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Abstract

A business is an organization that engages in commercial, industrial, or professional ac-

tivity on a systematic and predefined manner. Key aspects of the business include profit

motive, exchange of goods and services, organization and management, and risk.

A business’s objective is typically to supply goods or services to consumers or to other

businesses in order to make a profit or to achieve a given non-profit purpose. Businesses

can range from small-scale enterprises like neighborhood shops to massive multinational

corporations but they are distinguished from occasional or unorganized endeavors for

their scope, that is to organize their own activities on a specified way, in many cases

formally defined, a priori with respect to the activities. In other terms, businesses have

their own predefined processes, or workflows.

A process is a set of events, procedures, or operations that are performed in admissible

systematic orders to reach a specified conclusion or purpose. In industrial and agrictulural

production, for instance, a process is the activity of converting inputs (such as raw mate-

rials, data, or resources) into outputs (finished goods, results, or solutions) using a set of

structured procedures. Key elements of a process include sequence, inputs and outputs,

transformation, repetition, and control.

A business process is a comprehensive formal model that represents the behavior of

complex systems, both existing and newly designed ones. These models capture the in-

teractions and synchronizations between humans and machines, making them crucial for

understanding and optimizing the dynamic interplay within business operations.

Compliance refers to adherence to laws, regulations, guidelines, and specifications

relevant to organization operations. It ensures that businesses operate within a given
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normative background and meet the standards set by regulatory bodies, industry best

practices, and internal policies. Ensuring compliance means that business processes

are aligned with regulatory requirements, organizational goals, and both soft and hard

rules imposed on the processes themselves. Compliance is essential for maintaining legal

and ethical integrity, minimizing risks, and enhancing the reputation of the organization.

Without compliance warranties, a business may incur penalties from regulatory bodies

or have adverse effects in the future, whether economically, socially, or environmentally.

Business processes must adhere to various forms of compliance, in the realm of practical

business life including:

a General Regulatory Compliance: This ensures business processes conform to ex-

ternal authorities’ laws, regulations, and standards. It involves adhering to legal

requirements that govern the industry or sector in which the organization operates.

b Goal Compliance: This aligns business processes with predefined organizational

goals and objectives. It ensures that the processes support the strategic aims and

targets of the organization.

c Impact Compliance: This ensures that the impacts of business processes remain

within acceptable thresholds, thereby minimizing negative effects of the execution

of the process. It involves assessing and managing the potential effects of processes

on various aspects of the business.

d Environmental Compliance: This ensures that the impacts of business processes

do not exceed constraints set from an environmental perspective. It involves adher-

ence to environmental regulations and practices that mitigate adverse environmen-

tal effects. Adhering to these compliance requirements helps ensure that business

processes operate effectively within legal and ethical boundaries while supporting

organizational objectives and minimizing negative impacts on society and the envi-

ronment.

This dissertation primarily focuses on impact compliance and environmental com-

pliance, that I shall show are analogous in technical terms. The purpose, on a generic



viewpoint, is to minimize the emission of Carbon dioxide (CO2) but can also be used to

regulate other pollutant substances. It delves into the definition of impact compliance, its

integration with existing compliance concepts, and its evaluation from multiple perspec-

tives.

When we discuss Compliance, there are three perspectives of compliance i.e. cor-

rective, detective, and preventive. All these three perspective base themselves on the

detective dimension, for no correction or prevention can be performed without leaning

out the detection of (potential) uncompliances.

Corrective measures are intended to limit the extent of any consequences caused by

non-compliant situations. They are reactive and aim to address and mitigate issues af-

ter they have occurred. Examples include manual audits, which are periodic reviews

conducted by individuals to identify and rectify compliance issues, and automated detec-

tions, which are systems and tools that automatically detect deviations from compliance

standards.

Detective measures aim to identify non-compliant situations “after-the-fact”. They

are essential for recognizing and addressing issues that have already impacted the business

process. These measures also include manual audits and automated detections, similar to

corrective measures.

Preventive measures embed compliance into the business processes from the outset, a

concept known as “Compliance by Design”. The objective is to proactively prevent non-

compliance by designing processes that inherently adhere to compliance requirements.

The dissertation explores the synthesis of business processes through declarative spec-

ifications, which provide a structured framework for defining and enforcing compliance.

It investigates how impact compliance can be effectively integrated with regulatory and

goal compliance, ensuring a holistic approach to business process management.

Business Process Compliance (BPC) is a collection of methodologies used to eval-

uate business processes to ensure they adhere to specified constraints. These constraints,

which may be imposed due to regulatory requirements or organizational goals, are essen-

tial for maintaining the integrity and reliability of business operations. Business Process



Compliance (BPC) methods assess whether an execution trace exists—a sequence of ac-

tions within the process—that violates any of the imposed constraints. Conversely, this

evaluation can also involve superimposing a set of constraints on the process and then

assessing all possible executions for compliance. This dual approach to Business Pro-

cess Compliance (BPC) is highly relevant in real-world applications, particularly in the

realm of regulatory compliance. Businesses must verify their processes against a norma-

tive framework, which includes not only stringent regulations but also softer guidelines,

product specifications, and standards. This verification ensures that processes meet the

expectations set by regulatory bodies and the business owners themselves.

In this dissertation, I introduce a novel type of compliance, termed impact compli-

ance. This concept is designed to evaluate whether a business process adheres to a set

of constraints by ensuring that the undesirable effects of executing tasks within the pro-

cess are maintained below specified limits. Impact compliance is showed to be usable for

minimizing negative outcomes associated with business operations such as for regulating

the emission of pollutant substances including carbon dioxide(CO2), thereby optimiz-

ing overall process performance. I demonstrate that under certain structural conditions,

the problems associated with checking for compliance are polynomially solvable on de-

terministic machines. Specifically, the task of determining whether any execution trace

violates the constraints is generally NP-complete. However, verifying that all possible

executions adhere to the constraints is polynomially solvable, provided the structural con-

ditions are met.

This dissertation also delves into the synthesis of business processes through declar-

ative specifications and examines the significant role of compliance, discussing impact

compliance by design. I also design a method to compare business processes as a whole

in terms of impact, and therefore obtain a notion of impact similarity that is in turn shown

to be useful for process mining.

By introducing and detailing the concept of impact compliance, I provide a framework

for ensuring that business processes not only comply with regulatory and organizational

standards but also minimize undesired effects, thereby enhancing operational efficiency



and time Complexity. This research contributes to the field by offering a detailed explo-

ration of impact compliance, proposing innovative methods for integrating impact com-

pliance into business process models, and demonstrating the application of these methods

through various case studies and theoretical analyses.
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Chapter One

Introduction and Background

1.1 Introduction

The heart of every thriving city is the core of modern commerce. Towering skyscrap-

ers symbolize human ambition, while businesses of all sizes contribute to the vitality of

this urban jungle. Whether multinational corporations or local enterprises, they showcase

the spirit of ambition, creativity, and resilience. These companies provide the foundation

for economic growth, innovation, and community development. A business process is a

series of actions and events to achieve a specific outcome. Each activity in this process

takes time and involves multiple steps. For instance, making a pizza requires mixing in-

gredients according to a particular timeline. The final product is created by following the

correct sequence(ensuring technical correctness and model consistency) of steps—mixing

the dough, preparing the toppings, and baking the pizza. However, if the steps are not fol-

lowed in order, the result may not be a pizza at all.

On the other hand, an event is a specific point in time with no inherent duration. How-

ever, its effects may persist for some time, depending on the process. It is a singular

occurrence that marks a specific moment within the business process. For example, when

the oven reaches the desired temperature for baking the pizza, it is an event. It is a cru-

cial point that signals readiness to proceed with the next step but does not take time to

complete.

1



CHAPTER 1. INTRODUCTION AND BACKGROUND

A task is an easy-to-understand activity that can be thought of as a single work unit.

A task has inputs and outputs, just like the entire business process. Before a task can

start, a few prerequisites need to be fulfilled in some processes but it’s not mandatory.

A Business process consists of events, tasks, and decision points, which are instances

where important choices are made that affect the future course of the business process.

These decisions are typically made by individuals, earlier events, or earlier tasks within

the business process For example, while kitchen assistants can decide how to arrange the

toppings on a pizza, only the head chef can determine whether the pizza dough is ready

for baking.

Business Process Management (BPM) is a process optimization methodology. It pro-

vides valuable insights into a business’s capabilities and activities, which can be leveraged

for continuous improvement. BPM is a holistic approach that treats processes as strate-

gic assets that must be understood, analyzed, and refined to consistently deliver superior

products and services to end users. These processes are essential for business operations,

as businesses ultimately depend on the efficiency and effectiveness of their processes.

Business Process Management (BPM) methodology or approach to be more effec-

tive, business processes must be accurately represented. Typically, professionals, business

managers, or process owners prefer simple and easy-to-understand representations. This

is where business process modeling technology comes in. It provides a robust framework

for modeling, analyzing, improving, and automating organizational activities. The field

is well-established and widely adopted in the industry, encompassing various method-

ologies. These methodologies include graphical modeling languages that facilitate stake-

holder understanding, such as EPC [46] and BPMN1, for formal analysis and automated

verification of processes.

The business process is a crucial mechanism at the core of any successful company

meaning the business process is a fundamental and essential system within a company

that plays a key role in its success. It refers to the structured series of tasks, activities, or

workflows designed to achieve specific business goals efficiently and effectively. A well-

1https://www.bpmn.org/

Ph.D. Thesis - 2025, T.C 2



CHAPTER 1. INTRODUCTION AND BACKGROUND

defined and optimized business process ensures smooth operations, consistency, and the

ability to deliver value to customers, which are critical for the success of any organization.

It is a complex system that converts intangible concepts into concrete goods and services.

Like a living organism’s circulatory system.

In today’s dynamic and fast-paced business environment, the importance of sound

business processes cannot be overstated. Businesses operate in a competitive landscape

characterized by rapid technological changes and fluctuating market needs. To thrive,

businesses must continuously innovate, adapt, and optimize their operations. This re-

quires a thorough understanding of the entire operation meaning tasks/activities, events,

and the ability to efficiently manage them.

Business processes consist of a series of coordinated activities or tasks executed by

a company to achieve specific goals or provide value to customers or end users. These

Business processes are vital for the functionality and success of the company as they

determine how tasks and responsibilities are organized to achieve desired outcomes. They

encompass core activities in a company such as production, sales, and customer service,

and are essential for optimizing organizational efficiency and effectiveness.

The business process is the foundation for product development, customer value de-

livery, and strategic decision-making.

Among the various business processes across different sectors, supply chain manage-

ment serves as an excellent example to illustrate the concept. Supply chain management

meticulously plans the flow of goods and materials from suppliers to manufacturers and

then to distributors, ensuring that items are delivered to the correct location promptly.

During each phase of the entire business process, technology becomes increasingly

essential for streamlining corporate operations. Cutting-edge tools such as enterprise re-

source planning (ERP), customer relationship management (CRM), and business intelli-

gence software provide real-time data and analytics, enabling businesses to make well-

informed decisions. Automation technologies streamline repetitive processes, while ar-

tificial intelligence enhances operational efficiency and strategic planning by providing

predictive insights.

Ph.D. Thesis - 2025, T.C 3
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In this dynamic and intricate ecosystem, success depends on the seamless integration

of multiple systems and/or phases of the system. Each phase is interconnected and con-

tributes to the overall effectiveness of the enterprise. Business processes that efficiently

manage these procedures not only achieve operational excellence but also drive economic

growth and enhance the quality of life for their communities and clients. The relentless

pursuit of business process excellence steers companies toward a profitable future in an

ever-evolving environment

Beyond the operational effectiveness of business processes, understanding and opti-

mizing them is critical in today’s world. This involves adhering to moral and legal re-

quirements, industry best practices, and ethical standards. Achieving sustainable success,

maintaining a positive reputation, and mitigating risks all depend on business processes

conforming to these criteria. This brings us to the concept of compliance, which em-

phasizes ensuring that business processes or activities are conducted in accordance with

specific guidelines to minimize adverse effects on the environment, society, and the orga-

nization itself.

There are different types of compliance that a company must consider such as :

1. Regulatory Compliance: This involves adhering to external laws and regulations

imposed by governmental bodies. It encompasses financial regulations, data pro-

tection laws, health and safety standards, and more.

2. Environmental Compliance: This refers to complying with environmental laws

and regulations to minimize the impact on the environment. It includes meeting

emissions standards, following waste disposal regulations, and implementing sus-

tainability practices.

3. Goal Compliance: This entails aligning business processes with predefined com-

pany goals and objectives. It ensures that the processes support the strategic aims

and targets of the organization.

4. Impact Compliance: This ensures that the impacts of business processes remain

within acceptable thresholds, thus minimizing negative consequences. It involves

Ph.D. Thesis - 2025, T.C 4
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assessing and managing the potential effects of business processes on various as-

pects of the business.

Kiichiro Toyoda, the founder of Toyota Motor Corporation, strongly believed in the

philosophy that ’the ideal conditions for making things are created when machines, facili-

ties, and people work together to add value without generating any waste.’2 Waste, which

refers to unwanted or unusable materials or substances discarded after primary use, is of-

ten considered worthless, defective, or of no use. This by-product, whether polluting or

non-polluting, must be properly managed to avoid negatively impacting the community,

nature, and the environment. To manage it effectively, it must first be clearly described

and quantified.

A key motivation for focusing on impact compliance is to ensure adherence to all legal

and regulatory obligations. Governments and regulatory agencies worldwide have estab-

lished various laws and guidelines to protect the environment, uphold consumer rights,

and promote fair labor practices. Non-compliance with these requirements can lead to

severe consequences for businesses, including significant fines, legal actions, and repu-

tational harm. By integrating impact compliance into their business processes, organi-

zations can proactively manage and mitigate legal risks while ensuring their activities

remain within the boundaries of the law.

Business process compliance can be seen as a set of methodologies used to evalu-

ate processes based on the presence of an execution (or trace) that adheres to imposed

constraints. This approach involves both imposing constraints and evaluating all possible

executions of the process. This issue is particularly relevant in contexts such as regulatory

compliance, where the goal is to verify the process against normative standards, including

soft regulations like guidelines and product specifications.

These days businesses are increasingly concerned about environmental sustainability

due to the growing recognition of the effects of climate change and environmental degra-

dation. These businesses face pressure to reduce their carbon footprint, manage waste

efficiently, and conserve natural resources. Impact compliance plays a crucial role in en-

2https://www.teamguru.com/blog/25-inspirational-business-process-improvement-quotes/1632.

Ph.D. Thesis - 2025, T.C 5
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suring that businesses adhere to sustainability guidelines and environmental legislation by

assisting them in tracking and managing the environmental impact of their operations. By

doing so, companies not only mitigate their environmental impact but also elevate their

compliance standards with stakeholders, including investors, customers, and other groups

that prioritize sustainability.

The ultimate goal of impact compliance is to ensure the long-term viability of a com-

pany. In a world where resources are limited and the impacts of corporate activities on

society and the environment are closely monitored, adopting sustainable business prac-

tices is not just preferable but essential for survival. By incorporating impact compliance

into their core strategies, businesses can future-proof their operations, ensuring they re-

main competitive and viable amidst evolving challenges.

It is also crucial to recognize the profound significance of ensuring compliance. It

establishes a solid foundation for ensuring that company operations adhere to ethical, le-

gal, and regulatory requirements while minimizing negative effects on the environment

and society. By embracing impact compliance, businesses can achieve operational excel-

lence, mitigate risks, foster innovation, and promote sustainability.

1.2 Background

The last few decades have significantly reshaped the corporate environment due to glob-

alization, technological breakthroughs, and rising social demands. These developments

have made it essential for businesses to adapt their operations, and management practices,

and ensure compliance with various evolving standards. To appreciate the importance and

relevance of compliance in the current corporate landscape, it is necessary to first under-

stand the history of these changes.

Traditionally, the main considerations in corporate processes were profitability and

efficiency. Businesses often paid little attention to the broader social and environmental

effects of their activities, focusing instead on streamlining operations, cutting costs, and

maximizing outputs. In an era of minimal regulatory oversight and low social expectations

regarding corporate behavior, this approach was often sufficient.

Ph.D. Thesis - 2025, T.C 6
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However, significant changes were brought about by the industrial and technological

revolutions of the 20th and 21st centuries. The advent of the internet, automation, and

advanced data analytics revolutionized business operations, enabling unprecedented lev-

els of scale and efficiency. These developments also highlighted the interdependence of

global supply chains and markets, demonstrating how decisions related to a single task,

event, or activity could have far-reaching consequences

As companies grew in size and influence, governments and international organizations

recognized the need for regulatory frameworks to govern corporate activities. This led to

the establishment of numerous laws and regulations aimed at protecting the environment,

ensuring ethical labor practices, and safeguarding consumer rights. Notable regulatory

milestones include the adoption of the International Labour Organization (ILO) stan-

dards, the European Union’s General Data Protection Regulation (GDPR), and the U.S.

Clean Air and Water Acts3.

Simultaneously, there was a growing emphasis on corporate social responsibility

(CSR) and ethical business practices. Organizations like the United Nations Global Com-

pact and the World Business Council for Sustainable Development (WBCSD) encouraged

businesses to adopt sustainable and socially responsible practices. This shift was driven

by an increasing awareness of global challenges such as resource depletion, social in-

equality, and climate change.

Compliance, in its broadest sense, refers to adherence to laws, regulations, guidelines,

and ethical principles. Initially, the primary goal of compliance efforts was to avoid

legal penalties and reduce costs. Companies established compliance departments and

implemented processes to ensure that their activities met the minimum legal standards.

Over time, the scope of compliance expanded to include a wider range of standards

and requirements. This expansion was driven by several factors, including the growing

complexity of regulatory frameworks, the rise of corporate scandals, and increasing stake-

holder demands for greater accountability and transparency. Modern compliance systems

now encompass human rights, data privacy, anti-corruption measures, and environmental

3ILO standards focus on labor rights, GDPR addresses data privacy, and the U.S. Clean Air and Water

Acts regulate environmental protection.
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sustainability.

Business Process Management (BPM) emerged as a structured approach to enhance

and optimize organizational operations. Business Process Management (BPM) involves

the design, analysis, execution, monitoring, and optimization of business processes to

meet predefined objectives. It includes a variety of tools and techniques, such as workflow

automation, performance measurement, and process modeling.

Business Process Management (BPM) is critical for improving operational efficiency,

reducing costs, and enhancing the quality of products and services. By systematically

managing their processes, companies can identify bottlenecks, eliminate redundancies,

and implement best practices. Moreover, BPM supports compliance efforts by providing

a formal framework to ensure that processes adhere to legal and ethical standards.

The integration of technology has transformed both compliance and corporate pro-

cess management. Real-time data and analytics provided by business intelligence tools,

Customer Relationship Management (CRM) software, and Enterprise Resource Planning

(ERP) systems enable businesses to monitor and optimize their operations more effec-

tively.

Automation and Artificial Intelligence (AI) further enhance BPM by automating repet-

itive tasks, predicting potential issues, and providing insights for decision-making. For

instance, AI-driven analytics can detect patterns of non-compliance and help businesses

take proactive measures to address them. Cloud computing makes these technologies ac-

cessible and scalable, allowing businesses to adapt to the changing demands of modern

enterprises.

The next stage in the evolution of compliance is impact compliance, which goes be-

yond traditional frameworks by focusing on the actual impacts of corporate activities

on the environment, society, and the economy. This approach acknowledges that busi-

ness processes must not only comply with regulations but also manage and mitigate the

broader effects of their operations.

Impact compliance is based on the understanding that corporate actions have wide-

ranging implications. For instance, supply chain practices can affect labor conditions,
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manufacturing processes can harm the environment, and product usage can impact con-

sumer health and safety. The goal of impact compliance is to align corporate activi-

ties with broader societal and environmental goals by ensuring that these impacts remain

within acceptable boundaries.

From a strategic perspective, impact compliance offers several advantages. First, it

helps businesses navigate the increasingly complex and dynamic regulatory environment.

By proactively managing their impacts, companies can reduce risks, avoid penalties, and

enhance their reputation.

Second, impact compliance encourages sustainable business practices. It drives com-

panies to adopt greener technologies, reduce waste, and improve resource efficiency.

These practices not only benefit the environment but also reduce costs and improve oper-

ational efficiency.

Third, impact compliance meets growing stakeholder expectations. Communities,

employees, investors, and customers increasingly demand that businesses operate ethi-

cally and transparently. A commitment to impact compliance can foster stakeholder trust

and loyalty.

Finally, impact compliance fosters innovation. Businesses are compelled to explore

new technologies, processes, and business models to manage and mitigate their impacts.

This innovation can lead to the development of sustainable products and services, opening

up new market opportunities and enhancing competitive advantage.

In conclusion, the evolution of impact compliance is grounded in the changing cor-

porate environment, the rise of ethical and legal standards, the importance of business

process management, and the integration of technology. As organizations face increasing

pressure to operate responsibly and sustainably, impact compliance emerges as a critical

framework for managing the broader implications of business processes. By implement-

ing impact compliance, businesses can ensure regulatory compliance, promote environ-

mental sustainability, mitigate risks, drive operational innovation, and meet stakeholder

expectations. This comprehensive approach not only supports corporate success but also

contributes to a fairer and more sustainable future.
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1.3 Motivation

Impact compliance research and implementation are driven by several factors that un-

derscore the importance of companies conducting their operations more responsibly and

comprehensively. These factors include, but are not limited to, risk management, mar-

ket expectations, ethical issues, environmental sustainability, legal requirements, and the

desire for innovation and a competitive edge.

Organizations are adopting impact compliance primarily due to mounting regulatory

pressure on a global scale. Governments and international regulatory bodies are contin-

ually introducing new rules and regulations to protect the environment, ensure fair labor

practices, defend consumer rights, and promote ethical business conduct. Failing to com-

ply with these regulations can lead to significant fines, legal actions, and reputational

damage.

For instance, environmental regulations such as the REACH (Registration, Evalua-

tion, Authorization, and Restriction of Chemicals) directive of the European Union place

strict limitations on the use and disposal of hazardous materials4. Similarly, data protec-

tion legislation like the General Data Protection Regulation (GDPR) imposes stringent

guidelines for managing personal data. These regulatory frameworks demand robust com-

pliance systems to ensure proactive management of the impacts of business activities and

adherence to legal standards.

In today’s market, consumers are more discerning and better informed than ever be-

fore. They expect the businesses they engage with to be both ethically and environmen-

tally responsible, demanding accountability and transparency. This shift in consumer

behavior stems from increasing awareness of global issues like social inequality, climate

change, and human rights violations.

Companies that fail to meet these expectations risk losing customers to more socially

and environmentally conscious competitors. On the other hand, businesses that demon-

strate a commitment to impact compliance can enhance their brand perception, foster

4For more information on the REACH directive, see: https://en.wikipedia.org/wiki/

Registration,_Evaluation,_Authorisation_and_Restriction_of_Chemicals
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customer loyalty, and stand out in a crowded marketplace. For example, companies that

adopt sustainable practices and communicate them transparently often receive positive

customer feedback, leading to increased market share and profitability.

Ethical concerns and the broader movement of corporate social responsibility (CSR)

are major drivers of impact compliance. Businesses increasingly recognize their respon-

sibility to contribute positively to society and the environment. This recognition extends

beyond the pursuit of profit to include the well-being of employees, local communities,

and the planet.

Practices such as fair labor standards, community involvement, and environmental

stewardship are becoming integral components of business strategy. By implementing

impact compliance, companies ensure that their operations align with these ethical prin-

ciples and CSR objectives. This alignment fulfills moral obligations, strengthens stake-

holder trust, and enhances the company’s reputation.

Addressing environmental challenges is another key driver of impact compliance. Ur-

gent global concerns such as biodiversity loss, pollution, resource depletion, and climate

change require immediate action and sustained efforts. Businesses have a critical role in

minimizing these environmental impacts through sustainable practices.

Impact compliance encourages businesses to adopt strategies such as reducing car-

bon emissions, conserving resources, minimizing waste, and supporting renewable energy

initiatives. These actions contribute to environmental sustainability and help businesses

comply with environmental laws. Additionally, sustainable practices often result in cost

savings and operational improvements, benefiting both the environment and the economy.

Effective risk management is also a significant motivator for impact compliance. Com-

panies face a range of risks related to their operations, including reputational, financial,

operational, and legal risks. Non-compliance with regulatory standards can lead to fines,

lawsuits, and operational disruptions, while unethical behavior can result in negative pub-

licity and loss of stakeholder trust.

Impact compliance provides a framework for identifying, assessing, and mitigating

these risks. By ensuring that their operations meet legal, ethical, and environmental stan-
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dards, businesses can improve their resilience and protect themselves from potential lia-

bilities. This proactive approach to risk management is crucial for maintaining long-term

profitability and business continuity.

Pursuing impact compliance can also foster innovation and provide a competitive

edge. In their efforts to manage and mitigate the effects of their operations, companies

often find themselves exploring new technologies, processes, and business models. This

innovation can lead to the development of sustainable products and services that meet

evolving consumer and market demands.

A growing number of stakeholders—including communities, suppliers, employees,

and investors—are demanding that businesses act ethically and transparently. Commu-

nities hold companies accountable for their social and environmental impacts, suppliers

seek ethical partnerships, employees desire purpose-driven workplaces, and investors look

for sustainable investment opportunities.

By implementing impact compliance, companies can meet stakeholder expectations

and build trust. Demonstrating a commitment to ethical and sustainable operations allows

businesses to foster positive relationships with stakeholders, enhance their social license

to operate, and create long-term value.

Ultimately, impact compliance is driven by the realization that sustainability and long-

term business success are deeply interconnected. Companies that neglect their social and

environmental responsibilities may see short-term profits but are likely to face significant

challenges in the future. Conversely, businesses that integrate impact compliance into

their core operations can achieve profitability, resilience, and sustainable growth.

By aligning their operations with broader societal and environmental goals, businesses

contribute not only to their success but also to the well-being of communities and the

planet. Impact compliance is driven by a range of factors, including stakeholder trust, le-

gal obligations, market expectations, ethical concerns, environmental sustainability, risk

management, and long-term business performance. In an increasingly complex and in-

terconnected world, businesses must adopt a comprehensive approach to compliance that

goes beyond mere regulatory adherence. Impact compliance provides a framework for
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managing and mitigating the broader impacts of business operations, ensuring that com-

panies operate ethically and sustainably. This approach not only upholds moral and legal

standards but also drives innovation, enhances competitiveness, and contributes to a sus-

tainable future.

1.4 Objectives

1.4.1 General Objective

The primary goal of this research is to explore and define the concept of impact com-

pliance within the context of business process management, with a particular focus on

the agriculture industry. This study aims to develop frameworks and methodologies that

ensure business operations comply with environmental regulations, which means compli-

ance checking, particularly those targeting the reduction of pollutants and carbon dioxide

emissions, thereby promoting sustainable practices.

To achieve this goal, the research will address the following key questions:

1. How can impact compliance be effectively defined and conceptualized?

2. What are the current practices in business process compliance, and how can they be

evaluated?

3. What methodologies can be developed to measure and enforce impact compliance?

4. How can computational methods be applied to verify impact compliance?

5. How can impact compliance be integrated into business process management to

reduce greenhouse gas (GHG) emissions such as carbon di oxide?

1.4.2 Specific Objectives

1. Define and conceptualize impact compliance
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CHAPTER 1. INTRODUCTION AND BACKGROUND

• To develop a clear and comprehensive definition of impact compliance, dif-

ferentiating it from related concepts such as regulatory compliance and con-

formance within the context of business process management.

2. Establish a theoretical framework for impact compliance

• To formulate a theoretical foundation that supports the concept of impact com-

pliance, clarifying its significance in business processes.

3. Evaluate current business process compliance practices

• To conduct a thorough literature review of existing methodologies in business

process compliance, identifying gaps and limitations that can be addressed by

the concept of impact compliance.

4. Develop methodologies for measuring and enforcing impact compliance

• To design enforcement mechanisms ensuring adherence to established envi-

ronmental constraints within business processes.

5. Integrate impact compliance into business process management

• To provide practical recommendations for companies on incorporating impact

compliance into their processes, with a special emphasis on its application in

the agriculture sector.

These objectives aim to establish a comprehensive understanding of impact compli-

ance and offer actionable solutions for its effective implementation, particularly focusing

on environmental sustainability.

1.5 Significance

Impact compliance is more than just following regulations; it is a revolutionary strategy

that can enhance corporate responsibility, promote sustainability, and reshape how busi-

nesses operate. Impact compliance is a complex topic that affects many areas of a business

Ph.D. Thesis - 2025, T.C 14



CHAPTER 1. INTRODUCTION AND BACKGROUND

as well as its larger ecosystem. We detail each of these dimensions below, highlighting the

significant ramifications and advantages of implementing impact compliance procedures.

Impact compliance promotes an open and accountable culture. Companies gain the

trust of various stakeholders, such as investors, employees, customers, and regulators, by

upholding legal, ethical, and environmental standards. Long-term success depends on this

trust because it raises the company’s profile and credibility in the marketplace.

Impact compliance frequently reduces waste and improves resource efficiency. Busi-

nesses can reduce operating expenses and boost profitability by implementing sustainable

measures, including resource optimization, energy savings, and waste recycling. These

methods support environmental sustainability in addition to cost savings.

A strong compliance and sustainability record is becoming more desirable to in-

vestors. Impact compliance can lead to new funding opportunities and attract socially

conscious investors. Businesses that prioritize sustainability are generally seen as lower-

risk investments, making them more appealing to a broader range of investors.

Long-term profitability can result from sustainable business practices, which ensure

that organizations are better equipped to adapt to changes in the market, regulations, and

environmental challenges.

Impact compliance encourages businesses to adopt strategies that reduce their envi-

ronmental impact. This includes reducing waste generation, conserving energy and water,

and lowering greenhouse gas emissions. Businesses combat climate change and environ-

mental degradation by taking proactive measures to manage their environmental effects.

Businesses that adhere to environmental laws and regulations help preserve ecosys-

tems and biodiversity. Through responsible resource management and pollution reduc-

tion, businesses can contribute to preserving the environment for future generations.

Impact compliance also ensures that businesses comply with health and safety regula-

tions, protecting both workers and communities. This commitment to safety enhances the

overall quality of life and improves public health in the regions where businesses operate.

By ensuring adherence to all applicable legal and regulatory obligations, impact com-

pliance helps businesses avoid fines, penalties, and sanctions associated with non-compliance.
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Maintaining compliance also enhances a company’s reputation with regulatory bodies and

reduces the likelihood of legal challenges.

Through the integration of impact compliance into their operations, businesses can

anticipate and effectively manage potential risks. This proactive approach mitigates risks

before they escalate into serious issues, fostering stability and smoother business opera-

tions.

Impact compliance aligns with international sustainability goals, such as the United

Nations’ Sustainable Development Goals (SDGs)5. Companies that incorporate these

objectives into their operations contribute to broader efforts to address global challenges

like poverty, inequality, and climate change.

Consumers are becoming more conscious of the societal and environmental impact

of their purchases. Businesses that focus on impact compliance can meet the growing

demand for sustainably and ethically produced goods, thereby increasing their appeal to

a broader customer base.

The significance of impact compliance is broad and profound. It encompasses foster-

ing environmental stewardship, enhancing corporate accountability, delivering financial

and economic benefits, and providing social and community advantages. Impact compli-

ance also strengthens competitive advantage, encourages innovation, and offers legal and

regulatory benefits. It positions businesses to succeed and adapt in the long term by en-

abling them to respond to consumer demands and global environmental trends. Adopting

impact compliance is not only a legal necessity but also a strategic imperative in today’s

increasingly interconnected and environmentally conscious society. It has the potential to

revolutionize enterprises and pave the way for a sustainable future.

1.6 Scope

The purpose of this study is to investigate the concept of impact compliance, with a focus

on the agricultural industry. This sector is highly interconnected with climate change

and represents a major source of carbon dioxide emissions. Although impact compliance

5https://sdgs.un.org/goals
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is a significant and pertinent issue in many industries, such as manufacturing, health,

and others, this study focuses solely on the agricultural sector. The main objective is

to understand how impact compliance can be used to mitigate the negative effects that

agricultural activities have on the environment.

The agricultural sector plays a crucial role in food production and rural development

and is an essential part of the global economy. However, it also contributes significantly

to environmental issues such as greenhouse gas emissions, specifically carbon dioxide

(CO2), and other pollutants. By focusing on impact compliance as a tool to manage and

reduce the environmental impact of agricultural operations, this study aims to address

these challenges.

This study primarily focuses on carbon dioxide (CO2) emissions, which are a promi-

nent result of many agricultural practices, including soil cultivation, livestock rearing,

and the use of synthetic fertilizers. CO2 reduction is vital for achieving environmental

sustainability in agriculture, as it is one of the primary greenhouse gases contributing

to global climate change. The goal of this study is to explore methods for monitoring,

recording, and minimizing CO2 emissions to ensure that the agricultural sector adheres

to environmental standards and regulations.

In addition to CO2, this study will consider other environmental pollutants, such as

the potent greenhouse gas methane (CH4) emitted by livestock and nitrous oxide (N2O)

produced by nitrogen-based fertilizers. The study will evaluate how impact compliance

can help mitigate these pollutants and improve the overall environmental performance of

the agriculture sector.

The study aims to integrate impact compliance with environmental management prac-

tices to ensure that agricultural operations not only meet legal requirements but also con-

tribute positively to environmental protection and enhancement.

By concentrating on these areas, the study provides valuable insights and practical rec-

ommendations for improving impact compliance in the agricultural industry, ultimately

leading to more environmentally friendly and sustainable farming practices.
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1.7 Beneficiaries

Impact compliance is a concept that benefits a wide range of stakeholders, including com-

munities, businesses, workers, customers, investors, and the environment. Organizations

can generate a chain reaction of favorable outcomes that support long-term success and

sustainable development by implementing impact compliance.

Companies that follow impact compliance establish a reputation for accountability,

transparency, and ethical conduct. This enhanced reputation may result in more loyal

customers, a more valuable brand, and a competitive advantage in the marketplace. Nowa-

days, customers are more inclined to support businesses that demonstrate a commitment

to social and environmental responsibility.

Impact compliance helps companies identify and mitigate the risks of non-compliance,

such as fines, legal ramifications, and damage to their reputation. By taking proactive

steps to address compliance issues, businesses can avoid costly disruptions and ensure

business continuity.

Impact compliance ensures that products meet ethical, moral, and safety standards.

Customers can trust the products they purchase to be reliable, safe, and produced in a

socially and environmentally responsible manner.

Consumers benefit from greater transparency and access to information about the

products they purchase. Businesses that engage in impact compliance often provide de-

tailed information about their sourcing, production processes, and sustainability initia-

tives, empowering consumers to make informed decisions.

Customers are more likely to trust and remain loyal to companies that demonstrate

a commitment to sustainability and ethical behavior. Impact compliance ensures that

businesses act responsibly and ethically, helping to build this trust.

Impact-compliant businesses contribute to the social and economic advancement of

the communities in which they operate. By promoting job creation, supporting local

suppliers, and participating in community development programs, businesses can enhance

the well-being of local populations.
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Environmental protection: Impact compliance incentivizes companies to adopt envi-

ronmentally conscious practices. Reducing waste, conserving natural resources, and im-

proving air and water quality benefit communities by enhancing public health and quality

of life.

Impact compliance ensures that corporate operations do not deplete or degrade the en-

vironment by encouraging the responsible use of natural resources. Sustainable practices

such as resource optimization, recycling, and energy conservation contribute to healthier

ecosystems in the long term.

By adhering to environmental laws and guidelines, businesses can significantly re-

duce their environmental impact. This reduction helps combat climate change and en-

vironmental degradation by lowering greenhouse gas emissions, reducing pollution, and

minimizing waste.

Impact compliance encourages businesses to adopt strategies that preserve biodiver-

sity and natural habitats. By minimizing their environmental footprint, businesses can

contribute to the preservation of global biodiversity and the resilience of ecosystems.

A wide range of stakeholders, including businesses, workers, customers, investors,

communities, and the environment, reap substantial benefits from impact compliance.

Companies gain by enhancing their reputation, reducing risks, improving operational ef-

ficiency, and fostering innovation. Employees benefit from safe working conditions, job

satisfaction, and opportunities for professional growth. Customers gain access to trans-

parent, high-quality, and safe products. Investors see reduced risks and the generation of

long-term value. Communities benefit from social and economic advancement, environ-

mental protection, and corporate support. Finally, the environment benefits from reduced

pollution, preserved biodiversity, and sustainable resource management. By embracing

impact compliance, organizations can achieve sustainable growth and profitability while

making a positive and lasting impact on both society and the environment.
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1.8 Dissertation Outline:

This dissertation aims to tackle a crucial problem in business process management: can

a business process be implemented while maintaining a set of limit constraints for vari-

ables that gauge the influence of undesirable effects or impact? We call this issue impact

compliance. This dissertation is structured to systematically investigate this idea and its

applications.

Chapter 1: Introduction and Background

The introduction chapter establishes the framework for the dissertation by providing a

thorough review of business, business process modeling, impact, and impact compliance.

It highlights the motivation for this study by identifying the research gap, the advantages

of addressing this topic, and the scope and beneficiaries of the dissertation. This chapter

also outlines the main objectives of the dissertation and provides a summary of its overall

structure.

Chapter 2: Literature Review

Chapter two provides a comprehensive analysis of the existing research on impact com-

pliance and business process compliance. It reviews previous studies, conceptual frame-

works, and practical applications, providing readers with a solid conceptual foundation

for understanding the current state of knowledge in this field. This review sets the stage

for identifying gaps and demonstrating the need for further research.

Chapter 3: Business Process Compliance with Impact Compliance

The third chapter delves into the core concept of impact compliance. It emphasizes the

importance of ensuring that business processes comply with legal and environmental con-

straints to mitigate adverse effects. The chapter addresses the complexity of verifying

compliance, particularly in relation to NP-complete problems, and examines the struc-

tural conditions under which compliance-checking problems are solvable in polynomial

time. It also explores scenarios where deterministic machines can be used to solve specific

compliance problems. The chapter includes case studies to demonstrate the practicality

of impact compliance approaches and provides methods for quantifying and enforcing
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constraints.

Chapter 4: An Approach for Computing Similarity Between Business Processes

Based on Resource Consumption Impacts

This chapter presents a novel approach to assessing business process similarity by

incorporating resource consumption, an often-overlooked factor in traditional methods.

Two similarity measures—Modified Cosine Similarity and Euclidean-Based Similarity—are

developed by modeling task resource usage as vectors.

An algorithm is introduced to compute resource impacts for BPMN process models in

SESE form, evaluating average, minimum, and maximum impacts across process traces.

This resource-aware approach enhances process analysis and optimization by providing a

more comprehensive similarity assessment.

Chapter 5: Conclusion and Recommendations

The final chapter summarizes the key findings of the dissertation, emphasizing their rele-

vance to business process management. It discusses the limitations of the current research

and suggests potential directions for future work. Lastly, the chapter offers reflections and

practical recommendations for both practitioners and scholars of business process com-

pliance.

List of Relevant Publications

A portion of the work from this doctoral dissertation has been published in information

systems journals. The published articles are listed below.

• T. C. Workneh, P. Sala, R. Rizzi, and M. Cristani. Business Process Compliance

with Impact Constraints. In Information Systems , 2024.
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Chapter Two

Literature review

This section reviews the literature relevant to the research topic. First, I will refer to

the general concepts of conformance and compliance checking then provide a review of

those papers that treat the topic of compliance and conformance when some attention is

posed to matters related to the impact of a business process (or close concepts), including

the analysis of the cost, workload, and time.

I also demonstrate that certain aspects of flow control are relevant to the conceptual-

ization of this research. However, I approach the topic differently, particularly in relation

to the ability of flow control to establish unifying semantics—an interpretation that con-

trasts with the perspective taken in this study

Compliance and conformance many conformance-checking techniques have been pro-

posed over the years, and they mostly focused on control flow aspects as in Tsoury et al.’s

study [43]. However data, resources, time, and impact are some aspects that have been

discussed, for instance, in De Leoni et al.’s paper [12], but at a very general level. In this

research, I focus on impact aspects that are, per se, relevant, and that I illustrate as a whole

concept that spans the above-listed possible aspects.

At large, conformance is relevant, especially in process mining methods, and com-

pliance could result from certain dual comparisons typical of this field. In particular, I

can define conformance as the problem of deciding if a given sequence of events could
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be a trace of a designed Business Process. Conversely, when generating a model of a

Business Process by observing and summarizing a set of traces, I design a mined process.

To prevent overfitting, most mining methods discard deviations—executions that could

realistically represent non-conforming cases.

The dual problem is in fact compliance. Checking compliance has been proposed as a

topic that could be automated since some time [19] and dealt with in a significant number

of studies, with a specific emphasis on regulatory compliance by many scholars, includ-

ing some of the authors of this papers [23, 34, 35, 21, 22]. This research introduces the

impact compliance that could occur when, during regulatory compliance checks, many

constraints on the values of measurable variables are superimposed. This is a widespread

phenomenon in the current legislation, when we aim at stopping pollution, reducing water

consumption, or electricity consumption, and reducing waste generation, or more gener-

ally, reducing the carbon footprint of industrial processes. my study concentrates on how

to add numeric constraints while performing the analysis of a Business Process. This

could be considered, to many extents, a technique, thought to solve the issue of applying

the constraints to the original graph describing the required behavior of a business pro-

cess, but it cannot be mapped onto the Argumentation Framework, without stretching the

correspondences.

Cost, energy, and time: the green business process management paradigm There

are four areas in which I can detect investigations related to this study. One area investi-

gates the notion of green business process management, one looks at cost-aware business

processes, one at energy-aware ones, and finally resource-aware business processes. Be-

fore going into these specialized fields, I need to mention a research area where the notion

of effectiveness, cost, time, or other variables to measure the impact of a process has been

on the table in many scholars’ works: process query languages. In particular, the contri-

bution of Delfmann et al. [14] to the field of Diagramed Query Languages and the specific

application to the domain of process query has shown that it is possible to query a BPMN

for specific patterns, and this can be used for identifying the subgraphs that are costing

more to the whole cost (or time) of the execution. Process Query languages [37, 36] are
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a fruitful research path, and therefore allow empirical choice of better execution patterns.

The idea of the research above is to provide also room for a multi-target analysis, and

it has been employed for empirical approaches to holistic evaluation of processes in dif-

ferent contexts, including Physics [50] but the most relevant case is the pattern-driven

business process (re)design that has used in some cases the ideas of Delfamm et al., in

particular in [49] and in [26]. These studies are crystal clear about one point: there is still

no formal way to treat the problem of choosing the optimal paths of a business process.

Scholars have used the term ‘Green BPM’ to describe a class of technologies that

leverage and extend existing business process management technologies to enable pro-

cess design, analysis, execution, and monitoring in a manner informed by the carbon

footprint of process design and execution, as introduced in the study by Hoesch-Klohe et

al. [25]. Nowak and Leymann [33] provide a method to extract environmentally relevant

patterns from existing patterns of different domains in the process mining perspective.

In a previous investigation, Nowak et al. again [32] employed ecologically sustainable

adaptation strategies that are described as green business process patterns to address the

issue of reducing the effects of the execution of these processes. I should observe that

all these investigations by Nowak and collaborators tend, differently from what has been

done in this paper, to focus on methods to mitigate the negative effects caused by the

execution of a specific task (or by a specific trace), or designing (and in the second paper,

also re-designing) the Business Process in a perspective that eliminates the worst effects.

This approach does not introduce a notion of constraint but can be considered similar in

terms of purpose. However, Nowak’s studies tend to solve the problems from an instru-

mental point of view, by enriching the language for Business Process specification and

providing semantics for measuring the impact when possible. In a sense, the premise of

our discourse is here.

Some researchers also tried to build frameworks that consider the impact during the

process redesign. These approaches span from additional information (in a sense that is

similar to Nowak’s approach) from methods such as Life Cycle Assessment [27]. One

fundamental issue in both these approaches (those based on schemata for design and re-
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design, I may name methodological approaches, and those based on Life Cycle Assess-

ment) a crucial point is to identify some assessment measure, to be applied in design and

re-design. There is a specific notion, that environmental performance indicators (EPIs)

(as well as other relevant organizational factors related to ES and BPM) have been used

by Gohar and Indulska [20]. Some studies have addressed the problems related to how

to employ the representation of impact they proposed (for instance by adding information

on the impact of tasks, or to traces - two different analyses, specifically conducted in dif-

ferent moments of the design and re-design phases) by employing a process pattern-based

approach. This approach consists of providing proven, general solutions to common prob-

lems referring to social sustainability as in Schoormann et al. investigation [41]and intro-

ducing ecology-oriented Guidelines of Modeling (EGoM) as in the study of Lübbecke et

al. [30].

Cost-aware business process investigations envisage a holistic approach to managing

the cost of business operations in a structured manner, by making an explicit link between

cost and processes in all phases of the business process management life cycle. An ex-

ample of this approach is in the methodology proposed by Wynn et al. [47]. Cost-aware

business process management introduces an important theme that is also decisive in the

analysis we are performing in this investigation: the additivity nature of a large family

of impacts. Carbon footprint, consumption of scarce resources, and cost are all kinds of

impacts of an additive nature. If a task costs one and another task on the same task costs

two the total cost of the path has to be computed on the base of a value of three. There can

be cases in which I measure also positive impacts, that could add to the negative values

(the costs to use a general term, against the values or the gains). In this dissertation, I

shall focus on the sole negative impact (that we shall denote by positive values, aiming at

reducing the total sum).

The approach of Bolsinger et al. [6] has been a somewhat seeding viewpoint, espe-

cially in the community of Process Management, and is the result of a field of research

named value-focused process engineering, that has been the focus of some scholars, in-

cluding [31] who discussed the risk perspective in value-focused process engineering, and
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others [39, 40, 11]. The approach they follow has inspired the work of Rosemann as well

[38] who employed the ideas of Bolsinger et al. to devise patterns to detect improvement

space in Business Process Management. The work by Bolsinger et al. discusses, in par-

ticular, how to choose a route that is convenient for performing better a given Business

Process, among all possible paths. The idea may appear similar, but several points are

different. First of all, the approach proposed by Bolsinger et al. is purely empirical and

has the sole purpose of defining a method, not an algorithm. Moreover, the proposed

method is applicable only to scalar labeling and thus constitutes a small portion of the

domain dealt with in this research. Finally, the proposed method essentially recomputes

the labeling by a rewriting based on a direct exclusion that, while applying with poly-

nomial complexity to the scalar case, is not as efficient as our approach. In Section 3.2

I show that the computational cost of the proper vectorial labeling, which is potentially

exponential, actually follows polynomial patterns in several cases. The only natural ex-

tension of the approach by Bolsinger et al., indeed taken seriously by Bisogno et al. [5],

is to use empirical simulation, and this results in a method that performs nicely, but it is

still computationally heavy. In this research, I show that this is not a direct consequence

of the structure of the problem and can be solved in polynomial time in several significant

configurations.

Energy efficiency goals represent one of these additive impacts, that I aim to reduce

the most. The development of green business process systems can only be achieved by

recognizing their multi-layer feedback nature, as pointed out by Ardagna et al. [2]. López

et al. formalized the energy-aware resource allocation problem, including time-dependent

variable costs [29]. Their provision is very complex, but the algorithmic solution that they

investigated does not directly solve the problem: it delegates the optimization process to a

Pareto-driven auction approach that instantiates the problem and recomputes the fixpoint.

This approach has a large number of advantages, but it does not apply to multiple impact

measures, in fact, the cost is a metaphor for the consumption of resources and it is a single

impact measure process. In further studies, inspired by Ardagna’s work, Cappiello et al.

[9] introduce an approach for defining energy-aware adaptive business process co-design,
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that in part lies on a similar perspective of López et al. method.

Flow control and flow management: managing resources of Business Processes Re-

source Business Process Management is a field that in some sense considers the above

perspective. Scholars look at resources as a summary metaphor for costs and energy.

The mainstream idea is to check the compliance of observed process executions con-

sidering data, resources, and control flow as a unified problem Unlike the majority of

conformance-checking approaches, the fundamental distinction is not to restrict the focus

to the ordering of activities (i.e., control flow). Taghiabadi et al. [42] have provided a

general framework to accommodate the above-mentioned complexity of problems. They

essentially follow an approach based on Process Mining concepts. The compliance view

they adopt is therefore comparative. One process is compliant with another one, for its

traces are also traces of the other one.

Cabanillas [7] introduces techniques for resource specification, which rely on a new

resource selection language that accommodates the aforementioned notions studied by

Taghiabadi et al, and provides an extensible conceptualization for the same conformance

or compliance notions. Process model similarity and matching methods are used to ad-

dress the problem of redundantly modeled processes by Baumann et al. [4]. Cabanillas

et al. [8], further on, define RAL (Resource Assignment Language), a domain-specific

language explicitly developed to assign resources to the activities of a business process

model. Del Rio-Ortega et al. [13] support the definition of resource-aware PPIs (process,

performance, indicators) in Business processes enriched with resource information. In

general, it makes sense to consider flow as a means to determine which traces are accept-

able and which are not. However, the principles underlying all methods in this field, as

discussed, for instance, in [1] is that I need a unifying interpretation for all constraints.

An example of a method like this is the carbon footprint equivalent that transforms any

environmental impact in a measure on a unified unit. Another typical approach is mone-

tization, which transforms any impact into a cost.
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Chapter Three

Business Process Compliance with impact

constraints

3.1 Introduction

Business Process Compliance is a family of methods to evaluate Business Processes

in terms of the existence of one execution (one trace) that does not violate constraints

superimposed on the process itself. The dual version is formulated as the superimposi-

tion of constraints and consequent evaluation of the process for all the executions. These

problems are relevant to a large part of actual applications, especially those in the con-

text of regulatory compliance where we aim at verifying the process against a normative

background (including, for instance, soft ones, such as guidelines, product specification,

and product standards) or goals fixed by the owner of the process. This dissertation dis-

cusses one new type of compliance, that is impact compliance, devised to verify when

a process respects a set of constraints, to establish that certain amounts, measuring the

undesired effects of the tasks executed to implement the process, are below-given limits.

The current literature on Business Process Management, Business Process Analysis, and

Business Process Compliance has not yet addressed this type of compliance checking pro-

cess. As I demonstrated in the later sections of the chapter, this problem is significant and
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complex to address. In particular, I showed that the checking problems described above

are polynomially solvable on deterministic machines under certain structural conditions.

In general, however, the first problem is NP-complete, while the second is polynomially

solvable on deterministic machines. I dealt with the following issue: is it possible to ex-

ecute (in one single case or all possible cases) a Business Process while respecting a set

of limit constraints (maximum values) for a given set of variables measuring the impact

of undesired effects of the execution of the process itself? We denominate this problem

impact compliance. This problem has not yet been considered fully. As I will demonstrate

in chapter 2, some attempts have been made to deeply understand the problems related

to the impact of a process. However, these attempts lack generality, do not systemati-

cally address complexity issues, and fail to consider how to evaluate processes across a

variety of impact aspects simultaneously—an approach that I argue is essential in several

practical cases.

FIRST: Contextualize the problem, provide a running example that will be analyzed

at various points throughout this dissertation and introduce some of the basic concepts

necessary for the research presented here.

Business processes are the formal representation of workflows, designed to model the

behavior of agents (both humans and software) that perform various tasks with the explicit

purpose of achieving a specific set of goals. This formalism is intended to manage prece-

dence among tasks and evaluate conditions that determine whether one path, another, or

multiple paths (executed in parallel) are followed during the workflow execution.

The control of execution flows to guarantee adherence to a set of constraints—either

due to normative requirements or to ensure the attainment of goals defined by the work-

flow’s owner—is the subject of compliance. On the other hand, monitoring the execution

flow to verify that the workflow adheres to a specific model is the subject of conformance.

To deepen the analysis of the aforementioned concept, I present a conceptualization

in Figure 1 that illustrates a situation where the idea of impact is informally discussed in

the context of Business Processes.

Example 1. To perform a specific type of production, we execute a first task (T1), then
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alternatively a task T2 or a task T3, followed by a task T4, and finally, again alternatively,

a task T5, T6, or T7. We know, a priori, that the impact of the tasks on the two aspects is

as follows:

Task Water CO 2 Task Water CO 2

T1 3 2 T5 1 3

T2 5 2 T6 2 2

T3 2 4 T7 3 1

T4 1 1

T1 consumes 3 lt of water per kg, and emits 1 unit of CO2; T2 consumes 5 lt of water

per kg, and emits 2 units of CO2; T3 consumes 2 lt of water per kg, and emits 4 units

of CO2; T4 consumes 1 lt of water per kg, and emits 1 unit of CO2; T5 consumes 1 lt of

water per kg, and emits 3 units of CO2; T6 consumes 2 lt of water per kg, and emits 2

units of CO2; T7 consumes 3 lt of water per kg, and emits 1 unit of CO2; A schema of the

business process is presented in Figure 3.1.

• T1 consumes 3 lt of water per kg, and emits 1 unit of CO2;

• T2 consumes 5 lt of water per kg, and emits 2 units of CO2;

• T3 consumes 2 lt of water per kg, and emits 4 units of CO2;

• T3 consumes 1 lt of water per kg, and emits 1 unit of CO2;

• T4 consumes 1 lt of water per kg, and emits 3 units of CO2;

• T5 consumes 2 lt of water per kg, and emits 2 units of CO2;

• T6 consumes 3 lt of water per kg, and emits 1 unit of CO2;

The problem we aim to solve involves finding an optimal execution that minimizes

impact. The following set of possibilities (execution traces) is available:
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Figure 3.1: An example of a business process in the BPMN format.

1. T1, T2, T4,T5 consumes 9 lt of water and emits 6 units of CO2;

2. T1, T2, T4,T6 consumes 10 lt of water and emits 5 units of CO2;

3. T1, T2, T4,T7 consumes 11 lt of water and emits 4 units of CO2;

4. T1, T3, T4,T5 consumes 6 lt of water and emits 8 units of CO2;

5. T1, T3, T4,T6 consumes 7 lt water and emits 7 units of CO2;

6. T1, T3, T4,T7 consumes 8 lt water and emits 6 units of CO2;

Trace Tasks Water CO2

TRACE 1 T1, T2, T4, T5 10 8

TRACE 2 T1, T2, T4, T6 11 7

TRACE 3 T1, T2, T4, T7 12 6

TRACE 4 T1, T3, T4, T5 7 10

TRACE 5 T1, T3, T4, T6 8 9

TRACE 6 T1, T3, T4, T7 9 8

Table 3.1: Execution traces with corresponding water and CO2 values.

TRACE 4 is best in terms of water consumption, while TRACE 3 is best in terms of CO2

emissions. If we superimpose a constraint set stating that the maximum we can accept in
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terms of water is 10 liters and in terms of emission is 9 units, the only good traces are

1,5,6. If we superimpose a constraint set that states to reduce the consumption of water

to a maximum of 9 and the emissions to a maximum of 9, the only satisfactory traces are

5 and 6.

The approach adopted in this study is to consider a business process as formalized in

Section 3.2.1.

To introduce the concept of Impact-aware BPMN and apply the notion of compliance

to impact, I present an example from the agricultural context. In this domain, the problem

of checking impact compliance is essential for several reasons, including effectiveness,

energy saving, and environmental protection.

Adopting practices that reduce greenhouse gas (GHG) emissions can enable agricul-

ture to play a significant role in the global effort to combat climate change. To implement

these actions effectively, it is crucial to understand the global impact of an agricultural

process.

In order to exemplify a business process with impact, I consider here the grape pro-

duction cycle, which starts with site selection and finishes with harvesting. The BPMN

diagram for this process is depicted in Figure 3.2. I concentrate on the effects of methane,

water, and carbon dioxide emissions. The purpose of this example is to illustrate a do-

main of application of the method, I investigate here and show how it would be effective

in understanding the actual impact behavior of complex processes. This example is then

used to show how the basic tool for algorithmic analysis of processes, the region tree,

is devised. I shall not run the algorithm on this example for two reasons. Firstly, the

example is devised to present simple, realistic but simplified processes, and this does not

give an effective analysis of the behavior, which is instead analyzed in detail both from

a theoretical and an experimental viewpoint. Secondly, I chose not to for the sake of

conciseness.

- Carbon Dioxide (CO2): A colorless gas with a sour taste and a slightly harsh smell.

It is one of the most significant greenhouse gases associated with agricultural pro-

duction. As shown in Figure 3.2 and Table 3.2, there are numerous activities/tasks
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involved in grape production that emit Carbon Dioxide.

- Water (H2O): An essential component of agricultural productivity. In each growth

life cycle, water is necessary to obtain output.

- Methane (CH4): A hydrocarbon that makes up the majority of natural gas. Since

methane is a greenhouse gas (GHG), its presence in the atmosphere impacts the

planet’s temperature and climate.

The specification provided in Figure 3.2 represents a simplified version of a typical grape

production process. Specifically, I have intentionally shortened the loops by anticipating

decisions during the monitoring phases, eliminating the need for further tests. To en-

sure reliability, I have assigned the maximum required values for each task, adopting a

precautionary approach in evaluating the impact.

While examining Figure 3.2, readers may notice several vertices that are not listed in

Table 3.2. These vertices are not included because they are not tasks, and based on the

model presented in this dissertation, they do not have associated impact vectors. These

vertices are used to manage parallel tasks and alternatives (AND and OR splits and joins).

I have implicitly assumed that all splits and joins have zero vector impact.

Each production step is associated with carbon dioxide emissions, water consumption,

and methane emissions.

In this context, I focus solely on checking the compliance of a given process against a

set of constraints on the maximum impact the process can have.

Looking at Figure 3.2, it is not immediately possible to estimate the actual impact of a

single trace. Moreover, the set of traces is quite large (not polynomial in the number

of vertices). This raises a natural computational question: Can we determine whether it

is possible to execute this process (at least once, or possibly always) within acceptable

limits? On the other hand, the dual question is: Can we identify a minimal execution

trace?
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Figure 3.2: BPMN of Grapes Production. In red color the vertices

with 0 impact for all components.

Task Carbon Dioxide Emission Water Cons. Methane Emission

v1 429 tph 0 0

v4 429 tph 0 10tph

v8
a 632 tph 0 0

v9 429 tph 10 cmph 429 tph

v12 429 tph 10 cmph 14586tph

v15 0 10 cmph 0

v21 0 10 cmph 0

v23 429 tph 10 cmph 0

v24 429 tph 10 cmph 0

v26 429 tph 0 0

Table 3.2: Impact vectors for the tasks with non-zero impact vectors

in Figure 3.2.

3.2 Methodological Framework

This section will define and go into the terms that are pertinent to this study. The terms

discussed are BPMN, graph representation, and algorithmic treatment of graphs.
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3.2.1 Business Process Modeling and Notation

The Business Process Modeling Notation (BPMN), an open standard notation for graph-

ical flowcharts that are used to define business process workflows, is a visual modeling

language for business analysis applications and establishing enterprise process workflows.

All business stakeholders, including business users, business analysts, software engineers,

and data architects can readily understand this well-liked and clear image. It has various

advantages for business analysts who create and improve the processes and also for man-

agers who monitor and control the processes.

In this dissertation, I consider a small subset of BPMN, specifically one that includes

only pools, swimlanes, tasks, starting/ending events, and exclusive/parallel gateways.

However, for the purposes of this work, both pools and swimlanes are used solely as syn-

tactic annotations, and as such, I omit them from the formal notation. A BPMN is a labeled

directed graph, G=(V,E,L). where L :V→{task,start,end,Exclusive Split,Exclusive Join,

Parallel Split,Parallel Join}, such that for every v ∈V :

(i) if L(v) = start then for every v′ with L(v′) = start we have v = v′ (unique start

event), moreover |{(v,v′) ∈ E}|= 1 (exactly one outgoing edge from the start event)

and |{(v′,v) ∈ E}|= 0 (no incoming edges in the start event);

(ii) if L(v) = end we have |{(v′,v) ∈ E}| = 1 (exactly one incoming edge in an end

event) and |{(v,v′) ∈ E}|= 0 (no outgoing edges from an end event);

(iii) if L(v) = task we have |{(v′,v) ∈ E}| = |{(v,v′) ∈ E}| = 1 (exactly one incom-

ing/outgoing edge for a task);

(iv) if L(v) = Exclusive Split (resp., L(v) = Parallel Split) we have |{(v′,v) ∈ E}| = 1

(exactly one incoming edge in a split gateway) and |{(v,v′) ∈ E}| = 2 (exactly two

outgoing edges from a split gateway);

(v) if L(v) = Exclusive Join (resp., L(v) = Parallel Join) we have |{(v′,v) ∈ E}| = 2

(exactly two incoming edges in a join gateway) and |{(v,v′) ∈ E}|= 1 (exactly one

outgoing edge from a join gateway).

Let us observe that we may have multiple end events.

In the following, we assume our BPMN to be structured as Single Entry Single Exit
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(SESE) Regions [16] that is given a BPMN G = (V,E,L) we may create a set cover R =

{R1, . . . ,Rm} of V , i.e., a set of subsets of V whose union is equal to V itself such that for

every 1≤ i≤ m:

1 - disjointness or inclusion - for every 1≤ j≤m either Ri∩R j = /0, Ri ⊆ R j, or Ri ⊇ R j;

2 - single entry - there exists at most one v ∈V \Ri such that (v,v′) ∈ E with v′ ∈ Ri, we

will call v′ (if any) the entry-point of Ri, denoted by entry(Ri);

3 - single exit - there exists at most one v ∈ V \Ri such that (v′,v) ∈ E with v′ ∈ Ri, we

will call v′ (if any) the exit-point of Ri, denoted by exit(Ri);

4 - region maximality - let submax(Ri) = {R j ∈R : R j ⊂ Ri,∀ j′(R j′ ⊂ Ri→ R j′ ⊆ R j ∨

R j′∩R j = /0)} the set of all and only maximal proper sub-region of Ri w.r.t. inclusion,

then one of the following cases may arise:

a - branching case - submax(Ri) = {R j,R j′}, i.e., |submax(Ri)| = 2 then, Ri \ (R j ∪

R j′)= {v,v′} such that entry(Ri)= v, L(v)=Exclusive Split (resp., L(v)=Parallel Split),

{(v,entry(R j)),(v,entry(R j′))} ⊆ E, exit(Ri) = v′, L(v) = Exclusive Join (resp.,

L(v) = Parallel Join), {(exit(R j),v′),(exit(R j′),v′)} ⊆ E;

b - loop case1 - submax(Ri) = {R j,R j′}, i.e., |submax(Ri)|= 2 then, Ri \ (R j∪R j′) =

{v,v′} such that v= entry(Ri), L(v) =Exclusive Join (resp., L(v) =Parallel Join),

{(v,entry(R j)),(exit(R j′),v)} ⊆ E, v′ = exit(Ri), L(v) = Exclusive Split (resp.,

L(v) = Parallel Split), {(exit(R j),v′),(v′,entry(R j′)} ⊆ E, in such a case R j is

called the forward sub-region of Ri, denoted by f orward(Ri) and R j′ is called the

backward sub-region of Ri, denoted by backward(Ri);

c - sequence case - submax(Ri)= {Ri
1,R

i
mi
} such that entry(Ri)= entry(Ri

1), exit(Ri)=

exit(Ri
mi
), and for every 1≤ j < Ri

mi
we have (exit(Ri

j), entry(Ri
j+1)) ∈ E.

Finally, if L(entry(Ri)) = task (resp., L(exit(Ri)) = task ) and there exists a unique

v ∈ V \Ri such that (v,entry(Ri)) ∈ E (resp., (exit(Ri),v) ∈ E) we may extend Ri to

1We must observe here that the loop case might be cumbersome for the general task of determining

whether a given trace fits the impact constraint. Indeed, apart from the trivial case of a loop containing

only tasks with no impact in any dimension, every loop will, in a finite number of steps, overwhelm one

of the components of the input impact vector. This is taken specifically into consideration when we shall

formulate the generalization of Problem 1 to Problem 2.
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the extended region R′i = Ri∪{entry(Ri)} (resp., R′i = Ri∪{exit(Ri)}).

Moreover, we assume every loop case to always have both a forward and a backward non-

empty region. It is straightforward to write the rules for the cases in which one of them

is missing so we omit it, another, less elegant solution, would be to add a dummy task

in place of the missing region. We can use the very same arguments to fix the branching

cases that feature one empty branch.

From now on we will call a BPMN G = (V,E,L) structured in SESE regions simply a

structured BPMN. In a structured BPMN, it is easy to see that R = {R1, . . . ,Rm} is unique

and may be organized as a rooted tree RT = (R,E) such that (Ri,R j) ∈ E if and only if

R j ∈ submax(Ri), we will call such an object the region tree of G.

Below I present a diagram denoted as G1 and G2. Diagram G1 is structured in Single

Entry Single Exit (SESE) form but Diagram G2 is not. I assume that the input process is

initially provided in Single Entry Single Exit form (SESE) as described in [16].

Informally, a Business Process Model and Notation (BPMN) diagram in SESE form

adheres to a specific structure. For every gateway-split node, there exists a unique corre-

sponding gateway-join node. This relationship ensures that the region formed by such a

pair of gateway nodes has precisely one incoming edge and one exit edge. Conversely,

a BPMN diagram without SESE form may have a situation where one incoming edge has

more than one exit edge. The representation in SESE form is trace equivalent2, and it can

always be obtained from a generic BPMN diagram. BPMN diagrams, being special cases

of Petri nets, possess inherent properties that facilitate such transformations. Moreover,

numerous optimized tools exist for addressing the unfolding problem, which allows to

transformation of any BPMN into equivalent SESE-based BPMN representation in polyno-

mial time [18].

3.2.2 Compliance of Business Process

Compliance checking determines when at least one trace (or all traces, in the case of the

dual version) of a business process can be executed while adhering to a set of imposed

2Two BPMN diagrams are trace-equivalent if they produce the same traces, see [44].
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Figure 3.3: G1 BPMN structure in the Single Entry Single Exit (SESE)

form.

Figure 3.4: G2 BPMN structure without in Single Entry Single Exit

(SESE) form.
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R1∪R2R0

R3∪R4R1 R5∪R6R2

R7∪R8R3

{T4}R4 R9∪R10R5 {R11}R6

{T1}R7

R12∪R13R8

{T6}R9 {T7}R10 {T5}R11

{T2}R12 {T3}R13

Figure 3.5: The region tree of the BPMN depicted in Figure 3.3

constraints. The side effects of non-compliance, when referred to as impact, are sub-

stantial. These procedural inconsistencies may lead to audit issues, legal complications,

or violations of other regulatory standards. For example, many legal boundaries are es-

tablished as limits on emissions or the consumption of scarce resources. Furthermore,

numerous standards, such as ISO 14064 (for reporting and limiting the environmental im-

pact of industrial processes), ISO 14083 (which governs emissions in transportation and

logistics), and ISO 14067 (which limits product emissions), have significant implications

in the marketplace.

Many customers, for legal or practical reasons, may require their supply chain part-

ners to comply with specific standards. Failure to meet these standards may grant the

customer the right to terminate the contract. Additionally, process variations leading to

non-compliance may result in the overuse of resources or negatively affect the quality

of the final product or service. Consequently, most process failures in agricultural or in-

dustrial production lead to significant environmental impacts or other detrimental effects,

which may also contribute to climate change.

More broadly, there are instances where the impact referred to does not directly relate

to emissions or resource consumption, such as in cases involving economic impact or
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workload impact. In this study, I adopt an approach that unifies these various forms of

impact and refers to them collectively as impact. I acknowledge that there may be multiple

types of impact, necessitating a complex, simultaneous, multi-dimensional evaluation.

3.3 Representation of Impact and Compliance of Impact-

aware BPMN Process

Given a BPMN G = (V,E,L), an impact function I over G is a function I : V →Nk with

k ≥ 1 such that for every v ∈V , we have I (v) =
−→
0 if L(v) ̸= task, i.e., for the sake of

simplicity and without losing generality, only task elements may have impacts greater

than 0 for some components.

Let T = {v ∈ V : L(v) = task}. We borrow the definition of conformant execution

from [45], that is, a conformant execution of G is any word t1 . . . th in T+ that may be

executed in G with fitness equal to 1. We define the I impact of w = t1 . . . th as

I (w) = ∑
1≤i≤h

I (ti).

Given a bound b ∈Nk, we say that w is impact-compliant with respect to (G,I ,b) if and

only if

I (w)≤ b.

For the sake of brevity, in the following, we will assume that G, b, and I are clear from

the context, and we will simply state that w is impact-compliant.

The core notion of our strategy is to evaluate the impact of the business process life cy-

cle. For clarity, consider the grape production process, which starts with site selection and

finishes with harvesting. To illustrate this, we choose the agricultural sector, specifically

grape cultivation.

Problem 1. Given a BPMN G, an impact function I : V → Nk, and an impact bound b,

determine whether or not there exists an execution w ∈ T+ that is below the value for

each component of the bound.
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It is not possible to define a meaningful exact dual problem of Problem 1. That would

require that every execution of a given BPMN results below the value of each component

of the input bound. If this is the case, the problem becomes trivial to answer. If the BPMN

contains one loop, and the tasks within the loop sum to a non-null vector, we shall say

that the BPMN does not satisfy such a formulation of the dual problem. Conversely, when

no loop exists or when all the existing loops have internal tasks summing up to the null

vector, the problem could be solved.

Therefore, we need to formulate the problem by letting it depend on two aspects:

• The number of executions for each loop;

• The choices that we consider to be fixed for the XOR-splits.

We can consider the loop case as removed for this specific configuration of the computa-

tional problem, as we can transform the process by devising the exact number of repeti-

tions of each loop, and eliminate, therefore, the loop itself. The result of this rewriting will

be a business process with no loop cases and with part of the alternatives in XOR-splits

eliminated.

Problem 2. Given a loop-free BPMN G, an impact function I : V → Nk, and an impact

bound b, determine whether or not all the executions in T+ are below the value for each

component of the bound.

Before delving into the discussion on computational complexity, it is relevant to differ-

entiate between planned and mined process models. A planned process model entails the

deliberate incorporation of compliance principles from the outset, essentially embodying

the concept of process by design. This, rather naturally, concerns regulatory compliance

as well as impact compliance. On the other hand, mined process models are derived

from existing traces using process mining techniques, often necessitating subsequent ad-

justments (in particular regarding the deviations) to ensure compliance with given con-

straints. In the context of this research, which revolves around finding traces with specific

structures below a constraint and impact measures, we are analyzing the case of design

elements as well as mined ones. There is a significant difference in terms of quality of the
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structure, with the mined ones being markedly more random than the designed. There-

fore, as we point out in Section 3.5, the performance of the algorithms depends on several

factors, analyzed in Section ??, which can be much higher in mined than in designed

processes.

3.4 Solving Impact-Aware Compliance Problems

In order to devise a formal method to solve Problem 1, we need to introduce the notion

of dominance. Given two vectors −→n , n⃗′ ∈ Nk, we say that n⃗′ dominates n⃗, written n⃗≤ n⃗′,

if and only if for every 1≤ i≤ k we have n⃗[i]≤ n⃗′[i]. If neither n⃗≤ n⃗′ nor n⃗′ ≤ n⃗, we say

that n⃗ and n⃗′ are incomparable, written n⃗ ̸≤≥ n⃗′.

Before going into the formal proofs of correctness and identifying the computational com-

plexity of the problem, let us present informally the method underlying Algorithm 1. Al-

gorithm 1 solves Problem 1 in the following way. First, it generates the region RT of the

input structured BPMN G. This is achieved by performing a Depth First Visit of G and,

since each node in G has a degree at most 3 we have that this task is performed in linear

time w.r.t. the number of nodes in G. Then, at line 2 Algorithm 1 computes the Breadth

First Visit of RT starting from its root, but the result, i.e., the list of regions/nodes of RT

encountered during the visit, is returned in reverse order. Since the number of nodes in

RT is less or equal than |V | we have that also this operation has time complexity O(|V |).

The matrix MI ∈ Nk×m that is initialized to 0 in each cell, at line 3 of Algorithm 1, at the

end will keep the impact of the regions considered by Algorithm 1. By the property of the

Breadth First Visit we have that for each 1 ≤ i ≤ m the index j of any proper sub-region

R j ⊂ Ri satisfies j < i. This property is crucial because in the main loop of Algorithm 1

for determining the impact MI[:, i] ∈ Nk of a region Ri it suffices to use just the impact of

the region in submax(Ri) assuming that the impacts for all the regions submax(Ri) have

been already defined. Then the algorithm proceeds from i = 1 to m computing a minimal

impact for Ri according to its type defined in Section 3.2.1:

1. if Ri is a sequence case, lines 5-8, the impact is given by simply adding up the
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impacts of its maximal subregions and the impact for the tasks which are newly

introduced in Ri;

2. if Ri is a parallel case, lines 9-11, we simply add the impacts of its two maximal

subregions;

3. if Ri is an exclusive case, let Ri1 and Ri2 its two maximal proper sub-regions, three

possibilities may arise depending if MI[:, i1] ≤ MI[:, i2], MI[:, i2] ≤ MI[:, i1], and

MI[:, i1] ≰≥ MI[:, i2]. The first two of such possibilities are symmetric, lines 17-

20, and deal with the fact in which MI[:, i1] and MI[:, i2] are comparable, and the

algorithm simply chooses to assign to MI[:, i] the values for the the less impactful

of the two. The third case, lines 21-23, deals with the fact in which MI[:, i1] and

MI[:, i2] are incomparable, that is, there exist two distinct indexes 1≤ j, j′ ≤ k such

that MI[ j, i1]< MI[ j, i2] and MI[ j′, i1]> MI[ j′, i2]. In this and only this case, the al-

gorithm non-deterministically guesses one between i1 and i2 and assign it to MI[:, i].

More in detail, in Algorithm 1, we introduce the term standard non-deterministic

operator GUESS to address scenarios involving XOR-splits. The concept revolves

around selecting a region with a lower impact measure when one region’s impact

dominates the other. However, if the impacts are incomparable, the algorithm em-

ploys an oracle to make a non-deterministic selection. The main point of the XOR-

split treatment lies in identifying a dominant region, where all components of the

impact vector overwhelm those of the other region. In such cases, we opt for the

dominant region. This approach serves to verify if a solution exists, as the failure

of the dominated region to meet the bound automatically indicates the absence of

a solution. Conversely, when no dominating alternative emerges from the split, we

must explore all possibilities. The oracle at line 22 recursively selects alternatives

for each split. Consequently, the number of generated alternatives depends solely

on the nested splits within the BPMN, thereby ensuring scalability as we see later.

When only one component exists, determinism prevails, as the domination rela-

tion forms a total order, eliminating the need for guesswork. This underscores the

deterministic nature of the algorithm in scenarios devoid of competing alternatives.
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At the end of the for loop of lines 4−24, the algorithm returns ⊥ (i.e., fail) if there exists

a component 1 ≤ h ≤ k for which M[h,m] > b[h]. On the other hand, if the algorithm

reaches the line 26 it succeeds since M[:,m] ≤ b. Let us notice that lines 22− 23 may

be executed only if k > 1, since all the elements of N1 are always pairwise comparable.

Then, we can prove the following results.

Theorem 3.4.1. Algorithm 1 correctly decides Problem 1 for all instances of input, and

terminates in a finite number of steps.

Proof:We subdivide the proof into three parts. At first (A) we show that any input

will provoke the end of computation in a finite number of steps. We then (B) show that

the algorithm is correct, namely that it decides the exact output when given an input, and

finally (C) we shall consequently prove that the algorithm is correct, complete, and termi-

nates in a finite number of steps.

(A) Assume by contradiction that one input could provoke infinite looping. This is due to

the steps in the algorithm can be produced by the computation of Step 1, Step 2, or by cy-

cles 4-23. In turn, if it is caused by cycles 4-23, it could be intrinsic to the cycle, provoked

by inner cycles, that do not exist, or generated by changes in cycle control variables within

the cycle itself. Now, Step 1 is a Depth-first visit, and therefore terminates for any input,

Step 2 is the reverse of a Breadth-first visit, and again it cannot be an infinite loop. Again

on cycles 4-23, the cycle depends on variables i and m that are never modified within the

cycle itself. Therefore point (A) is proven.

(B) Let us consider a triple that constitutes the input of the algorithm, formed by a struc-

tured BPMN G = (V,E,L), an impact function I : V →Nk, a bound b∈Nk. We may have

two possible outcomes determined by the traversing of the region tree while respecting

the input constraint vector: either there is a way to traverse the tree without incurring a

value of the impact that does not generate a total impact greater than the impact of the

constraint vector, or this is not the case.

The method is based on the transformation of the BPMN given in input into its Region
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Tree, where, however, we revert the order of the result of a Breadth-First visit of the tree

itself. Now, the input to the cycle 4-23 is formed by m regions in inverse order 1...m with

respect to the start and end node in the BPMN. We set a matrix MI (as many rows as the

impact dimensions, and as many columns as the number of regions) to the null matrix.

We then enter the cycle and non-deterministically visit the region tree, in different cases

depending on the single cases.

Summarising the cases not involving a split:

• When we have a sequence in the region, then we recursively compute the set of

subregions that are maximal, namely those subregions that are connected directly

to the region itself in the graph we obtained. We then compute the set of tasks

that belong to the sequence and sum up the matrix computed at that stage to the

sum of the task impacts for each component, at the column corresponding to the

visited region. This computation requires us to visit backward the BPMN towards

the current position in the specific region until we reach the regions in the level

before.

• When we have parallel subregions we sum up the two subregions pointing to the

visited one in the same way of the sequence.

• When we have a loop in the region, we sum up the forward region matrix to the

output matrix.

If a split is actually present, then we have a non-deterministic evolution of the al-

gorithm. The essence of the split treatment consists in determining whether there is a

dominant region pointing to the split, namely a region in which all components of the

impact vector are greater than the components in the other region split region. If this is

the case, we choose the dominated region. If there is no solution, the fact that the domi-

nated region is not making the bound respected proves it automatically, for the other split

alternative would be worse.

When, however, the split does not generate one dominating alternative, then we have

to explore all the alternatives. We, therefore, guess (at line 22) which region to identify
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that belongs to the solution or is anyhow best choice locally. The oracle at line 22 is a basic

nondeterministic one, since it chooses recursively for any split, and therefore generates a

number of alternatives that only depend on the number of splits nested into each other, in

turn, bound by the number of splits in the BPMN.

Clearly, when one component only exists, we shall have no alternatives to choose

from, for the domination relation becomes a total order, and therefore we have no case in

which we need to guess, and the algorithm will be deterministic.

Considering the possible inputs (one case in which the specific BPMN offers one alter-

native path that satisfies the bound, and one case in which no alternatives like this exist)

we can conclude, by the above reasoning that, in the case in which we have an impact

vector with at least two components:

1. Whenever there is no alternative satisfying the bound the oracle will explore non-

deterministically each alternative;

2. Whenever there is an alternative satisfying the bound the oracle will guess one of

these alternatives;

3. Whenever there is a unique way of obtaining the final state in the BPMN the cycle

will determine it;

4. Whenever there is not a unique way, but there is no split, then the cycle simply

explores the whole region tree.

When, instead the component is only one, we do not need the oracle at all, so points

2 and 1 are in no way different from the other pathways through the BPMN. The above

reasoning proves point (B).

(C) Since all cases are covered by the reasoning on point (B) and we know that the algo-

rithm terminates, as proven in point (A), we can thus conclude the claim of the theorem

is proven.

It is rather easy to accomplish the following operation. When Algorithm 1 non-deterministically
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decides that it is possible to satisfy the input bound, it does so by determining one min-

imal trace3. We may be tempted to reduce, in a trivial way, the computation tree, while

avoiding to compute any further solution when one is found. This needs to change the

algorithm structure. It is moreover clear that this will never provide an actual advantage

to the computation in the worst case, and in general will never change the computational

cost in the average case as well, as this problem is assimilated to any graph exploration

one, where the above limits to heuristics employed to reduce the cost have been deeply

investigated back in the Seventies of the past century. Therefore, if we employ the current

approach, we complete the computation having the possibility of exhibiting a minimal so-

lution. We then formulate a computation problem for the minimal trace in the definition

of Problem 3.

Problem 3. Given a structured BPMNG, an impact function I : V →Nk, compute a trace

of G that minimizes the impact.

The solution of Problem 3 lies in the search for a trace that results minimal on each

component of the impact vector. Although this may appear different from solving Prob-

lem 1 we can prove that it only consists in searching based on Algorithm 1. More specif-

ically, algorithm 2 solves Problem 3 using Dichotomic Search.

Let maxi be the value for a loop-free path in G that maximizes impact component i, and

let max be the maximum of such values over all components. It is easy to prove that Al-

gorithm 2 returns a minimal impact vector after O(|V |)+(k−1) log2(max)NPTIME(|V |)

steps. Let us assume k = O(|V |) and max = O(2|V |), which are reasonable assumptions

since components are always of the order of the nodes (if not of a smaller one), and due to

the binary encoding, the values in such components may be exponential in the number of

nodes. Finally, under the previous assumptions, we can say that Problem 3 can be solved

in NPTIME(|V |) which has the same complexity of Problem 1.

Theorem 3.4.2. Algorithm 2 correctly solves Problem 3 for all instances of input in a

finite number of steps.
3A trace is minimal when it is not dominated by any other trace.
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The proof of the above theorem is straightforward and thus omitted for the sake of con-

ciseness.

Thanks to Theorem 3.4.1 we have proof of correctness. The complexity upper bound for

Problem 1 is claimed in Theorem 3.4.3.

Theorem 3.4.3. Problem 1 with k = 1 may be solved in linear time O(|V |), otherwise, if

k > 1 the same problem belongs to the complexity class NP.

Proof: In case of one component impact, Algorithm 1 actually determines the best

alternative among the possible ways of traversing the BPMN. When this is not the case,

it is possible that all the alternatives that satisfy the bound, if any exist, are sub-optimal,

when at least one split condition is guided by choice that is by no means with a dominant

vector.

In other terms, independently of the existence of one or more than one component in

the impact vector, Algorithm 1 decides whether all alternatives needed to be tested respect

the bound.

It is evident that the decision on the bound is maximized by the number of regions

and the number of components, and therefore its cost is O(|V |) in the number of vertices

in the BPMN. Conclusively, the algorithm oracle guesses one admissible traversing alter-

native and then concludes for it satisfying the bound in polynomial time. This proves the

claim.

Differently from Problem 1, Problem 2 can be solved polynomially. Assume that we

modify the behavior of Algorithm 1 in a way that, similarly to the solution of Problem 3,

determines a maximal trace. Obviously, if this change is performed, we have a method

that, when applied to a scalar version of Problem 3 determines one maximum trace. Now,

in order to solve Problem 2 we need to prove that all traces remain below a given limit.

We can solve the problem by considering each component of the bound vector separately,

computing the maximum trace for that component, and if one of these components does

not satisfy the bound, we conclude that the process is not always below the bound. Algo-

rithm 3 implements the above-defined strategy.
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Theorem 3.4.4. Problem 2 may be solved in time O(k|V |).

Proof: Contrary to shortest path, the longest path belongs to the class of NP− hard

problems, for generic graphs. However, it is polynomially solvable on deterministic ma-

chines, being linear in the number of vertices, for acyclic direct graphs. Now, since a

loop-free BPMN is an acyclic direct graph, the result follows.

Based on the schema of Algorithm 1 we can compute the solution in parallel for all

components of the impact function and bound. This approach is implemented in Algo-

rithm 3.

We can look for a proof of actual reducibility, in order to provide a lower bound to

the complexity of Problem 1, and consequently, of Problem 3. In Definition 3.4.5 we

introduce the notion of impact of a trace, employed in the solution by Algorithm 3.

Definition 3.4.5. Given a structured BPMN process G = (V,E,L) and an impact function

I : V → Nk, the impact of a trace w in the set T+ is defined as the sum of the impacts of

the tasks in the trace. Let w = (v1,v2, . . . ,vn) be a trace in T+, where vi represents a task

in the BPMN process. The impact of the trace w is given by:

Impact(w) =
n

∑
i=1

I (vi)

Here, I (vi) represents the impact of task vi according to the impact function I . The

impact of the trace is the sum of the impacts of all tasks in the trace.

We are now ready to discuss about the reducibility of Problem 1. In order to prove that

Problem 1 is NP-complete, as stated in Theorem 3.4.9 we need to provide a polynomial

reduction from a known NP-complete problem towards Problem 1. To do so, we introduce

the definition of the well-known problem of distinct partition, in Definition 4.

Problem 4. (Distinct Partition) Given a set of natural numbers S = {n1, . . . , nm} decide

whether or not there exists a partition (S1,S2) of S such that ∑
n∈S1

n = ∑
n∈S2

n.

As formulated by Korf in [28], Problem 4 is actually NP-complete. We recall this in

Theorem 3.4.6.

Theorem 3.4.6. Distinct Partition (Problem 4) is NP-Complete [28].
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There exists a simple LOG-SPACE reduction from Distinct Partition to Problem 1 for

k ≥ 2. We show this in Lemma 3.4.7.

The Distinct Partition problem is a well-known problem in computer science. It in-

volves dividing a set of positive integers into two subsets such that the sums of integers in

the two subsets are equal, and each integer appears in exactly one subset.

Lemma 3.4.7. Problem 1 with impact vector dimension at least 2 is NP-hard.

Proof: Let N = {n1, . . .nm} be our instance of Distinct Partition, we build a structured

BPMN G = (V,E,L) and its impact function I : V → N2 as follows:

1. V = {v0, . . . ,v4m+1};

2. E = {(v0,v1),(v4m,v4m+1)}∪{(v4i+1,v4i+2),(v4i+1,v4i+3),(v4i+2,v4i+4), (v4i+3,v4i+4) :

0≤ i < m};

3. L(v0)= start, L(v4m+1)= end, and for each 0≤ i<m we have L(v4i+2)=L(v4i+3)=

task, L(v4i+1) = Exclusive Split, and L(v4i+4) = Exclusive Join ;

4. I (v0) = I (v4m+1) =
−→
0 , and for each 0 ≤ i < m we have I (v4i+2) =

 ni+1

0

,

I (v4i+3) =

 0

ni+1

.

Finally, let B =

m
∑

i=1
ni

2 , we put
−→
b =

 B

B

.

We should now argue that we have a computational problem, Problem 3, that corresponds

(in terms of abstract polynomial reduction of decision problems to computation problems)

to Problem 1. Therefore, the reduction employed in the proof of Lemma 3.4.7 is not

necessarily applicable to the computation case.We can observe that the Distinct Partition

Problem involves finding a combination of values from the input multiset, which is formed

by two sub-multisets that each sum to half of the total sum of the entire multiset. If we

determine a non-minimal solution in polynomial time on non-deterministic machines, we

can do the same computation for minimal solutions, due to the combinatorial nature of the

problem itself. This is therefore the intrinsic correspondence determined by the log-space

reduction of Lemma 3.4.7. Straightforwardly, the problem of determining one minimal

solution of the Distinct Partition Problem is NP-hard, and therefore we can prove Lemma

3.4.8, whose proof is again a trivial consequence of the above reasoning and it is omitted
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Figure 3.6: An instance of the reduction used in Theorem 3.4.9 on the

instance S = {1,4,5,8,10} of the Distinct Partition problem.

for the sake of conciseness.

Lemma 3.4.8. Problem 3 with impact vector dimension at least 2 is NP-hard.

As you can see in Figure 3.6, S= {1,4,5,8,10} specifies one given case of the Distinct

Partition problem that the reduction is applied. If we wish to map S, we need to consider

the input sum, that is 28, an even number, which means that in principle it would be

possible to solve the problem (with odd numbers it is excluded a priori). We assign a

bound vector
−→
b =

 14

14

 and construct a BPMN (as in the mentioned Figure) as provided

in Lemma 3.4.7.

Based on Lemma 3.4.7 and Theorems 3.4.1 and 3.4.3 we can derive Theorem 3.4.9.

Theorem 3.4.9. Problem 1 with impact vector dimension at least 2 is NP-Complete.

Quite naturally, when we have a single-valued impact measure, we can solve the prob-

lem polynomially, as stated in Theorem 3.4.3. This is due to the total ordering of the

single-valued impact vectors. On the other hand, let us assume that we convert Algorithm

1 into a deterministic version. The oracle behavior can be simulated by a depth-first visit

to the tree formed by the independent XOR-splits appearing in the business process. This

means, in turn, that when the independent XOR-splits are limited, we may have a poly-

nomial treatment of the problem on deterministic machines. This concept is expressed
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in Theorem 3.4.13. Let us now formally account the notion of independent, and nested

splits.

Definition 3.4.10. Two XOR regions R1 and R2 in T are independent if and only if their

least common intersection in T is not in an XOR region.

When two regions are not independent with each other we say that they are nested. Algo-

rithm 4 determines the maximum number of independent XOR-splits in a BPMN.

The way in which the aforementioned methods work are claimed in Theorems 3.4.11 and

3.4.12, whose proofs are straightforward consequences of Definition 20, and therefore

omitted.

Theorem 3.4.11. Given a structured BPMN G = ⟨V,E,L⟩ Algorithm 4 correctly computes

the number of independent XOR-splits in the input graph in O(|V |).

Theorem 3.4.12. Given a structured BPMN G = ⟨V,E,L⟩ Algorithm 5 correctly computes

the number of independent XOR-splits in the input graph in O(|V |).

We can now formulate a general result on the actual deterministic complexity of Problem

1, that is solved by linearizing non-deterministic Algorithm 1, in Theorem 3.4.13.

Theorem 3.4.13. Problem 1 with impact vector dimension at least 2, can be solved in

O(|V | · 2k·h) on deterministic machines, where k is the number of maximum number of

independent XOR and h is the maximum number of nested XOR.

Consequently to Theorem 3.4.13 we can formulate a method to heuristically solve Prob-

lem 1 in polynomial time.

To do so, we need to assume that we have some preliminary measure of the compu-

tational effort we intend to consider acceptable. This will be measured by a polynomial

payout, namely an integer number p whose meaning is that we shall consider acceptable

to solve a problem in O(np) where n is, in this case, the number of vertices in the graph

(or equivalently, the number of regions in the region tree).

We first compute the maximum number k of independent XOR-splits and the max-

imum number h of nested XOR-splits contained in a BPMN. Then, we compare the ob-
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tained numbers with an input p which is the maximum polynomial payout we accept.

When we have that:

p≥ k ·h
log |V |

If the above holds, we have, as a consequence of Theorem 3.4.13, that the complexity of

deterministic solution of Problem 1 would be O(|V |p+1).

p≥ k ·h
log |V |

→ p · logn≥ k ·h → lognp ≥ k ·h →

2lognp
≥ 2k·h → np ≥ 2k·h

Based on the above reasoning we can claim the following result.

Theorem 3.4.14. Given a BPMN with impact constraints G = ⟨V,E,L⟩, the determinis-

tic solution of Problem 1 runs in O(|V |p+1) time when p ≥ k·h
log |V | holds, where k is the

maximum number of independent XOR-splits and h is the maximum number of nested

XOR-splits in G.

3.5 Experimental Evaluation and Analysis

In this section, we analyze the the behavior of the algorithms summarized in Table 3.3. In

particular, we will focus on Algorithm 3 for the polynomial side of the theoretical com-

plexity, and on Algorithm 1 and Algorithm 2 as N P-hard representatives, in the context

of a synthetic dataset of randomly generated business processes and impact vectors.

We conducted a focused, small-scale experiment to study how both the structure of

processes and the properties of the impact vectors associated with their tasks affect the

computational time for the aforementioned algorithms. The experiment was performed

on a system equipped with an Intel Core i9-10980HK CPU clocked at 2.40GHz, 32GB of

RAM, and running Ubuntu 22.04.3 LTS as the operating system. We generated random

business processes with varying control flow complexities, such as different numbers of

nested XORs (MNXN) and independent (MIX) XORs.
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Processes are randomly generated as follows. Initially, we start with a seed string ,

representing a single task. Iteratively, we replace underscores with one of three possible

structures:

* XOR split: ( ˆ )

* Parallel split: ( || )

* Sequential: ( , )

Then, we replace the remaining underscores with task labels (T1, T2, etc.). The replacement

process continues until the desired complexity, in terms of MNXN and MIX, is achieved. Our ob-

jective is to generate a specified number of BPMN processes with constraints on these XOR counts.

We generated 10 BPMN processes for each combination of MNXN and MIX, ranging from 1 to 10.

This resulted in a total of 1,000 unique processes (10× 10× 10). The generation process employs

weighted random choices to determine which structure to use for each replacement, allowing for

controlled variability in the generated processes. The generation process follows these general

steps:

a) Probabilities for generation: Defines the probabilities for generating different types of

structures in the BPMN processes. Alternatively, ’None’ can be used for equal probabili-

ties.

b) Process replacement: Specifies how many times replacements are allowed in the process

generation.

c) Target number of processes: The desired number of unique BPMN processes to generate.

d) Number of trials: The maximum number of attempts to generate one of the required pro-

cesses.

e) XOR constraints: the MNXN and MIX parameters that each generated process must meet.

For instance, the BPMN diagram provided in Figure 3.7, generated randomly, comprises 66

tasks, with MNXN equal to 9 and MIX equal to 2. Though in practice, it is unlikely that a busi-

ness process has more than forty tasks, we can show that the number of tasks is not so influential

towards the computational complexity, that actually depends on the maximum number of indepen-

dent (MIX) and nested (MNXN) XORs in the process model itself.
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Figure 3.7: Synthetic BPMN Model with 66 Tasks, MNXN=9, and MIX=2.

Structuring the generation in this manner ensures that the synthetic BPMN processes meet

specified constraints and provide feedback on the generation process. We generate processes for

combinations of MNXN and MIX, with each ranging from 1 to 10. For each combination of

MNXN and MIX, we generate 10 different business processes. For example, we generate 10 pro-

cesses for combinations such as (MNXN=1, MIX=1), (MNXN=1, MIX=2), ..., up to (MNXN=10,

MIX=10).Thus, we have 100 possible combinations (10 MNXN values × 10 MIX values), and

for each combination, we generate 10 processes. This experiment involved 100 × 10 different

business processes, resulting in 1,000 unique random business processes, all fulfilling the SESE

structure.

For the generation of impacts associated to the tasks, we created random vectors with specified

dimensions and optional modifications. By default, the vectors are generated randomly with values

between 0 and 1 for each dimension, but various modes can be specified to alter the vectors. We

used six different modes to generate these vectors, each mode using values between 0 and 1 for

each dimension, and each providing a unique distribution of values. These modes make use of

the bagging technique [?] which, in its essence, involves creating multiple subsets of the original

dataset through random sampling with replacement. In our case, after a round of bagging over the

components of a vector, we have partitioned our such components in two subsets the one extracted,

with some of them possibly repeated, and a set of excluded components. For instance, consider a

vector of dimension 5, with components ranging from 0 to 4. After a round of bagging, it might

occur that components {1,2,4} are extracted, with components 1 and 4 repeated 2 times each, and
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component 2 repeated once. Consequently, {0,3} becomes the set of excluded components. In

the following, we describe how a single vector is generated according to each mode:

• random: Generate real values between 0 and 1 uniformly at random.

• bagging divide: After random generation and a round of bagging, divide each component

by a power of 10 based on its frequency in the bagging round.

• bagging remove: After random generation and a round of bagging, set the components

excluded by the bagging round to zero.

• bagging remove divide: Similar to bagging remove, but also divide each selected compo-

nent by a power of 10 based on its frequency in the bagging round.

• bagging remove reverse: Similar to bagging remove, but the components selected by the

bagging round are set to zero (i.e., the reverse of bagging remove).

• bagging remove reverse divide: Similar to bagging remove reverse, but perform an addi-

tional round of bagging on the non-zero components. Scale these components by a power

of 10 based on their frequency in this additional bagging round.

These impact vectors represent the multi-dimensional effects or outcomes of the tasks within

each process. The dimension of each vector corresponds to the number of impact factors be-

ing considered (ranging from 1 to 10 in our experiments). Before showing the experimental re-

sults, we may argue about the vector generation modes employed in our study. The modes can

be broadly categorized based on the density of the vectors they produce. In particular, random,

bagging divide, bagging remove, and bagging remove divide generally generate dense vectors,

meaning many components are different from 0. In contrast, bagging remove reverse and bag-

ging remove reverse divide typically produced sparse vectors.

In our opinion, the sparse vectors represent a more realistic situation. This is because tasks

usually affect the impacts of only a few components, rather than influencing all components in a

similar way. The sparsity of these vectors aligns more closely with real-world task characteristics.

Moreover, three of our strategies – bagging divide, bagging remove divide, and bagging remove reverse divide

– incorporated an additional feature: scaling some of the vector components. This scaling mech-

anism represents another step towards realism in our simulations. From the perspective of a sin-

gle component, different tasks typically affect it with varying magnitudes. By incorporating this
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scaling, we aimed to more accurately model the diverse effects that different tasks can have on

individual components.

We employ the cosine distance, defined as cos dist (⃗n, n⃗′) = 1− cos sim(⃗n, n⃗′) = 1− n⃗·⃗n′
|⃗n||⃗n′| ,

where n⃗ and n⃗′ are impact vectors, to compare sets of vectors generated using the same mode,

allowing us to quantify the dissimilarity between vectors within each generation round. Since

the dot product of two non-negative vectors is always non-negative, and the magnitudes of non-

negative vectors are always positive, we have that for our vectors, the cosine distance is always

between 0 and 1 inclusive.

We argue, and then experimentally verify, that the more distant (with respect to cosine dis-

tance) the vectors in a set we employ for labeling each task are, the more computationally chal-

lenging it will be for our algorithms to converge to a solution (if any exists).

For this purpose, we conducted further analysis of each dimension and mode. In our experi-

ment, we considered dimensions ranging from 1 to 10 and utilized all six modes. To analyze these

vectors, we compute the cosine distance between all possible pairs of vectors within each gener-

ated set of 100 vectors. For each set of vectors (4950 pairs per set), we will compute the mean

and the standard deviation of the cosine distances.

Figure 3.8: Variation of mean and standard deviation of cosine

distance across dimensions and modes.

In Figure 3.8, we show the results of our analysis. We observe that bagging divide produces

vectors with high average distances across all dimensions. In contrast, bagging remove reverse

and bagging remove reverse divide (i.e., the sparse generating modes) produce vectors with very

high distances, particularly in higher dimensions.

Before delving into the algorithms analyzed in our experiments, it is essential to introduce our

concept of the Pareto frontier, which plays a crucial role in understanding the performance and

outcomes of one of those algorithms.
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Definition 3.5.1 (Pareto Frontier). A set of vectors P ⊆ Rk is a Pareto frontier if and only if:

∀⃗n, m⃗ ∈ F with n⃗ ̸= m⃗ we have n⃗ ̸≤ m⃗∧ m⃗ ̸≤ n⃗.

We associate a Pareto frontier P(R) to each node R in a region tree, where P(R) represents the

set of minimal impact vectors achievable from that region. Formally:

P(R) = {⃗n ∈ Rk | n⃗ is a minimal impact vector achievable from region R}

where an impact vector n⃗ is considered minimal if there exists no other achievable impact vector

m⃗ from region R such that m⃗ < n⃗. It is easy to see that the Pareto frontier of the root of region tree

represents the set of all and only minimal bounds for which the associated process and impacts

admits a solution for Problem 1.

At this point, we have developed a method for generating BPMN processes with specified

MNXN and MIX parameters, and for assigning impact vectors to the generated tasks based on

given dimension and mode. Using this foundation, we analyze the performance of two algorithms

related to the problems summarized in Table 3.3.

The first algorithm, which we call ComputeMax for brevity, is a polynomial-time variant of Al-

gorithm 3. ComputeMax calculates the maximum obtainable impacts for each component in

every trace of the input process. This means that if we require all traces to be below a given

bound (as checked by Algorithm 3), such a bound must dominate the output of ComputeMax.

ComputeMax has the same theoretical complexity as Algorithm 3, but eliminates the need for

an additional bound parameter. Moreover, ComputeMax represents the worst-case computation

of Algorithm 3 over all possible bounds, as it does not benefit from early failure detection op-

timizations present in Algorithm 3. In our experiments, we denote the computational time of

ComputeMax on our synthetic dataset as Max time.

The second algorithm, ComputePareto, is designed to represent the worst-case scenario

for Algorithms 1 and 2 (which are NP-hard for k > 1), without requiring the specification of

an input bound. ComputePareto operates similarly to Algorithm 1, but instead of guessing,

for each node in the region tree it constructs the entire Pareto frontier. For XOR gateways, the

cardinality of the Pareto frontier is at most the sum of the frontiers of its children, while for

parallel gateways, it is at most the product. The actual frontier may be smaller than this theoretical

maximum (which is computed and denoted as Max theoretical pareto in our experiments) due

to the removal of dominated vectors during merging operations. In our experiments, we denote

Ph.D. Thesis- 2025 T.C 58



CHAPTER 3. BUSINESS PROCESS COMPLIANCE WITH IMPACT CONSTRAINTS

the size of the maximum real Pareto frontier encountered while processing the region tree as

Max pareto. It can be shown that the theoretical worst-case scenario produces a frontier that is

exponential in the size of the input process, and consequently, ComputePareto has exponential

complexity in the input process size. In our experimental results, we denote the computational time

of ComputePareto as Pareto time. The code for both algorithms is available in the repository

provided for reproducibility (file algorithms.py).

In our experiment, we investigated how different modes affect the size of the Pareto frontier.

More broadly, this analysis sheds light on how the distribution of the impact vectors, as measured

by the cosine distance, affects the size of the Pareto frontier.

Our possible configurations span several parameters. We consider dimensions ranging from

1 to 10, MNXN values from 1 to 10 nested XORs, and a fixed MIX of 10 independent XORs.

Additionally, we employ 6 different generation modes. For each combination of MNXN and MIX,

we generate 10 distinct processes that meet the requirements of the combination. By combining

these parameters, we achieved a total of 60,000 unique configurations.

We performed a detailed analysis of the relationships between the process structure (charac-

terized by MNXN and MIX parameters), the characteristics of the impact vectors (determined by

dimension and mode), and the performance of the algorithms.

The code and experimental results are available in the GitHub repository. This repository

includes comprehensive data and analyses of the business processes, offering valuable insights

and tools for further research and development. The detailed documentation and code can be

accessed directly at the following URL:

https://github.com/PietroSala/process-impact-benchmarks.

Using this dataset, we conducted various analyses, as detailed below. Specifically, in Fig-

ure 3.9, heatmaps are created for the experimental metrics: Pareto time, Max pareto, Max theoretical pareto,

and Max time. These heatmaps are plotted on a logarithmic scale to capture the exponential nature

of the metrics, except for Max time, which is plotted on a linear scale due to the fact that repre-

sents the execution time of an algorithm working in polynomial time. Each cell in the heatmap

groups processes based on their independent and nested parameters, representing the maximum

number of independent XORs (MIX) and nested XORs (MNXN), respectively. For each metric,

two heatmaps are produced: one depicting the average value and another showing the standard

deviation. This analysis leads to two key findings:
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(a) Pareto time (b) Max pareto

(c) Max theoretical pareto (d) Max time

Figure 3.9: Heatmaps of various metrics. Each row represents a

different metric: Pareto time, Max pareto, Max theoretical pareto, and Max time,

respectively. The left column shows the average values (with a log

scale applied to the first three metrics), and the right column shows

the standard deviations (with a log scale applied to the first three

metrics).

* Combined effects of parameters: When both the independent and nested parameters are

increased together, the averages and standard deviations for metrics such as Pareto time

are significantly higher than when either parameter is increased alone. In other words, both

the average and the standard deviation are affected more when we increase the independent

and nested parameters together than when we increase only one of the two parameters.

* High standard deviations indicate considerable variability within each group, which is

likely due to unaccounted factors such as modes and dimensions. That is all processes

with the same combination of independent and nested XORs are categorized in the same

range, regardless of their modes or dimension.

These observations highlight the complex interactions between the independent and nested param-

eters and suggest indicating that further refinement is needed to incorporate additional variables,

such as modes and dimensions.
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To evaluate the performance of different modes across various dimensions, we conducted an

experiment analyzing three modes: random, bagging divide’, and bagging remove reverse divide,

for dimensions 2, 6, and 10. The three modes - random, bagging divide, and bagging remove reverse divide

- were strategically chosen to represent a spectrum of dissimilarity according to the results pre-

sented in Figure 3.8: from similar impact vectors, through an average case of dissimilarity, to

strong dissimilarity, respectively.

The results are visualized using rotated 3D plots in both logarithmic and non-logarithmic

scales (Figure 3.10). Key observations resulting from this analysis include:

* Performance Trends: Across all modes and dimensions, we consistently observed that the

average computation time increases as both the nested (MNXN) and independent (MIX)

parameters grow. This trend highlights the escalating computational complexity associated

with the simultaneous growth of the MIX and MNXN parameters.

* Mode Comparisons: The analysis reveals similar trends across all modes. However, a

notable pattern emerges as the dimension increases.

The bagging remove reverse divide strategy consistently produces impact vectors that are

more computationally challenging for the same process. This aligns with our expectations,

given the strong dissimilarity between the impact vectors generated by this mode.

The analysis depicted in Figure 3.11 demonstrates that as the average similarity among vec-

tors decreases and the impact vector dimension increases, both the Pareto time (Figure 3.11a)

and the Max pareto frontier (Figure 3.11b) increase. This situation is closer to real-life sce-

narios where the impact of specific tasks may vary significantly. When comparing different

modes,bagging remove reverse divide consistently exhibits a greater Pareto time on larger di-

mensions. Moreover, the correlation between dimensions and Max pareto suggests that bag-

ging remove reverse divide yields a higher Max pareto compared to other modes. This observa-

tion implies that even with growing dimensions if the vectors are not similar, the size of the Pareto

frontier (Max pareto) tends to grow. Then, as computational time is significantly increased, we

have that bagging remove reverse divide is an effective mode for simulating challenging impact

vectors in high dimensions. This approach allows us to push computational resources to their

limits.

The analysis of Figure 3.12 provides relevant information about how the complexity of BPMN

processes relates to computation time. In these visualizations, the x-axis represents the overall
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(a) Average computation time across dimensions.

(b) Logarithmic scale for better visualization of the data.

Figure 3.10: The influence of modes random, bagging divide, and

bagging remove reverse divide on the average Pareto time for dimensions

2, 6, and 10. The average Pareto time is shown in both normal (a) using

logarithmic scale (b).

(a) Pareto time vs. Dimensions (Log Scale). (b) Max pareto vs. Dimensions.

Figure 3.11: Comparison of different modes: (a) Impact on

computational time and complexity for varying dimensions, and (b)

Relationship between dimensions and the size of the Pareto frontier.

complexity of the BPMN process, defined as the product of nested and independent XOR levels.

The y-axis shows the mean Pareto time on a logarithmic scale, indicating the average processing
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duration for each level of complexity. The analysis of these plots reveals a clear trend across all

Figure 3.12: Relationship between BPMN process complexity and

computation time across different vector generation strategies.

six vector generation strategies. As the product of nested (MNXN) and independent XOR (MIX)

levels increase, we consistently notice a rise in Pareto time. The positive correlation indicates that

processing time increases with more complex BPMN structures with more nested and independent

XOR gateways. Importantly, this trend holds regardless of the vector generation method used. The

consistency across different modes highlights the relationship between process complexity and

computational demands. As BPMN processes become more complex, with more decision points

and parallel paths, the time needed to analyze and compute relevant metrics also increases.

This section provides a first analysis highlighting how the interplay between MNXN and MIX

parameters is crucial for the computational costs linked to complex process structures. Organi-

zations and process designers need to be aware that adding more nested and independent XOR

gateways to BPMN models will likely cause the computation time to increase if the analysis re-
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quires solving problems like Problem 1 or Problem 3. Organizations can effectively manage the

balance between complexity and performance by considering detailed process models and com-

putational resource limitations.

3.6 Summary of Findings

In this dissertation, we concentrate on the novel concept of impact compliance, which we have

shown in Section 3.1 finds several real-life applications. The general results are negative, for

we cannot solve the problem of compliance in polynomial time on deterministic machines (if

P ̸= NP), but we can also determine both subcases in which the problem is so, and a method

to establish the actual computational needs for a single instance in order to plan the execution

relatively to the computational resources, providing a polynomial heuristics.

In order to give the reader a map of the main theoretical results before entering the details of

the research, we devise a summary of these in Table 3.3.

Further on, we analise the results by means of a small-scale experiment that illustrates the

practical behavior of the algorithms, while confirming the relevance of the heuristics we found.
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Algorithm 1: An algorithm for solving Problem 1.
Input : A structured BPMN G = (V,E,L), an impact function I : V → Nk, a

bound b ∈ Nk

Output: A boolean value which is true if and only if there exists an

impact-conformant word w ∈ T+

1 let RT = (R,E ) be the region tree of G = (V,E,L)

2 ⟨R1, . . . ,Rm⟩ ← reverse(Breadth First Visit of RT )

3 MI ← 0k×m

4 for i← 1 to m do

5 if Ri is sequence-case then

6 submax(Ri)←{Ri1, . . . ,Rimi
}

7 taski←{v ∈V : L(v) = task,v ∈ Ri j \
⋃

1≤ j≤mi
Ri j}

8 MI[:, i]← ∑
mi
j=1 MI[:, i j]+∑v∈taski I (v)

9 if Ri is parallel-case then

10 submax(Ri)←{Ri1,Ri2}

11 MI[:, i]←MI[:, i1]+MI[:, i2]

12 if Ri is loop-case then

13 let Ri′ be the forward region of Ri

14 MI[:, i]←MI[:, i′]

15 if Ri is exclusive-case then

16 submax(Ri)←{Ri1,Ri2}

17 if MI[:, i1]≤MI[:, i2] then

18 MI[:, i]←MI[:, i1]

19 else if MI[:, i2]≤MI[:, i1] then

20 MI[:, i]←MI[:, i2]

21 else

22 GUESS j ∈ {1,2}

23 MI[:, i]←MI[:, i j]

24 if ∃h (1≤ h≤ k and MI[h,m]> b[h]) then

25 return ⊥

26 return ⊤
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Algorithm 2: Dichotomic Search Algorithm for 3
Data: Graph G , Parameters k, |V |, Impact vector b ∈ Nk

Result: Minimal impact vector

1 let b an impact vector that minimizes component 04

2 i← 1

3 up← b[i]

4 low←−1

5 while up ̸= low+1 do

6 if i < k−1 then

7 i← i+1

8 else

9 return b

10 current← ⌊b[i]
2 ⌋

11 let b′ such that b′[ j] =


current if j = i

b[ j] otherwise
for all 0≤ j < k

12 if Algorithm 1 on G , I , b′ returns ⊤ then

13 up← current

14 else

15 low← current

16 return b′
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Algorithm 3: Algorithm to determine when impact of Maximum Path is below

a bound
Input : A structured BPMN G = (V,E,L), an impact function I : V → Nk a

bound b ∈ Nk

Output: ⊤ if and only if I for all the traces w ∈ T+, I (w)≤ b

1 let RT = (R,E ) be the region tree of G = (V,E,L)

2 ⟨R1, . . . ,Rm⟩ ← reverse(Breadth First Visit of RT starting from root(RT )) )

3 M← 0k×m

4 for i← 1 to m do

5 if Ri is task then

6 MI[:, i]←I (i)

7 for i← 1 to m do

8 if Ri is sequence-case then

9 let (Ri) = {Ri1, . . . ,Rimi
}

10 M[:, i]←
mi
∑
j=1

M[:, i j]

11 if Ri is parallel-case then

12 let (Ri) = {Ri1,Ri2}

13 M[:, i]←M[:, i1]+M[:, i2]

14 if Ri is exclusive-case then

15 let (Ri) = {Ri1,Ri2}

16 for j← 1 to k do

17 M[ j, i]←max(M[ j, i1],M[ j, i2])

18 if there exists 1≤ j ≤ k s.t. M[ j, i]> b[ j] then

19 return ⊥

20 return ⊤
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Algorithm 4: Max Independent Number-XOR (MIX).
input : A structured BPMN G = (V,E,L)

output: A number representing the maximum independent XOR-splits in G

1 let RT = (R,E ) be the region tree of G = (V,E,L)

2 ⟨R1, . . . ,Rm⟩ ← reverse

 Breadth First Visit of RT

starting from root(RT )


3 for i← 1 to m do

4 if Ri is Task then

5 return 0 // Base case: leaf node representing a task

6 if Ri is sequence-case then

7 return MIX(R1)+MIX(R2)

8 if Ri is parallel-case then

9 return MIX(R1)+MIX(R2)

10 if Ri is exclusive-case then

11 return max(MIX(R1),MIX(R2))
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Algorithm 5: Max Nested XOR Number (MNXN).
input : A structured BPMN G = (V,E,L)

output: A number representing the maximum nested XOR-splits in G

1 let RT = (R,E ) be the region tree of G = (V,E,L)

2 ⟨R1, . . . ,Rm⟩ ← reverse

 Breadth First Visit of RT

starting from root(RT )


3 for i← 1 to m do

4 if Ri is Task then

5 return 0 // Base case: leaf node representing a task

6 if Ri is sequence-case then

7 return max(MNXN(R1)+MNXN(R2))

8 if Ri is parallel-case then

9 return MNXN(R1)+MNXN(R2)

10 if Ri is exclusive-case then

11 return max(MNXN(R1),MNXN(R2))+1
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Problem Algorithm Complexity Reference

Problem 1: show the

existence of one trace

below a bound of size

k > 1.

Alg. 1 p.

65

N P-

complete

Th. 3.4.1 p. 44

and Th. 3.4.9,

p. 51.

Problem 1: exhibit one

trace below an input

bound of size k = 1.

Alg. 1 p.

65

O(|V |) Th. 3.4.1 p. 44

and Th. 3.4.3.

Problem 2: determine

whether traces are be-

low one input bound of

size k.

Alg. 3 p.

67

O(k|V |) Th. 3.4.4 p. 49.

Problem 3: exhibit a

minimal trace with k > 1

impacts.

Alg. 2 p.

66

N P-hard Th. 3.4.2 and

Th. 3.4.3 p. 47.

Problem 3: exhibit a

minimal trace with k = 1

impacts.

Alg. 2 p.

66

O(|V |) Th. 3.4.2 p. 47

and Th. 3.4.9.

Heuristics for Problem

1: computing the no. of

independent and nested

XORs

Alg. 4 and

5 p. s 68

and 69

O(|V |) Th. 3.4.11 p. 52

and Th. 3.4.12

p. 52.

Table 3.3: Summary of the most important results of the paper.
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Chapter Four

An Approach for Computing Similarity

Between Business Processes Based on

Resource Consumption Impacts

Business Process Management (BPM) plays a critical role in the effective operation of orga-

nizations, where business processes (BPs) refer to the series of tasks executed to achieve spe-

cific objectives. As organizations expand, understanding the similarities and differences between

these processes becomes essential for enhancing efficiency, identifying best practices, and ensur-

ing compliance with established protocols.

Existing methods for measuring business process similarity predominantly focus on the struc-

tural and behavioral dimensions, such as the sequence of activities, control flows, or execution

traces. However, these approaches often overlook the influence of resource consumption, a factor

crucial to optimizing overall process performance. To address this limitation, I propose a novel

approach for computing business process similarity that incorporates the impact of resource con-

sumption.

Several methods have been proposed to assess business process similarity, with an emphasis

on structural and behavioral aspects. Early work, such as that by Dijkman et al. (2009), intro-

duced graph-based techniques where business processes are represented as directed graphs, and

similarity is computed using graph-edit distances [15]. These methods focus on quantifying the

structural differences between process models by analyzing their control flow.
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Trace-based approaches, such as the trace clustering technique proposed by Greco et al.

(2006), group similar processes by examining their execution traces [48]. This approach com-

pares process behavior by focusing on the sequence of tasks as they are executed.

More recently, performance metrics such as time and cost have been integrated into similarity

measures. For instance, Polyvyanyy et al. (2010) extended traditional approaches by incorporating

process compliance and performance metrics to enhance similarity calculations [17]. Despite these

advancements, these studies fail to adequately address the critical impact of resource consumption,

which is vital in practical applications.

This work fills that gap by introducing similarity measures that explicitly account for resource

consumption impacts. By incorporating resource utilization, the proposed approach offers a more

comprehensive perspective on business process similarity, extending beyond purely structural or

behavioral factors.

To compute resource impacts, I represent resource consumption using a matrix and introduce

two similarity measures: a modified version of cosine similarity and Euclidean-based similarity.

Additionally, I present an algorithm for calculating the resource impacts of processes modeled in

Business Process Model and Notation (BPMN).

4.1 Background and Motivation

The business process similarity problem is traditionally approached by examining the structural or

behavioral similarities between two processes. Behavioral similarity measures compare execution

traces, while structural similarity focuses on process control flows. Although these methods are

effective, they fail to account for resource impacts, critical in real-world applications, particularly

in industries that rely heavily on resource optimization.

Resource consumption in business processes can refer to various factors, such as time, cost,

or energy expended during task execution. Understanding these dimensions allows organizations

to identify processes that are not only functionally similar but also efficient in terms of resource

utilization.

This dissertation extends existing similarity measures by incorporating resource consumption

and providing a comprehensive method to calculate business process similarities.
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4.2 Proposed Methodology

4.2.1 Terms and concepts

The Business Process Model and Notation (BPMN) provides various methods for tracing process

flows, including sequences, parallel flows, splits, and task flows. These elements are described as

follows:

• Sequence Flow: A graphical representation illustrating the sequence of activities within a

business process. It provides a clear depiction of the flow of work or information.

• Parallel Flow: Represents the simultaneous execution of multiple activities within a pro-

cess. This contributes to greater efficiency and flexibility in handling different aspects of

the overall workflow.

• Split Flow: Represents the division of a process into several parallel paths, allowing differ-

ent activities to be executed simultaneously. This concept is essential for modeling situa-

tions where tasks can occur concurrently, contributing to a more streamlined and efficient

workflow.

• Task: Represents a single unit of work that must be carried out within the process.

Suppose that an m×n matrix A represents resource consumption during the execution of each task

in a process. Matrix A can be expressed as

A = (ai j)m×n

where i represents the task index, and j represents the trace index. In order to calculate the average

consumption of each task, we sum the consumption of each task across all traces and divide it by

the number of traces. This can be mathematically represented as:

avgi =
1
N ∑

j
ai j

where N is the number of traces.

Then, we can represent the impact of each task as vector B, where the ith element of the vector

represents the average consumption of the ith task. This can be denoted as:

B = (avg1,avg2, . . . ,avgn)
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where n denotes the number of tasks in a process. Thus, B is the average consumption of a trace.

We consider a small subset of BPMN, namely a subset containing just pools, swimlanes, tasks,

starting/ending events, and, exclusive/parallel gateways. However, for the purposes of this work,

both pools and swimlanes will be used just as syntactic annotations, so we omit them from the

formal notation.

A BPMN is a labelled directed graph G = (V,E,L) where

L : V →{task, start, end, Exclusive Split,Exclusive Join,Parallel Split,Parallel Join}

such that for every v ∈V :

(i) if L(v) = start, then for every v′ with L(v′) = start, we have v = v′ (unique start event).

Moreover, |{(v,v′)∈E}|= 1 (exactly one outgoing edge from the start event) and |{(v′,v)∈

E}|= 0 (no incoming edges to the start event).

(ii) if L(v) = end, then |{(v′,v) ∈ E}| = 1 (exactly one incoming edge to an end event) and

|{(v,v′) ∈ E}|= 0 (no outgoing edges from an end event).

(iii) if L(v) = task, then |{(v′,v)∈ E}|= |{(v,v′)∈ E}|= 1 (exactly one incoming and outgoing

edge for a task).

(iv) if L(v) = Exclusive Split (resp., L(v) = Parallel Split), then |{(v′,v) ∈ E}|= 1 (exactly one

incoming edge to a split gateway) and |{(v,v′) ∈ E}|= 2 (exactly two outgoing edges from

a split gateway).

(v) if L(v) = Exclusive Join (resp., L(v) = Parallel Join), then |{(v′,v) ∈ E}| = 2 (exactly two

incoming edges to a join gateway) and |{(v,v′) ∈ E}|= 1 (exactly one outgoing edge from

a join gateway).

Let us observe that we may have multiple end events.

In the following, we assume our BPMN to be structured as Single Entry Single Exit (SESE)

Regions [16]. Given a BPMN G = (V,E,L), we may create a set cover

R = {R1, . . . ,Rm}

of V , i.e., a set of subsets of V whose union is equal to V itself, such that for every 1≤ i≤ m:

1 - disjointness or inclusion - for every 1≤ j ≤ m, either Ri∩R j = /0, Ri ⊆ R j, or Ri ⊇ R j.
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2 - single entry - there exists at most one v ∈V \Ri such that (v,v′) ∈ E with v′ ∈ Ri. We call v′

(if any) the entry-point of Ri, denoted by entry(Ri).

3 - single exit - there exists at most one v ∈V \Ri such that (v′,v) ∈ E with v′ ∈ Ri. We call v′

(if any) the exit-point of Ri, denoted by exit(Ri).

4 - region maximality - let submax(Ri) denote the set of all and only maximal proper sub-

regions of Ri. Various cases may arise:

a - branching case - submax(Ri) = {R j,R j′}, Ri contains a split and join.

b - loop case - submax(Ri) = {R j,R j′}, Ri contains a loop with forward and backward

regions.

c - sequence case - submax(Ri) = {Ri
1,R

i
mi
}, where Ri consists of sequential tasks.

From now on, we call a BPMN G = (V,E,L) structured in SESE regions a structured BPMN.

The unique set cover R can be organized as a rooted tree, called the region tree of G. Below we

present a diagram denoted as G1. Diagram G1 is structured in Single Entry Single Exit (SESE)

form.We assume that the input process is initially provided in Single Entry Single Exit form

(SESE) as described in [16]. Business Process Model and Notation (BPMN) diagram in SESE

form adheres to a specific structure. For every gateway-split node, there exists a unique corre-

sponding gateway-join node. This relationship ensures that the region formed by such a pair of

gateway nodes has precisely one incoming edge and one exit edge. Conversely, a BPMN diagram

without SESE form may have a situation where one incoming edge has more than one exit edge.

The main advantage of SESE representation is : (i) a trace-equivalent, 1 It can always be obtained

from a generic BPMN diagram.

4.2.2 Similarity Measures

In the context of business processes, similarity measures refer to methods or techniques used to

determine the degree of resemblance between two processes. It is often desirable to compare pro-

cesses that achieve the same goals but have different resource impacts, allowing for the selection

of the process with the best overall impact. The similarity measures discussed in this context aim

to quantify the degree of similarity between two processes based on their resource impacts.

1Two BPMN diagrams are trace equivalent if they produce the same traces, see [44]
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Figure 4.1: G1 BPMN structure with Single Entry Single Exit (SESE)

form

R1∪R2R0

R3∪R4R1 R5∪R6R2

R7∪R8R3

{T4}R4 R9∪R10R5 {R11}R6

{T1}R7

R12∪R13R8

{T6}R9 {T7}R10 {T5}R11

{T2}R12 {T3}R13

Figure 4.2: The region tree of the BPMN depicted in Figure4.1
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The study of business process similarity involves a variety of methodologies designed to quan-

tify the similarity between different business processes. These methodologies span across sev-

eral domains, including structural-based, behavioral-based, graph-based, semantic-based, and

metric-based approaches.

Structural-based similarity analysis focuses on the structural aspects of business processes,

examining the arrangement of activities, tasks, and their relationships within process models. This

approach often compares the topology, ordering, and flow of activities to assess similarity.

In contrast to behavioral-based methods, which emphasize the dynamic execution of pro-

cesses, structural-based approaches prioritize the static representation of process models. By

examining structural characteristics such as the sequence of activities and their dependencies,

structural-based similarity analysis provides valuable insights into the overall structure and orga-

nization of business processes.

Structural-based similarity metrics may include measures such as edit distance, graph similar-

ity, or feature-based comparison. These metrics quantify the similarity between process models

based on their structural properties, allowing for objective comparisons and evaluations. Overall,

structural-based similarity analysis offers a foundational framework for assessing the likeness of

business processes, enabling organizations to identify commonalities, differences, and potential

areas for optimization or standardization.

Average Consumption: Average consumption refers to the amount of resources consumed by

tasks across all lanes/traces of a business process.

Minimum Impact: Minimum impact represents a lower bound on the minimum amount of

resources consumed by tasks in all lanes/traces of a business process.

Maximum Impact: Maximum impact represents a lower bound on the maximum amount of

resources consumed by tasks in all lanes/traces of a business process.

Both the maximum and minimum impact bounds are used in place of exact minimal/maximal

impacts for several reasons:

1. From a computational perspective, calculating the exact minimal/maximal impact of a

BPMN diagram is an NP-complete problem when dealing with multiple impacts.

2. Minimal/maximal impacts form a Pareto-like frontier, meaning there may be more than

one minimal/maximal impact, complicating the normalization of impact vectors, as we will

propose later.
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3. By considering the minimum (or maximum) impact bound, defined as the largest (or small-

est) impact vector dominated by (or dominating) all the vectors in the minimal (or maximal)

Pareto frontier, we can establish a unique and strict minimal (or maximal) bound for the im-

pact vectors.

4. As we will show in section 4.4, the maximal/minimal error bounds are easy to compute and

can be calculated alongside the average impact vector of a BPMN process.

4.3 Computing Similarity Between Business Processes

4.3.1 Resource Consumption as a Matrix

We represent the resource consumption or impact of tasks in a business process as a matrix A.

Each row of the matrix corresponds to a task, while each column represents a specific process

trace. The matrix is defined as a Boolean matrix:

ai j =


1 if task i was executed in trace j,

0 otherwise.

Here, i is the task index, and j is the trace index.

To compute the average consumption of each task across multiple traces, we sum the task’s

consumption over all traces and divide by the total number of traces. This can be expressed as:

avgh =
1
N ∑

j
ai j ·I (i)[h],

where N is the number of traces, ai j indicates the execution of task i in trace j, and I (i)[h] is

an indicator function that equals 1 if task i is present in trace h, and 0 otherwise.

The impact of each task is then represented as a vector B, where the i-th element corresponds

to the average consumption of task i. This vector is denoted as:

B = [avg1,avg2, . . . ,avgk],

where k is the total number of tasks in the process.
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4.4 An Algorithm for Computing Impacts of BPMN pro-

cesses

In this section, we provide an algorithm for computing the average, minimum, and maximum im-

pact of a BPMN process to compute the two similarity measures proposed above. We assume

that the input process is given in Single Entry Single Exit form (SESE) [17]. Informally speak-

ing, a BPMN in SESE form is a diagram where for each gateway-split node, there is a unique

corresponding gateway-join node such that the region formed by such a pair of gateway nodes

has exactly one incoming edge and one exit edge. The main advantages of this representation are

the following: (i) a trace-equivalent 2 it is always available from a generic BPMN diagram; (ii)

the construction is effective even if its corresponding decision problem is NP-complete, related

to the unfolding of Petri nets [24]; (iii) the fact that BPMN diagrams are special cases (1-place

bounded) of Petri nets and there are a plethora of optimized tools for the unfolding problem that

make the equivalent SESE BPMN achievable in practice [18]. A notebook containing a language

for expressing BPMN diagrams in SESE form, a recursive version of the algorithm below, and a

couple of running examples based on the ones proposed in Section 4.5is available at

https://github.com/PietroSala/process-impacts (the main notebook is

impact based similarity.ipynb).

In the following, given a SESE structured BPMN G = (V,E,L) we denote with V× ⊆V the set

of or-splits gateways in V and with V⟲ ⊆ V the set of or-splits in V that close a loop-region (i.e.,

V⟲ ⊆V×).

In Algorithm 6 we assume that the impact vectors MI[:,m],M↓[:,m],M↑[:,m] contains in the

first k components the impacts for cumulative resources and in the last k+1 to k+h components

the impacts for non-cumulative resources. Moreover, given two vectors v1,v2 belonging to the

same space Nn we use the notation min(v1,v2) (resp., max(v1,v2)) to denote the component-wise

minimum (resp., maximum) of the two impact vectors. Finally, let us observe that the algorithm

has the same complexity as a breadth-first visit of the BPMN diagram (which is linear in the size

of the diagram) provided that the BPMN is given in SESE form.

2Two BPMN diagrams are trace equivalent if they produce exactly the same traces, see [44] for example.
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Algorithm 6: Average impact of BPMN
Input : BPMN G = (V,E,L), cumulative impact I : V → Nk, non-cumulative

impact C : V → Nh, split probability P : V×→ [0,1], loop threshold

P⟲ : V⟲→ [0,1]

Output: Average impact vector of G and H↓,H↑ ∈ Nk

1 RT = (R,E )← region tree of G

2 ⟨R1, . . . ,Rm⟩ ← reverse BFS of RT

3 MI ←M↓←M↑← 0(k+h)×m

4 for i← 1 to m do

5 if Ri is task then

6 M∗[:, i]←

I (i)

C (i)


7 for i← 1 to m do

8 if Ri is sequence then

9 M∗[:, i]← ∑ j M∗[:, i j]

10 else if Ri is parallel then

11 M∗[:, i]←

 M∗[1 : k, i1]+M∗[1 : k, i2]

max(M∗[k+1 : k+h, i1],M∗[k+1 : k+h, i2])


12 else if Ri is exclusive then

13 MI[:, i]←P(v)MI[:, i1]+ (1−P(v))MI[:, i2]

14
M↓
↑
[ j,i]←min

max(M↓
↑
[ j,i1],M↓

↑
[ j,i2])

15 else if Ri is loop then

16 M∗[:, i]←MI[:, j]

17 while q > P⟲(v) do

18 MI[:, i]←MI[:, i]+qMI[:, j]

19 M↑[:, i]←M↑[:, i]+M↑[:, j]

20 q← qP(v)

21 return MI[:,m],M↓[:,m],M↑[:,m]
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This algorithm efficiently computes the average, minimum, and maximum resource consump-

tion for a BPMN process using a breadth-first traversal of the process’s region tree.

4.4.1 Modified Cosine Similarity

Cosine similarity is a well-known measure for comparing the direction of vectors, typically rang-

ing between -1 and 1. In this work, we modify the standard cosine similarity formula to account

for differences in magnitudes between the vectors:

Similarity = cos(B1,B2) ·
min(||B1||, ||B2||)
max(||B1||, ||B2||)

, (4.4.1)

where B1 and B2 are the impact vectors of two processes.

This modification normalizes the similarity measure, ensuring a fair comparison even when

the magnitudes of the vectors differ.

4.4.2 Euclidean-based Similarity

Another widely-used metric in machine learning and data analysis is Euclidean distance, which

measures the distance between two points in space. We define Euclidean-based similarity as

follows:

Similarity = 1− d(B1,B2)

d(Hmin,Hmax)
, (4.4.2)

where d(B1,B2) is the Euclidean distance between B1 and B2, and Hmin, Hmax are the minimum

and maximum impact vectors.

This yields a normalized similarity score between 0 and 1, providing a useful measure for

comparing business processes.

4.4.3 Algorithm for Resource Impact Computation

An algorithm is developed to compute the average, minimum, and maximum impacts for busi-

ness processes modeled using BPMN diagrams. The process assumes a Single Entry Single Exit

(SESE) format for the BPMN representation.
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4.5 Impact-Based Similarity in Business Processes: Illus-

trated with a Running Example

Impact-based similarity is crucial in various domains, enabling data-driven analysis and decision-

making in real-world scenarios. In today’s data-centric landscape, understanding the relationship

between different inputs and their corresponding impacts is essential for optimizing system perfor-

mance and enhancing decision-making processes. When analyzing business processes, selecting

the optimal option based on impact becomes a natural outcome of data analysis. With this in mind,

I have selected the impact of a business process as one of the key criteria for quantifying similarity

between two processes. In this dissertation, I propose a method for comparing business processes

based on their impacts. I introduce measures such as average consumption, minimum impact, and

maximum impact to evaluate the similarity between processes. I focus on loop-free BPMN models

to demonstrate the approach, specifically using Single-Entry Single-Exit (SESE) diagrams. These

diagrams serve as the basis for illustrating the proposed method and demonstrating how it can be

applied through a concrete example using the algorithm stated above.

As an example, I used two business processes labeled B1 and B2, each consisting of the same

tasks and having the same goal. Every task in these processes is associated with specific impacts.

These impact values represent different resources consumed by the tasks. For our illustration,

I utilized three types of impact measures: money/cost (in euros), electricity (in kWh), and work

hours (per hour).To see how I can represent this, here is a sample figure showing the representation

with four impact measures:

Figure 4.3: Sample figure showing the representation with four impact

measures.

By utilizing a simple and expressive language, users can either directly create their SESE

(Single-Entry Single-Exit) diagram as a region tree or convert an existing SESE diagram, ex-

pressed in the standard XML format for BPMN (Business Process Model and Notation) [16],
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into an equivalent region tree. These diagrams can be enriched with additional attributes, such as:

• Impacts: Impacts refer to resource consumption in simple terms. There are two types of

impacts: cumulative and non-cumulative. Non-cumulative impacts are specific to individ-

ual tasks and do not accumulate over time or across other tasks. For example, the time

required for each task is a common non-cumulative impact. In contrast, cumulative im-

pacts accumulate as the process progresses, such as total cost or total energy consumed

over multiple tasks.

• Split Probability: This explains how to handle probabilities associated with decision splits

in the diagram, which influence decision-making at branches.

• Loop Threshold: This describes how to manage loop thresholds, determining how long

tasks within loops are repeated under certain conditions.

The following example demonstrates the process impacts:

Figure 4.4: Process example for B1
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Node/Process Money/Cost (EUR) Electricity (kWh) Work Hours (h)

payment validation 0 0 0

check availability 1 0 0

parcel 1 0 0

validation cancel 0 0 0

user cancel 0 0 0

refund user fault 1 85 0

car 5 0 10

drone 3 0 7

wait 12 0 0 0

wait 24 0 0 0

refund company fault 1 105 0

Table 4.1: Impact vectors for tasks in B1 (Figure 4.4)

Similarly, the second business process, B2, is depicted as follows:

Figure 4.5: Process example for B2

For this illustration, the two business processes and code used can be found in our GitHub

repository. The code demonstrates how we implement the algorithm with an example.

4.6 Conclusion

This chapter introduced a novel approach for computing business process similarity based on

resource consumption impacts. By integrating resource dimensions into similarity measures, the

methodology provides a comprehensive tool for process analysis and optimization. Future work

will explore real-time applications and multidimensional resource impacts.
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Node/Process Money/Cost (EUR) Electricity (kWh) Work Hours (h)

check availability 1 0 0

confirmation 1 0 0

cancel company 0 0 0

user cancel 0 0 0

payment validation 0 0 0

car 5 0 10

drone 3 0 7

parcel 1 0 0

wait 24 0 0 0

update 10 0 0

Table 4.2: Impact vectors for tasks in B2 (Figure 4.5)
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Chapter Five

Conclusion and Recommendation

5.1 Implications for Business Process Management

In this dissertation, I investigated the problem of how to determine compliance of business pro-

cesses concerning a set of constraints, superimposed a priori onto the execution of the process

itself, related to the impact of the execution. I show that when a constraint superimposition is

limiting one single type of impact, then the problem can be solved polynomially on deterministic

machines, but when the number of constraints is two or more, the problem is NP-complete. I also

provided heuristics to pre-evaluate a process, to establish whether it is decidable in a shorter time,

determined by its structure. I tested these results against a dataset of randomly generated business

processes and have proven that the behavior is, in the experiments, fits the theoretical expectations.

I am interested in a wide range of developments, especially in agriculture, industrial produc-

tion, and finance, where the aforementioned notion of impact can be fruitfully applied.

A case that I need to consider of specific theoretical interest arises when we consider non-

additive constraints (for instance those that act on an entire trace). Consider, for instance, the

cold chain constraint: when transporting certain goods it is mandatory to keep them below 20

degrees below zero. The constraint cannot be expressed in the formalism we have shown. It could

be the case that a mixed formulation of these kinds of constraints results easier, computationally

speaking, than a pure additive one.

On the opposite side, I am interested in studying two extensions, that relate constraints to

the form of the business process. The first extension regards the interaction between the impact
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constraints and the execution of tasks. I may have, for instance, an effect of the impact that

depends in a non-linear way on the task itself. Certain consumption curves exhibit a worse impact

when starting, while a long-lasting process can be cheaper than a repetition of short leaps. The

second extension aims at introducing the notion of resource, not intended only as a source of the

production process, but also as a result of the process itself. Processes that involve both resource

consumption and emissions are more complicated to deal with than those with only impact and the

algorithmic methods investigated in this paper may be insufficient to compute the correct solutions.

This aims at applying the notions I developed here in circular economyapplications where waste

minimization and recycling are key.

In the specific interest I devised above, we also have a special focus upon the topic of the re-

lationship with other formalisms, especially when intended to give account to the correspondence

between a model of the functioning of a complex organization, as intended for business processes,

and the actual implementation of this as a means to realize the digital twin of the business process

itself. There is an evident similarity, that does not match directly on the structure of the problem

as we provided here, with the Next Release Problem in Software Engineering [3]. The problem

is formulated as the task of identifying a set of customers whose requirements can be met in a

way that ensures that the associated cost, either in terms of money or workload, remains below a

specified bound. I can see this as a generalization of the problem of bounding a business process

with single values, that in many senses could be seen as based on a single user. However, there are

aspects, in particular related to the complexity of representing the structure of the business process

that cannot be mapped in the Next Release Problem, and therefore this may need an extension of

the two formalisms to capture both meanings.

An even more advanced version of the Next Release Problem, the multi-objective Next Release

Problem, is provided in [10]. In that case, it is not easy to map the two problems one to each other,

but I envision a correspondence in a common evolution of the formalisms used to represent the

evolution of software and the Business Process, something that could further be used to devise the

evolution of Business Processes, a problem that is certainly related to issues in impact, such as

reducing the environmental impact, the workload, or the overall cost of a business process.

I have also explored the significance of business process similarity and its impact on orga-

nizational efficiency, best practices, and compliance. Traditional approaches focus on structural

and behavioral aspects, such as control flow and execution traces, to measure similarity. However,
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these methods often overlook the critical role of resource consumption in process optimization.

To address this gap, I introduced a novel approach that integrates resource consumption into

business process similarity calculations. By leveraging a matrix representation of resource utiliza-

tion, I proposed two refined similarity measures: a modified cosine similarity and an Euclidean-

based similarity metric. Additionally, I developed an algorithm that enables the computation of

resource impacts in business process models represented using BPMN.

This approach provides a more comprehensive perspective on business process similarity, al-

lowing organizations to compare processes not only in terms of their structure and behavior but

also in relation to their efficiency in resource utilization. This contribution enhances process

analysis by offering insights that facilitate resource optimization, cost reduction, and improved

decision-making.

5.2 Limitations and Future Research Directions

Future research can extend this work by integrating additional factors such as dynamic process

changes, real-time resource monitoring, and adaptive similarity measures that evolve with oper-

ational demands. Furthermore, applying these methods to real-world case studies will provide

further validation and practical insights into their applicability in various industries.

By incorporating resource consumption into business process similarity measures, this work

advances the field of Business Process Management, offering a more holistic framework for pro-

cess analysis and optimization.
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