125] to Algorand Python
(these contracts are part of our artifacts). These translations, covering di-
verse applications including marketplace functionality, banking operations,
voting systems, and token management, are available in our public artifact
repository. This practical application of our hybrid LLM-manual approach
demonstrates its real-world viability and provides the community with valu-
able cross-blockchain implementations that can serve as reference points for
future development efforts.
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CHAPTER 8

VALIDATION OF THE
APPROACH

This chapter presents the validation and experimentation conducted to eval-
uate the performance and cost-efficiency of the proposed approach. This
chapter validates the proposed modular, semantics-driven approach for im-
plementing BPMN choreographies as smart contracts across three distinct
real-world scenarios addressing the research objective RO5 of this thesis.

"To wvalidate the proposed approach, and in particular its economic
vtability and performance characteristics, through empirical evalu-
ation across diverse business use cases."

The experiments were designed around three distinct use cases: X-ray
Examination, Bike Rental, and Hotel Booking. These use cases were chosen
to represent a wide range of real-world applications, each requiring complex
data flows, multiple service integrations, and robust handling of dynamic
participant interactions. The validation process involved implementing and
deploying smart contracts on the Algorand Lora Explorer Testnet, ensuring
that the system could handle the business logic of each use case efficiently
while providing cost-efficiency and flexibility in terms of process evolution.

Each use case was implemented using the methodology detailed in Chap-
ter 5, where the choreography models were translated into smart contracts
and executed on the Algorand Lora Explorer Testnet. The primary focus
of this chapter is to demonstrate how the approach can handle different
execution paths, assess transaction costs, and analyze the system’s overall
feasibility across a variety of use cases.
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8.1 Execution Paths and Runtime Behavior

All the deployed smart contracts support multiple execution paths corre-
sponding to the alternative scenarios defined in the choreography models.
These execution paths reflect different operational conditions and system
evolutions that may arise across the considered use cases. In particular, the
following execution paths were evaluated:

e Path 1 (Shortest path): An expedited execution scenario in which
a reduced set of interactions is sufficient to complete the process. This
path models exceptional or optimized conditions where certain checks
or interactions can be safely omitted, allowing the system to reach com-
pletion with minimal steps.

e Path 2 (Longest path): A complete execution scenario in which all
predefined interactions and verification steps are performed. This path
represents the standard workflow where all participating entities are
involved, all mandatory checks are executed, any looped activities (if
executed) are for a single iteration only, and the process concludes with
the successful delivery of the final service outcome.

e Path 3 (Update path): A modification scenario in which the chore-
ography model is updated to reflect changes in the system. These
changes may include the introduction of new participants, the addi-
tion or removal of specific tasks, or alterations to the interaction logic
in response to evolving business requirements, regulatory constraints,
or service policies.

e Path 4 (Post-Update path): A stabilization and validation scenario
executed after the choreography model has been updated. This path is
used to assess the correct execution of the revised model and to evaluate
the impact of changes on future executions. The update operation incurs
a one-time cost of 2000 micro-algo (nAlgo) at the moment the model
is updated; this cost is not incurred in subsequent executions of the
updated choreography.

Parallel gateways in the choreography enable concurrent execution of in-
dependent verification steps, significantly reducing the overall execution time
for non-emergency cases. At runtime, the smart contract enforces correct se-
quencing by enabling only those methods corresponding to currently active
choreography tasks. Any attempt to invoke a method out of order or by an
unauthorized participant is rejected by the contract.
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8.2 Healthcare Use Case

The healthcare domain represents a particularly challenging application area
for blockchain-based business process execution due to its strict require-
ments on correctness, auditability, privacy, and regulatory compliance. In
this section, we evaluate the proposed choreography-driven execution ap-
proach through an X-ray examination use case. The use case focuses on
modeling and enforcing complex interactions among multiple autonomous
participants, including patients, radiology departments, and medical wards.
Figure 8.1 presents the baseline BPMN choreography model for healthcare
use case.

accepted == false

appointment(medical registration(date,

request(requestid)

prescription ) appﬁt[d)
Patient Radiology Radiology
Take appointment check availability °°F‘”’"‘
appointment
Radiology L wefrd ) = true Patient
response(accepted,
date)
checkin(appointm analysis(report,
entldf ticketldr repori(resultid)
registration ==true
- rreTEEE -
Patient ( Radiology ) ( ward )
P check-in perform x-rays ${ send results —O
Radiology ¢ ward Y, \ Patient )

Con:lrmallon

(registration)

registration =O

==false

Figure 8.1: Basic X-ray exam choreography diagram.

The primary objective of this use case is to demonstrate that the proposed
approach can reliably encode healthcare interaction protocols as executable
smart contracts, ensuring that all process steps are executed in compliance
with predefined medical procedures. In particular, the approach enforces
mandatory pre-examination checks (e.g., vaccination verification and tem-
perature screening), appointment scheduling rules, and validation of medical
results, while maintaining transparency and traceability of all interactions.
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8.2.1 Choreography Modeling and Implementation

The X-ray examination process was modeled using BPMN choreography dia-
grams (Figure 8.1), which provide a global view of message-based interactions
without exposing the internal logic of individual participants. The choreog-
raphy involves three main roles: the patient, the radiology department, and
the medical ward. Each role interacts with the others exclusively through
explicitly defined message exchanges.

The choreography model as shown in Figure 8.1 captures the full lifecycle
of an X-ray examination, starting from the appointment request and contin-
uing through availability checks, pre-examination verifications, examination
execution, and result delivery. Conditional gateways are used to model deci-
sion points, such as the availability of examination slots and the handling of
emergency cases. Parallel gateways enable concurrent execution of indepen-
dent checks, such as vaccination validation and temperature screening’.

The BPMN choreography was automatically translated into an Algorand
Python smart contract using the translation tool. Each choreography task
was mapped to a dedicated contract method, while gateways were encoded
as routing subroutines enforcing the correct execution order. The resulting
smart contract was deployed on the Algorand Lora Explorer Testnet.

8.2.2 Deployment on Algorand

The deployment phase consists of instantiating the generated smart contract
on the Algorand blockchain. During deployment, the contract initializes
global state variables representing choreography control-flow tokens, partic-
ipant identities, and shared data fields required during execution.

Deployment on Algorand requires a single transaction, resulting in a pre-
dictable and relatively low cost. In this use case, contract deployment con-
sumed approximately 1000 pALGO. Once deployed, the contract becomes a
self-contained execution engine that participants can interact with directly,
without reliance on any centralized middleware or orchestration service.

This decentralized deployment model is particularly suitable for health-
care environments, where trust among participants cannot always be assumed
and auditability of actions is critical.

8.2.3 Process Update and Evolution

Healthcare processes are subject to frequent changes due to new regulations,
updated medical protocols, or evolving institutional policies. To address this,

!The models were taken from the repository available at https://bitbucket.org/
proslabteam/chorchain/src/master/Examples/ and were later adapted to meet
our requirements for experimentation.
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the proposed framework supports process evolution through versioned smart
contract generation. Specifically, we distinguish between a baseline BPMN
choreography model, shown in Figure 8.1, which captures the initial exam-
ination workflow, and an updated model show in Figure 8.2, which extends
the process with additional pre-examination checks and refined gateway con-
ditions.

When the BPMN choreography model is modified—such as by adding
new pre-examination checks or updating gateway conditions, the translation
tool generates a new version of the smart contract. This new version can be
deployed alongside existing ones, allowing running process instances to com-
plete uninterrupted while new instances adopt the updated logic. The update
cost, as shown in Table 8.1, remains modest compared to full redeployment,
making iterative refinement economically viable.
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Figure 8.2: Updated X-ray exam choreography diagram.

8.2.4 Feasibility and Discussion

The X-ray examination use case demonstrates the practical feasibility of ex-
ecuting healthcare choreographies on the Algorand blockchain. The results
confirm that the proposed approach can faithfully enforce complex interac-
tion protocols, support parallel execution, and accommodate multiple exe-
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cution paths with predictable costs.

From a healthcare perspective, the approach provides strong guaranties of
transparency, auditability, and compliance while preserving participant au-
tonomy. From a technical perspective, the combination of BPMN choreogra-
phy modeling, automated smart contract generation, and Algorand’s low-cost
execution environment offers a scalable and flexible solution for real-world
healthcare workflows.

Overall, this use case validates the suitability of the proposed framework
for safety-critical, regulation-heavy domains such as healthcare, and provides
a solid foundation for its application to other multi-party business processes.

8.2.5 Cost Evaluation

To assess the economic feasibility of the proposed approach, we evaluated
the execution costs of the X-ray examination process on the Algorand Lora
Explorer Testnet. The results demonstrate that Algorand offers predictable
and low-cost execution suitable for healthcare processes with potentially high
transaction volumes.

Contract deployment incurred a cost of approximately 1000 pALGO. Ex-
ecution costs varied depending on the selected execution path. The short-
est execution path required approximately 8000 pALGO, while the longest
path, involving additional checks and parallel activities, required up to
10000 pALGO. Transaction fees remained fixed at 0.001 pALGO per trans-
action, ensuring cost predictability.

Scenario Cost (nA) Total (USD)
Deploy | Update | Execution | Total
Shortest path 1000 - 7000 8000 0.000952
Longest Path 1000 - 9000 10000 0.0012
Update path 1000 2000 11000 14000 0.0017
Post-Update
Path 1000 - 12000 12000 0.0014

Table 8.1: Execution costs for the running example.

Table 8.1 presents the deployment, execution and update costs for four
different scenarios?.

2The experiments of the healthcare usecase are available on the testnet.
Shortest Path: https://lora.algokit.io/testnet/application/754170859
Longest Path: https://lora.algokit.io/testnet/application/754173516
Update path: https://lora.algokit.io/testnet/application/457180845
Post-update path: https://lora.algokit.io/testnet/application/
754186175


 https://lora.algokit.io/testnet/application/754170859
 https://lora.algokit.io/testnet/application/754173516
 https://lora.algokit.io/testnet/application/457180845
 https://lora.algokit.io/testnet/application/754186175
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The fee is quoted in pALGO (1 ALGO = 1,000,000 pALGO). Using
the conversion rate 1 ALGO = 0.12$, this corresponds to 0.00000012% per
pALGO, which is an extremely small amount in fiat currency. This high-
lights that the total cost remains negligible when expressed in USD, despite
appearing larger in mALGO units.

8.3 Cross-Domain Validation

Although the healthcare use case demonstrates the applicability of the pro-
posed approach in a safety-critical and regulation-intensive environment, it is
not sufficient on its own to claim general feasibility. Healthcare workflows are
characterized by strict compliance rules, limited participant roles, and rela-
tively predictable execution patterns. To validate the generality, flexibility,
and cost-effectiveness of the approach, we therefore extended the evaluation
to two additional use cases drawn from fundamentally different application
domains.

Specifically, we selected a Bike Rental use case and a Hotel Room Book-
ing use case’. These domains differ significantly from healthcare in terms
of interaction dynamics, decision complexity, frequency of execution, and
economic constraints. Together, these three use cases form a representa-
tive spectrum of real-world business processes, ranging from safety-critical
services to consumer-oriented transactional workflows.

8.3.1 Multi-Domain Evaluation

The core objective of the proposed framework is to enable trustworthy, flex-
ible, and cost-effective execution of choreography-based business processes
on blockchain. To convincingly demonstrate this objective, it is essential to
evaluate the approach across domains that exhibit different characteristics:

e Healthcare: High regulatory requirements, strict execution order, and
strong auditability needs.

e Bike Rental: Short-lived, consumer-driven interactions with optional
services, payments, and post-execution feedback.

e Hotel Room Booking: Complex decision logic, multiple alternative
execution paths, retries, cancelations, and refunds.

By applying the same modeling, translation, and execution pipeline to
these diverse scenarios, we aim to demonstrate that the proposed approach
is not domain-specific, but rather a general solution for choreography-driven
process execution.

3The implementations are available on Github
https://github.com/nawaz-malla/Phd-Thesis-Usecase
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8.3.2 Validation Dimensions

Across all three use cases, the evaluation focuses on the following validation
dimensions:

e Correctness of Execution: Ensuring that all interactions strictly
follow the BPMN choreography semantics.

e Cost Predictability: Measuring deployment, execution, and update
costs on Algorand.

e Flexibility and Updatability: Assessing how process changes are
handled through automated contract regeneration and versioning.

e Cross-Domain Applicability: Verifying that the same translation
and execution strategy works without domain-specific adaptations.

The healthcare use case primarily validates correctness and compliance,
while the Bike Rental and Hotel Room Booking use cases emphasize flexibil-
ity, dynamic decision-making, and economic feasibility.

8.4 Bike Rental Use Case

To further validate the proposed approach beyond the healthcare domain, we
consider a Bike Rental use case that represents a consumer-oriented, business
process with optional services and financial transactions. Unlike healthcare
workflows, bike rental processes are executed frequently, are highly cost-
sensitive, and involve dynamic decision-making, making them suitable for
evaluating both execution efficiency and cost predictability.

8.4.1 Choreography Model

The Bike Rental process was modeled as a BPMN choreography involving
three main participants: the customer, the bike rental center, and an in-
surance provider. The choreography captures interactions such as availabil-
ity requests, optional insurance selection, payment execution, bike delivery,
damage reporting, refund handling, and receipt issuance.
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Figure 8.3: Basic Bike rental choreography diagram.

Figure 8.3 illustrates the basic BPMN choreography model for the Bike
Rental use case. The model includes multiple conditional paths, allowing
customers to proceed with or without insurance, and supports post-rental
actions such as feedback submission and refund requests in case of reported
damage. Figure 8.4 presents the updated model, which extends the ba-
sic choreography by incorporating additional refinements and enhancements,
such as refund handling process.

The choreography was automatically translated into an Algorand Python
smart contract using our BPMN-to-Algorand translator. Each choreography
task and gateway was mapped to a dedicated contract method or routing
rule, ensuring faithful preservation of the BPMN semantics.

8.4.2 Execution and Control Flow

The generated smart contract enforces the correct sequencing of interactions
and participant roles. Conditional gateways are realized as explicit rout-
ing subroutines, enabling the contract to dynamically select execution paths
based on runtime data, such as insurance selection or damage reporting.
Optional insurance introduces branching behavior, while refund handling
adds a post-execution path that may be triggered only under specific con-
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Figure 8.4: Updated Bike rental choreography diagram.

ditions. These constructs validate the ability of the proposed approach to

support flexible execution patterns commonly found in real-world consumer
services.

8.4.3 Cost Evaluation

The Bike Rental use case was deployed and executed on the Algorand test
network to evaluate its economic feasibility. Table 8.2 summarizes the de-
ployment, execution, and update costs* for different scenarios®.

The results show that even with optional services and conditional execu-
tion paths, transaction costs remain low and predictable. This confirms that
the approach is suitable for high-frequency, low-margin business processes,
where cost efficiency is critical.

4The experiments of bikerental usecase are available on the testnet.
Shortest Path: https://lora.algokit.io/testnet/application/753195710
Longest Path: https://lora.algokit.io/testnet/application/753191231
Update path: https://lora.algokit.io/testnet/application/754560493
post-Update  path: https://lora.algokit.io/testnet/application/
753201098

>The Algo-to-USD conversions were calculated based on the online exchange rate as of
6 January 2026.


https://lora.algokit.io/testnet/application/753195710
https://lora.algokit.io/testnet/application/753191231
https://lora.algokit.io/testnet/application/754560493
https://lora.algokit.io/testnet/application/753201098
https://lora.algokit.io/testnet/application/753201098
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Scenario Cost (1A) Total (USD)
Deploy | Update | Execution | Total
Shortest Path | 1000 - 9000 10000 0.0012
Longest Path 1000 - 14000 15000 0.0018
Update Path 1000 2000 16000 19000 0.0023
Post-Update
Path 1000 - 11000 12000 0.0014

Table 8.2: Execution costs for the Bike Rental example.

8.5 Hotel Room Booking Use Case

The Hotel Room Booking use case represents a service-oriented workflow with
higher control-flow complexity compared to the Bike Rental scenario. This
use case is characterized by multiple decision points, retries, cancellations,
and refund mechanisms, making it well-suited to evaluate the expressiveness
and flexibility of the proposed framework.

8.5.1 Choreography Model

The hotel booking process was modeled as a BPMN choreography involv-
ing two primary participants: the client and the hotel. The choreography
includes interactions for booking requests, availability checks, client confir-
mation, payment execution, receipt issuance, retry logic, rejection handling,
and refund processing.

confirm==false

Check_room(strin
g date, uint

o Price_quotation(ui Cancel_order(strin
b nt ion gm%l;?lon)
Client ( Hotel (" Ciient
Accept_booking Confirmation Reject order —O
Hotel Client Hotel
G'veEbavala ity ( Book-,room(baol payment0(address Give_ID(string

ive_:
bool confirm) confirmation) pa@o) bo*w@id)

Client Hotel

o  Booking N ( )
Accept payment confirmation

Hotel Client

Figure 8.5: Basic Hotel booking choreography diagram.

Figure 8.5 presents the basic BPMN choreography model for the Hotel
Room Booking use case. The model contains multiple XOR gateways and
looping constructs, allowing the process to return to earlier stages in case
of unavailability or client-initiated retries. Figure 8.6 illustrates the updated
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model, which extends the basic choreography by introducing additional exe-
cution paths to capture alternative booking outcomes and extended interac-
tion scenarios beyond the core flow.
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cancel _or;er(bool

ancel==false
cancel)

Figure 8.6: Updated Hotel booking choreography diagram.

As with the previous use cases, the choreography was automatically trans-
lated into an Algorand smart contract using our toolchain. Each BPMN ele-
ment was mapped to a modular contract component, facilitating readability,
verification, and targeted updates.

8.5.2 Execution Paths and Update Handling

The generated smart contract supports multiple execution paths, including
successful booking, rejection, retry, and refund scenarios. XOR gateways are
implemented as routing subroutines that evaluate runtime conditions, such
as room availability or client confirmation, and direct execution accordingly.

Importantly, the use case demonstrates the updatability of the approach.
Changes to the BPMN model, such as adding refund logic or modifying retry
conditions, result in the automatic generation of a new contract version,
without affecting unrelated process components.
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8.5.3 Cost Evaluation

Table 8.3 reports the deployment, execution, and update costs® for the Hotel
Room Booking use case on Algorand .

Scenario Cost (A) Total (USD)
Deploy | Update | Execution | Total
Shortest Path 1000 - 8000 9000 0.0011
Longest Path 1000 - 10000 11000 0.0013
Update Path 1000 2000 12000 14000 0.0017
Post-Update
Path 1000 - 12000 13000 0.0016

Table 8.3: Execution costs for the Hotel booking example.

Despite the increased complexity of control flow and additional execution
paths, the overall costs remain low and predictable. This confirms that the
proposed approach scales effectively with process complexity while preserving
economic feasibility.

8.6 Cross-Use Case Analysis and Feasibility

Taken together, the three use cases provide strong empirical evidence for the
feasibility and general applicability of the proposed approach. Despite oper-
ating in distinct domains, all use cases were modeled using BPMN choreogra-
phies, translated using the same automated translation tool, and executed
on the Algorand blockchain without domain-specific modifications.

The healthcare use case validates the approach in a compliance-driven
environment, the bike rental use case demonstrates cost-effective execution
for high-frequency consumer services, and the hotel booking use case confirms
the ability to handle complex control-flow and financial logic. Across all
scenarios, deployment and execution costs remained low and predictable,
while process updates were handled efficiently through contract regeneration
and versioning.

These results collectively show that the proposed approach is not limited
to a single domain or interaction pattern. Instead, it provides a unified and

6The experiments of hotelbooking usecase are available on the testnet.
Shortest Path: https://lora.algokit.io/testnet/application/752906949
Longest Path: https://lora.algokit.io/testnet/application/752901566
Update path: https://lora.algokit.io/testnet/application/754511028
post-Update  Path: https://lora.algokit.io/testnet/application/
752946714

"The Algo-to-USD conversions were calculated based on the online exchange rate as of
27 January 2026.
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scalable solution for trustworthy execution of choreography-based business
processes across heterogeneous application contexts.
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CHAPTER 9

LCONCLUSIONS & FUTURE
WORKS

9.1 Concluding Remarks

This thesis addresses the key challenges in the design and execution of inter-
organizational business processes, with a focus on leveraging blockchain tech-
nology to establish trust, support adaptability, and enable migration. The
core challenges revolve around the need for a secure, transparent, and im-
mutable environment for collaborative processes, while also accommodating
the dynamic nature of business requirements and the evolving blockchain
ecosystem. To tackle these challenges, the thesis defined and pursued five
primary research objectives, each contributing a novel solution grounded in
a model-driven and automated methodology.

The first objective directly addressed the fundamental requirement of
trust in collaborative systems. The thesis proposed a model-driven method-
ology that translates standard BPMN choreography diagrams into exe-
cutable smart contracts. By using BPMN, the methodology captures inter-
organizational process logic from a high-level, shared perspective. The core
innovation lies in the automated translation of these formal models into smart
contract code. Once deployed on a blockchain, this smart contract governs
the process execution, ensuring that all interactions occur according to the
predefined rules and are immutably recorded. This approach shifts trust from
individual participants to the technological infrastructure, providing security,
distribution, transparency, and enforcement.

Building upon this foundation, the second objective confronted the inher-
ent tension between business process flexibility and blockchain immutability.
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To enable processes to adapt to unexpected changes at run-time, the thesis
introduced a framework that utilizes Algorand’s native stateful smart con-
tract update mechanism. This solution provides a principled approach to
process evolution. Rather than relying on complex off-chain logic or multi-
contract systems, the framework allows authorized parties to securely propose
and approve modifications to the on-chain smart contract logic itself. This
leverages Algorand’s efficient consensus to maintain trust and transparency
while granting controlled flexibility, ensuring the process remains agile with-
out compromising its trustworthy and verifiable nature.

The third objective addressed the challenge of automating the deploy-
ment of blockchain-based business processes by bridging high-level process
modeling and executable smart contracts. The thesis proposed a BPMN-to-
Algorand smart contract generation tool that enables the systematic trans-
lation of BPMN choreography models into executable Algorand smart con-
tracts. This automated translation substantially reduces the complexity,
development effort, and potential inconsistencies associated with manually
implementing smart contracts from process models. As a result, the pro-
posed tool enhances the practicality of deploying process-driven applications
on Algorand and supports a model-driven, scalable, and repeatable pathway
from business process design to blockchain execution.

The fourth objective tackled the challenge of vendor lock-in and platform
dependency within the fragmented blockchain landscape. To facilitate the
migration of process implementations across different platforms, the thesis
proposed an Al-assisted methodology for translating smart contracts. This
approach uses machine learning techniques to analyze the logic, state vari-
ables, and interaction patterns of a source smart contract (e.g., one imple-
menting a BPMN process). The Al model then assists in generating equiv-
alent, platform-optimized code for a target blockchain (e.g., from Ethereum
to Algorand). This methodology significantly reduces the manual effort, risk
of errors, and cost associated with platform migration, thereby promoting
interoperability and protecting long-term investments in blockchain-based
process solutions.

Finally, to validate the feasibility and practicality of the proposed frame-
works, the thesis employed a comprehensive case study of a health-care busi-
ness process. A series of experiments were conducted to assess costs, correct-
ness of execution, update efficiency, and translation accuracy. Further, the
validation was extended to other more complex use cases, like hotel booking
and bike rental. The results are promising, demonstrating that the inte-
gration of model-driven design, native blockchain update features, and Al-
assisted translation creates a sustainable and versatile ecosystem for trusted,
adaptable, and portable inter-organizational business processes. Compared
with existing solutions, the proposed approach offers practical advantages
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beyond those measured in the aforementioned experiments. Traditional con-
tract re-deployment, while straightforward, introduces higher costs and may
also lead to the loss of the existing contract state. Similarly, pattern-based
solutions, as commonly adopted in Solidity, tend to increase operational com-
plexity and cost, while offering more limited control over the update process.
These findings provide additional support for the effectiveness of the pro-
posed approach while also pointing to opportunities for further validation
and extension.

9.2 Future Works

The contributions of this thesis open numerous avenues for future research
across multiple dimensions of blockchain technology and business process
management. In the domain of intelligent development tools, significant op-
portunities exist for enhancing Al-assisted blockchain development. Future
work should focus on creating specialized language models trained exclu-
sively on blockchain codebases and documentation, potentially yielding dra-
matic improvements in translation accuracy and security awareness. The
integration of real-time formal verification with Al-generated code repre-
sents another promising direction, where development environments could
automatically verify semantic equivalence and security properties during the
translation process. Furthermore, research into Al-powered repair mecha-
nisms for identified vulnerabilities could transform how developers address
security concerns in cross-platform migrations.

An important direction for further research concerns the systematic eval-
uation of LLM-based translation approaches in comparison with traditional
rule-based and hybrid techniques. While this thesis demonstrates the fea-
sibility of using LLMs to translate Solidity smart contracts into Algorand-
compatible implementations, a comprehensive benchmark is currently lack-
ing. Future investigations could therefore focus on defining suitable baselines,
developing standardized evaluation metrics (e.g., correctness, completeness,
and executability), and performing controlled experiments to assess the rel-
ative strengths and limitations of each approach. In addition, hybrid solu-
tions that combine LLM-based generation with rule-based validation or post-
processing could be explored to improve reliability and consistency. Such
investigations could provide a clearer understanding of the practical advan-
tages, trade-offs, and applicability of LLM-driven translation in comparison
to more traditional methods.

The exploration of cross-platform interoperability demands investigation
into universal intermediate representations for smart contracts. Such rep-
resentations could enable truly platform-agnostic development, where busi-
ness processes specified once could be deployed across multiple blockchain
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ecosystems without significant re-engineering. Building on our work with
cross-chain translations, future research should address the challenges of
multi-platform choreography execution, particularly focusing on atomicity
guarantees and consistent state management across heterogeneous blockchain
environments.

For enterprise-scale adoption, several critical research directions emerge.
The development of sophisticated governance frameworks for decentralized
process evolution requires attention to complex multi-stakeholder approval
mechanisms and dispute resolution protocols. Large-scale performance eval-
uation frameworks must be established to benchmark business process exe-
cution under realistic load conditions and complexity scenarios. Addition-
ally, industry-specific implementations in domains such as healthcare, supply
chain, and finance would provide valuable insights into domain-specific re-
quirements and regulatory considerations.

A further research direction concerns the extension of the proposed ap-
proach to more comprehensively support choreography flexibility, particu-
larly with respect to the management and governance of runtime modifi-
cations. While this thesis provides an initial step in enabling flexibility in
blockchain-based choreographies, additional work is required to define ro-
bust mechanisms for controlling and validating changes. In particular, future
studies could investigate governance models for coordinating updates among
participants, as well as techniques for ensuring the correctness, consistency,
and compliance of modified choreography instances. This could include ex-
ploring approval workflows, versioning strategies, and formal verifications. In
fact, our work on formal semantics and translation methodologies suggests
promising directions in verification. Future research could develop automated
verification tools for ensuring business process properties before deployment
(such as soundness, deadlock-freedom, and compliance with predefined con-
straints). The integration of model-checking techniques with smart contract
generation could enable provably correct implementations of critical busi-
ness processes. This work, however, requires the formalization of Algorand
Python semantics, which is currently missing. There are some formalizations
of Solidity (see, e.g., TinySol [12]) that can be used as a source of inspiration.
This will allow to formally prove that the translation preserves the semantics
of choreographies, meaning that the formal semantics of the smart contract
resulting from the translation is equivalent to the semantics of the originating
choreography (according to some suitable notion of equivalence). However,
this deserves future investigation. Notably, this formal verification will also
allow to check that choreography updates preserve the intended semantics
and behavioral properties of the initial choreography.

The flexibility mechanisms introduced in this thesis inspire further inno-
vation in smart contract evolution. Research into fine-grained update poli-
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cies, version control systems for decentralized applications, and automated
regression testing for smart contract updates would significantly enhance
the practical utility of runtime modifications. Additionally, exploring the
integration of our update mechanism with decentralized autonomous organi-
zation (DAO) governance models could yield novel approaches to collective
decision-making in business process evolution.

From an experimental perspective, further work could extend the current
evaluation by considering additional validation dimensions beyond execution
cost and functional correctness. While this thesis focuses on the feasibility
and flexibility of implementing business processes on Algorand, a more com-
prehensive empirical assessment could further strengthen the approach. In
particular, future investigations could include stress testing under high trans-
action loads to evaluate scalability, as well as long-term performance analy-
ses to observe system behavior over extended periods. Moreover, controlled
adversarial scenarios such as delayed transactions, network congestion, or
conflicting updates could be explored to assess the robustness and resilience
of the proposed solution. Incorporating these dimensions could provide a
more complete understanding of the system’s performance and its suitability
for real-world deployment.

In conclusion, while this thesis has made substantial contributions to the
field of blockchain-enabled business processes, it also reveals rich opportuni-
ties for future investigation. The integration of formal methods, architectural
innovation, and Al-assisted development represents a powerful paradigm that
will continue to drive advancements in decentralized systems. As blockchain
technology matures and finds broader adoption, the principles and frame-
works established in this work provide a solid foundation for building more
flexible, efficient, and accessible decentralized applications that can truly
transform how organizations collaborate in the digital age.
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