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Abstract

:

A business process is a set of activities executed in a specific sequence involving various actors. This relationship between actors, activities, and sequence is crucial for achieving the goals and objectives of organizations. Business process modeling involves determining the actors, activities, and execution sequence necessary to accomplish the organization’s objectives, permitting analysis of the overall process in order to identify and rectify potential failures, improve operations, or eliminate activities that do not generate value. In this study, Petri nets have been selected as the modeling tool due to their ability to provide graphical and mathematical representations of business processes, which offers a significant advantage over other tools. The objective of this research is to develop a BP modeling algorithm using Petri nets. It aims to simulate the behavior of each activity within a case study in which the mathematical representation of Petri nets is utilized to measure process performance. Additionally, a software artifact is created to assess the algorithm’s functionality and compare the performance of two different business process that share the same goal.
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1. Introduction


Business Processes (BPs) are defined as a sequence of structured or semi-structured activities that are related to each other and executed in series or parallel to ensure the proper operation of an enterprise. Various areas or departments are involved in executing this set of activities considering different professional profiles. Organizations strive to become more competitive; therefore, they need to improve their business processes [1]. BP modeling can be used to represent essential aspects of a process for analysis, automation, and simulation of business behavior. The complexity of BPs can increase, and a process may consist of multiple subprocesses. Therefore, a recommended practice for improving or creating new BPs is the use of modeling tools or techniques. Representing organizational behavior in this manner provides competitive advantages and is a requirement for implementing the ISO 9001 standard (Quality Management standard focused on customer satisfaction), as organizations need to prioritize their processes. Two key points in this standard are: “Maintaining documented information to support process operations” and “Preserving documented information to support the operation of their processes” [2].



The changes or implementation of new BPs can bring tangible or intangible benefits. The measurement of tangible benefits is done immediately and quantitatively, mainly in terms of money or time. Intangible benefits can be measured quantitatively after a considerable period of time. The context of this article is directed towards the modeling of BPs with tangible benefits. For this reason, it is necessary to use tools aimed at statistics and the analysis of time and motion, among others. A complete analysis of entities with their properties is a mandatory requirement for BP designers. When this condition is met, it is possible to organize all the operations in a logical and orderly way in order to subsequently model the process [3].



In most cases, BPs represent complex systems, as several entities are involved in their development. In the process of billing a car, there are probably six or seven entities involved, while in the process of assembling a car there are many more. Key aspects of business processes include the Activity Sequence, in which business processes consist of a series of steps or activities that are performed in a specific order to achieve a desired result, and Workflow, in which activities in a business process are often connected in a continuous workflow and the output of one activity becomes the input of the next.



Environmental changes in a business or organizational context can cause imbalances in the operation, and their effects can directly impact competitive aspects, such as a decrease in profit margins or loss of market share, among others. Therefore, it is important to have methodologies that allow organizations to respond quickly to changes and adapt to them in order to remain competitive in the market. Hence, changes or the implementation of new BPs must be considered with a methodology that enables informed decision-making.



Therefore, the use of a process modeling algorithm is proposed to enable organizations to timely react to changes in the environment by establishing the related entities and attributes.



There are a large number of business process modeling techniques available to represent the various elements that comprise them, with the purpose of understanding and analyzing them from an operational perspective [4]. Furthermore, the representation and analysis of business process models serves as a foundation for the development of information systems that support the value chain of organizations [5]. The technique employed in this research is Petri net (PN) modeling, which utilizes a methodology characterized by two main aspects: (a) schematic modeling methodology, and (b) formal methodology with mathematical representation [6]. By implementing the business process modeling using PNs, tangible benefits can be achieved.



Business process management is an activity that has been strengthened over time by incorporating different concepts, such as process modeling, process mining, and process representation; a description of these elements is provided below.



Business processes must somehow be raised in a context that can be understood by people; if the definition of process is “a list of related activities that seek to obtain the objectives of the organization”, then a list of activities could describe the process. If this list is shown as a workflow in which the order of their execution is indicated, then the process can be made more understandable, leaving abstraction aside. Consequently, we understand that a model is a representation and that modeling is the creation of a model. This concept is significantly important, as a clear understanding of the process is the starting point for the creation of IT systems, simulation studies, and ways to improve or implement processes for an organization, for example sales control, collection, storage, etc. These issues have led to interest in the study of BPM. Process modeling differs from process design in that design must consider the organizational scheme in assigning tasks, the technology being used, and even the budget that must be allocated for its operation. For this reason, it is important to clarify that design is not modeling [7].



The concept of process mining is related to data mining, and is used to discover, validate, and improve workflow behaviors. By combining data mining and process analysis, organizations can extract information from the registry of their information systems and understand their performance, thereby discovering areas for improvement. Mining uses a data-based approach for process optimization, which allows leaders to make decisions without ambiguity in the understanding that their information is current, reliable, and trustworthy.



One of the functions of process mining is model discovery. This implies the implementation of certain algorithms that convert an event record into a model that is capable of representing the recorded behavior. However, in the present work we do not try to create or discover a new process, as the focus is that a graphic model is obtained starting from a process described in natural language and with certain writing rules that allow the behavior of each one of its activities to be simulated.



Process mining has several discovery algorithms, including the Alpha algorithm, which produces a Petri net from a record of events that, in theory, should be able to represent the record in question. This was one of the first algorithms able to contemplate the concurrency of activities in its model. This Alpha algorithm processes the record following a series of rules, from which it searches for a series of relationship patterns between activities. The algorithm proposed in this work, in general terms, reads the records of a database, reads whether it is a square or a transition, and uses existing connections to later draw a Petri net on a plane. Its operation is described and explained later [8].



There are several opportunities in the field of process mining [9]:




	
Finding the behavior pattern of a process based on organizational structures.



	
Designing processes to facilitate the agile use of data.



	
Using process mining to create a balance between automation and human participation in business processes.



	
Investigating reference models for value creation in the context of best practices.








This project tries to bring system designers closer to obtaining business improved process models that are aimed at ensuring better practices.



Petri nets are a tool to model workflows; when modeling them, users tend to draw nodes that represent tasks or activities, with arcs between the nodes representing the sequence of activities. Petri nets (PN) belong to a technique that is gaining popularity in different industrial sectors, such as automotive, computing, information technology, and more.



They first gained popularity in the 1990s for simulating more common systems, for example, production lines, banking service processes, and supply chains, among others. PNs have an elegant and simple mathematical foundation. Its explicit graphical representation allows the visualization of the dynamic behavior of the results in the process simulation. Generalized Networks (GN) are a tool for describing adaptive, flexible, and structured business models of complex systems with many different and interacting components that are not necessarily homogeneous and may have parallel and simultaneous arrangements.



Generalized nets represent a significant extension and generalization of the concept of Petri nets. While PNs and GNs both contain places, transitions, and tokens, the positions are of a more complex structure in GNs. The input and output in the transitions of the GN contain the moment of activation. When entering a new place, the token changes its characteristics. This constitutes a very important difference, as the movement of the token represents the change of state of the network; thus, GNs allow more complex systems to be modeled [10].



Regarding the theory of Service Systems, in which a service can be considered as the provision of assistance and experience through a supplier–client interaction to create and capture value in business, in terms of resources, services can be understood as a series of activities in which resources of various kinds (employees, physical resources, goods, service provider systems) are used in interaction with the customer to find a solution to a problem or need.



From this perspective, a service system is not simply the sum of its parts; rather, the interactions form a higher-order construct. The service can be understood as the results of value co-creation under a win–win logic within interrelated processes. One approach to the results of process mining has revealed that it is possible to obtain a system of transitions in which these are comparable to the activities of the processes. Essentially, to derive a process in transitions means to obtain a PN. In this context, a well-known area of PN theory is called Petri net synthesis [11].



Among the advantages of using Petri nets as a business process modeling tool are the graphic way in which they are handled (i.e., squares, transitions, arcs), which makes them a very light tool, the high precision of the mathematical syntax, and the possibility of simulating states due to the implicit handling of tokens.



This article begins with an introduction to the conceptual framework of business process modeling highlighting the advantages of utilizing PNs for modeling purposes. The second section provides an overview of the current state of the field and describes the fundamental form of PNs. In the third section, a case study is presented, specifically focusing on the workflows of a Water Operating Agency and employing elementary PN structures to model them. Finally, the article concludes by summarizing the findings and discussing how business process modeling with PNs can enhance the competitiveness of organizations.




2. Fundamental Concepts


This section consolidates the key fundamental concepts that are utilized in this work.



2.1. Supply Chain


The Supply Chain (SC) refers to the interconnectedness of the various actors involved in fulfilling a consumer’s needs through the acquisition of a product or service. This cycle commences with the production of raw materials, which are then transformed into supplies used in the manufacturing or assembly of goods or delivery of services [12].



The fundamental element of a supply chain is the collaboration and joint effort of two or more companies with the aim of creating a competitive advantage and generating profits that would be difficult to achieve if each company acted independently. This collaboration involves inter-company relationships in which information, resources, rewards, risks, and responsibilities are shared among the participating entities. By working together, companies can leverage their combined strengths and resources to achieve mutual benefits and improve overall performance [12].



The supply chain involves various business processes that are essential for the smooth operation of the chain. These processes include transportation, storage, transformation, rental of services, sales, and more. Each organization participating in the supply chain performs these processes to ensure the efficient flow of goods and services throughout the chain. Transportation processes ensure the movement of products from one location to another, while storage processes involve the proper handling and management of inventory. Transformation processes may involve manufacturing or value-added activities, while rental of services can include leasing or outsourcing certain functions. Sales processes are responsible for promoting and selling products to customers. Each organization within the supply chain contributes to these processes in order to fulfill customer needs and drive the overall success of the chain [12].



Effective supply chain management is essential to ensure the availability and timely delivery of products, keep costs in check, reduce waste, and improve customer satisfaction. To achieve this, different strategies and tools such as demand planning, inventory management, forecasting, optimization of transport routes, and use of information technologies are used to improve visibility and coordination throughout the chain [13].



A well designed and managed supply chain can provide competitive advantages to companies by allowing them to quickly respond to market demands and adapt to changes in economic and business conditions. In addition, an efficient supply chain can have a positive impact on sustainability and corporate social responsibility by reducing waste and improving energy efficiency in production and distribution processes [13].




2.2. Enterprise Resource Planning (ERP)


An ERP is a set of software modules integrated with a common central database. The database collects information from many divisions and departments of the company, intervening in a large number of key business processes related to manufacturing and production, finance and accounting, sales and marketing, human resources, etc. The application layout supports most of an organization’s BPs [14].



The main characteristic of an ERP is that the database is centralized, meaning that all the modules that make it up (sales, finance, accounting, production control, payroll, etc.) record and take information from the same database. In addition, as they are network-based systems, the information is available immediately.



The advantages of using an ERP include the following [15]:




	
Unification: allows all the functions and departments of the company to be unified in a single framework, which facilitates communication and collaboration between the different teams.



	
Automation: although it is not a feature of ERPs, repetitive and well-structured tasks can be automated, avoiding errors and saving time in their execution.



	
Information in real time: because ERPs are systems that work in a network, information can be updated in real time to facilitate decision making.



	
Efficiency and productivity: ERPs are based on the best practices of the industry; thus, when a company implements a system of this type, it can anticipate improved efficiency and increased productivity.



	
Cost reduction: costs can be reduced through improved efficiency.



	
Control and visibility: management decision-making is optimized, along with issues related to different business processes, thanks the availability of reliable, timely, and truthful information.



	
Regulatory Compliance: compliance with applicable laws and regulations is assured by maintaining accurate and up-to-date records.



	
Scalability: ERP systems are scalable and can be adapted as the company grows or changes.








The use and implementation of these systems requires the necessary infrastructure for its application and training for personnel in the correct obtaining, use, administration, and interpretation of the information contained in it. Each implementation is unique, and may require modifications in order to meet particular business requirements [14].




2.3. Value Chain


The conceptual model designed by Michael E. Porter (1985) distinguishes between primary activities and support activities. This general model categorizes primary activities as those that add value to the manufacturing of a product or the offering of a service. On the other hand, while support activities are essential for the production process, they do not directly add value; without these support activities, it would not be possible to achieve the organization’s objectives [16].



The value chain can serve as a tool to analyze a business by breaking it down into its main activities, which helps to identify potential sources of competitive advantage. The relationship between the value chain and business process (BP) concepts is significant. The primary activities in the value chain correspond to the primary business processes, while the supporting activities in the value chain align with supporting business processes [17].




2.4. Petri Nets


Petri nets (PNs) are a powerful tool for modeling events in a process; they combine visual representation with an underlying mathematical framework. PNs offer a suitable graphical language for modeling concurrent systems. They comprise two types of nodes, namely, places and transitions. Over time, PNs have been modified and extended to provide more advanced modeling capabilities. Variations of Petri nets include timed Petri nets, stochastic Petri nets, colored Petri nets, and hierarchical Petri nets [18].



Petri nets allow the behavior of processes to be modeled. The model is itself a representation of reality, and a representation does not imply real construction with all of its technical and financial drawbacks. In business processes, the intervention of two or more areas of the organization in parallel is frequent; for example, in the process of enrolling students in a university, the activities involved could include consolidation of debts to the treasury, library, and sports store, all of which can be done in parallel despite involving three different areas. Petri nets were specifically designed to model this type of system.




2.5. Water Operator Agency (WOA)


According to [19], the Water Operator Agency used in the case study is responsible for maintaining and managing drinking water, sewage, and sanitation systems. Their primary goal is to provide these essential services to the population of a municipality or a federal entity.





3. Related Work


In the 1990s, numerous industries developed workflow management systems and created languages for modeling business processes. Many of these languages utilized graphical syntax. However, despite the apparent simplicity of defining such languages, it is a complex undertaking due to the dynamic semantics of processes. Examples of these languages include ARIS, BPEL, BPMN, and UML. However, these modeling languages encountered issues with their formal semantics. For instance, BPEL lacks graphical modeling capabilities, while the semantics of UML and BPMN activity diagrams converge towards PNs [6]. The ease and flexibility offered by graphical modeling languages provides the possibility of introducing control flow anomalies into process specifications [20].



A process is a series of related and structured activities, and Petri nets (PNs) can effectively reflect this process by simulating the changes of state involved. PN modeling is distinguished by being a formal tool with available support to analyze and verify systems, thereby increasing reliability and detecting errors during the design phase [21]. However, classical PNs have limitations when it comes to describing multiple tokens within BP modeling, as they become indistinguishable. To overcome this limitation, it is recommended to use Colored Petri Nets (CPNs), which allow for the integration of different types of data with complex manipulation. CPNs provide the advantage of enhanced flexibility and versatility in modeling business processes [22]. In this case, it is necessary to establish the rules or policies of the business process. One approach to accomplish this is by using the Event-Condition-Action (ECA) concept to represent the main rules found in the workflow. These ECA rules are assigned strictly based on full CPNs, allowing for a clear representation of the rules and corresponding actions within the process [22]. A CPN is a graphical language used for constructing models of concurrent systems and analyzing system properties [22], including the establishment of various business rules. These rules can represent policy agreements or definitions related to the criteria applied by organizations in their interactions with customers, partners, or employees, typically expressed in natural language. Additionally, a decision table can be utilized to describe a set of interconnected decision rules using the “If–Then” structure [23].



Describing a BP using natural language presents a significant challenge due to the inherent ambiguity, semantic nuance, sentence composition, word relevance, and contextual connections between sentences [24]. It can be configured as a flow consisting of numerous sub-operations aimed at fulfilling a commercial function or adapting to changing business requirements. The objective is to simulate the operational granularity of the process. However, it is important to note that as the granularity of operations becomes smaller, the system becomes more costly and challenging to operate and maintain. Therefore, achieving the correct decomposition of a system becomes a crucial goal in supporting changes to the business process. This ensures that the final process operations can effectively support the overall business operation and accommodate potential changes [25].



It is common for organizations to have multiple variations of a specific business process, such as different sales processes for various products or distinct accounting processes for different countries. However, traditional business process modeling languages do not explicitly support the representation of such process variants. This challenge has prompted significant research efforts in the past decade, resulting in various approaches to business process variability modeling.



These approaches typically extend conventional process modeling languages by introducing constructs that can capture customizable process models. A customizable process model represents a family of process variants; each variant can be derived by adding or removing specific fragments based on customization options or a predefined domain model. By incorporating these constructs, organizations can effectively model and manage their diverse process variants, providing flexibility and adaptability to address specific business requirements and customization needs [26].



Around the year 1990, BPs gained significant attention in the industry as managers recognized that computer systems were not fully leveraging their potential. Information systems were developed to support data-oriented business processes, which involved capturing and recording the state of objects within those processes in a database. Consequently, database technology became widely utilized during the early 1990s.



Indeed, the purpose of information systems is to automate tasks and replicate human work using computers with the ultimate goal of supporting and enhancing business processes. These systems are designed to streamline and optimize the execution of tasks, leading to improved efficiency and effectiveness in various organizational activities. By leveraging information technology, companies aim to enhance their operational capabilities and harness the power of computer systems to drive their business processes forward [27].



Workflow management systems have become counterparts to database management systems. Database management systems are configured by a data scheme and a set of constraints, while a workflow management system is configured by a process model. A workflow engine can be integrated into a larger information system in the same way as a database engine. From 1995 to around 2005, there was a strong focus on supporting business processes with workflow engines, after which interest shifted to business process systems such as Business Systems Planning and Supply Chains [6].



BPs problems share similarities with those encountered in project management, and simulation has proven to be a successful approach in solving them. Simulation provides a structured environment for understanding, analyzing, and improving business processes. It is particularly effective for stable processes, though less suitable for dynamic systems that do not reach equilibrium. The key advantage of simulation-based analysis is the ability to predict process performance using quantitative measures such as lead time, resource utilization, and cost. This enables the identification of inefficient behavior in process execution. By utilizing simulation tools that leverage mathematical models, business process execution data can be used to optimize and redesign processes. Dynamic process models allow for the analysis of alternative scenarios through simulation, providing quantitative metrics such as cost, cycle time, serviceability, and resource utilization. These metrics serve as a basis for evaluating options and selecting the most promising scenario for implementation. However, despite their potential for measuring performance and conducting experiments, analytical models (often mathematical) have not received significant attention due to their complexity [4].



Building complex systems can be challenging due to their inherent complexity. However, capturing user requirements in a rigorous and comprehensive manner can help to alleviate this problem. Unfortunately, this task is often difficult to accomplish, as customers and developers may not use the same terminology or vocabulary when discussing requirements. In behavior-intensive applications, dynamic behavior becomes a critical aspect to consider. This is in contrast to database systems, where the focus is on the relationship between data types. Scenarios play a crucial role in understanding system behavior, as they depict specific sequences of actions that illustrate behaviors in response to external stimuli starting from a well-defined system configuration. Petri nets are utilized to formalize the behavior of components, systems, or applications that exhibit complex behavior. As a formal model, Petri nets eliminate ambiguity and allow for validation of the specified behavior [28].



BPs plays crucial roles in the functioning of a company. However, traditional software architecture is primarily designed for relatively static BPs, which leads to certain limitations. Notably, the process logic is tightly coupled and embedded within application implementations, making it challenging to extract the standalone process logic. Consequently, if changes are required in the BP, it becomes extremely difficult to establish a clear traceability between the business requirements and the system implementation [25]. In this paper, we discuss two software tools that can serve as a frame of reference for the explanation of the proposed application: ProM (Process Mining Workbench) and DISCO (DISCOver your process). These examples of software tools used in process mining are compared below.



3.1. ProM


Process Mining Workbench is an open source framework used in the field of process mining to analyze and visualize business process data. Its characteristics include [29,30,31]:




	
Extensibility and Modularity: ProM is designed in a modular way, which means that it is possible to add and combine different plugins to adapt it to specific needs.



	
Variety of Process Mining Algorithms: ProM includes a wide range of algorithms for process discovery and analysis, including model discovery, conformance checking, and rule discovery, among others.



	
Process Visualization: ProM offers visualization tools to graphically represent business processes, which helps to better understand the flow of activities and events.



	
Model Discovery: ProM can help to create process models from event logs. This includes the generation of flowcharts and Petri net models, among others.



	
Performance Analysis: certain versions of ProM include tools to assess process performance, such as bottleneck detection and identification of areas for improvement.








However, as with any tool or software there are features that certain users might consider to be drawbacks or limitations; for example [32,33]:




	
Learning Curve: ProM may have a steep learning curve for users unfamiliar with process mining or the software itself, and advanced functionalities may require a solid understanding of the underlying concepts.



	
Data Format Compatibility: ProM can be picky with regard to the data formats it can handle. Users may need to prepare their data in a specific way before they can be used in the tool.



	
Process Log Generator: ProM randomly generates models based on user-supplied criteria and can provide a related simulated event log; however, it does not provide a way to modify the generated model or change simulation options.









3.2. DISCO


DISCO (DISCOver your process) is a process mining software used to analyze and visualize business process data. Its characteristics include [34,35]:




	
Intuitive User Interface: DISCO has a friendly and easy-to-use user interface, making it easy to load data, perform analysis, and view results.



	
Process Analysis: DISCO offers a variety of tools to analyze business processes, including workflow visualization, pattern identification, and deviation detection.



	
Model Discovery: DISCO can generate process models from event data, allowing users to understand how activities in a process unfold.



	
Conformance Analysis: DISCO can be used to compare event records with a previously defined process model to identify discrepancies and deviations.



	
Process Visualization: DISCO offers different types of visualization, such as flow charts, Gantt charts, and process maps, to help understand and communicate the flow of activities.



	
Performance Analysis: DISCO can help to identify bottlenecks, wait times, and other areas for process improvement.



	
Large Data Set Support: DISCO can handle large event datasets, which is essential for analyzing complex processes.



	
Complex Events Support: DISCO provides event handling with attributes and properties, allowing for more detailed analysis.








While DISCO is a widely used and appreciated tool, it has features that might be considered disadvantages as well, for example [33]:




	
Cost: DISCO is a commercial tool, which means that it may have costs associated with its acquisition and licensing. This may be a limitation for individual users or small organizations with limited financial resources.



	
Learning Curve: as with any specialized tool, DISCO can have a steep learning curve for those who are new to process mining or to the tool itself. Understanding advanced functionality can require considerable time and effort.



	
Hardware Requirements: DISCO may require significant hardware resources to handle large event datasets and perform complex analysis, which could limit its use on systems with insufficient capabilities.



	
Quality Data Dependency: as with any process mining tool, the results are highly dependent on the quality of the input data. If the data are incomplete, inconsistent, or poorly recorded, the results could be less accurate or useful.



	
Data Format Support: as with many tools, support for specific data formats could be a challenge. Users may need to adjust or transform their data before use.










4. PN Basics


In the current project, PNs are utilized as the modeling tool. A PN is defined as a graph consisting of two main components, denoted as   N =  < P , T , R >  . There are two distinct types of elements in a PN: places   ( P )   and transitions   ( T )  . The connections between places and transitions are represented by components called arcs   ( R )  . Places are visually represented by circles, while transitions are depicted as bars. According to the principles of PN theory, elements of the same type cannot be directly connected.



Places (circles) can hold tokens, which are movable entities within the network. Tokens can traverse the network by crossing transitions (bars). The configuration of tokens in the places is determined by a set of marks M, which assigns an integer value to each place:   M =  < M  (  p 1  )  , ⋯ , M  (  p i  )  >  . Here, i represents the total number of places in the network and   M (  p i  )   denotes the number of tokens present in place   p i  . Therefore, the quantity and arrangement of tokens throughout the network governs the execution of the PN and indicates the state of the system.



PNs serve as a solid mathematical foundation for constructing process models. They possess a modeling formalism characterized by precise graphical representation, well-defined syntax, and clear semantics.



The marks in a PN serve as a representation of the states within a dynamic system. These states change dynamically as tokens move between places. The activation of transitions in the network triggers state changes by removing tokens from input places and adding them to output places. This dynamic behavior of PNs allows for effective modeling of parallel processes and solving real-life tasks.



In a theoretical context, PNs offer significant advantages, including their formalism and intuitive representation of process elements, events, and their interactions. This facilitates the construction of accurate process models that closely correspond to real-world objects and their dynamics. PNs enable the visualization of process components and their interactions, making it easier to understand the dynamics of the system.



One of the key strengths of PNs is the ease of handling network parameters and observing state changes through immediate visualization. This makes them a powerful tool for modeling and simulating various processes in order to provide insights into their behavior that can aid in decision-making [36].



4.1. Relevant Aspects of the Construction of Petri Nets [37]


A formal definition of a PN is presented below [38].



A Petri net is a   5 − t u p l e  ,   P N = ( P , T , F , W ,  M 0  )   where:




	
  P = {  p 1  ,  p 2  , ⋯ ,  p m  }  is a finite set of places,



	
  T = {  t 1  ,  t 2  , ⋯ ,  t n  }  T is a finite set of transitions



	
  F ⊆ { P × T } ∪ { T × P }  is a set of arcs



	
  W = F → { 1 , 2 , 3 , ⋯ }  is a weight function



	
   M 0  = P →  { 1 , 2 , 3 , ⋯ }   is the initial marking



	
  P ∩ T = ∅   and   P ∪ T ≠ ∅  .








The set of places connected to a transition is known as the input places, which is denoted as   • t  . On the other hand, the places connected from a transition are known as output places, and the set of output places is represented by   t •  . The movement of tokens through the PN represents the dynamic behavior of the system. To change the token position, the following transition firing rule is used [38]:




	
A transition   t ∈ T   is enabled if every input place   p ∈ P   of t has   w ( p , t )   tokens or more, with   w ( p , t )   being the weight of the arc from p to t.



	
When an enabled transition t fires, the event represented by t takes place.



	
When an enabled transition t fires,   w ( p , t )   tokens are removed from every input place p of t and   w ( p , t )   tokens are added to every output place p of t, with   w ( p , t )   being the weight of the arc from t to p.









4.2. Analysis Methods


In this paper, we apply the matrix equation approach as the analytical method of PN theory to calculate the makespan of the modeled FMS.




4.3. Incidence Matrix and State Equation


A PN with n transitions and m places can be mathematically expressed as an   n × m   matrix of integers, denoted as   A = [  a  i j   ]  . The values for each element of the matrix are provided by    a  i j   =  a  i j  +  −  a  i j  −   , where   a  i j  +   represents the weight of the arc from transition t to place   p  i j    and   a  i j  −   represents the weight of the arc from place   p j   to transition   t i  .



The state equation is used to determine the marking of a PN after a transition firing, and can be written as follows:


   M k  =  M  k − 1   ×  A T   U k  , k = 1 , 2 , …  








where   U k   is an   n × 1   column vector with   n − 1   zero entries and one non-zero entry, representing the transition   t j   that will fire. The non-zero entry is located in position j of   U k  ,   A T   represents the transpose of the incidence matrix,   M  k − 1    denotes the marking before the firing of   t j  , and   M k   represents the resulting marking after the firing of   t j   indicated by   u k  .





5. Basic Structures of Petri Nets Applied to Business Process


In this section, we propose four Petri net structures for BP modeling. These structures are designed to represent the relationships among processes, and model various scenarios and behaviors within organizations.



The simplest structure, depicted in Figure 1, represents a single activity. It consists of a transition (  t 1  ) and its corresponding output place (  p 1  ).



When two activities are executed sequentially, they are connected in the required order, as depicted in Figure 2.



Figure 3 illustrates the PN for selecting an activity based on a certain condition. The token positioned in P1 can be moved either to place 3 or place 4 (disjunction). The choice of the activity to be carried out is determined by the process itself. For example, the process description could be as follows:




	
First Activity: “generate invoice (1)”.



	
Next Activity: “deliver the invoice to the client personally (2)” or “send the invoice to the client via email (3)”.








Figure 4 depicts the PN for executing activities in parallel. The token is initially placed in P1, and can be moved to both P3 and P4 simultaneously (conjunction). The activities are executed concurrently. For example, the process description could be as follows:




	
First Activity: “buyer arrives at the checkout (1)”.



	
Following Activities: “cashier registers the sale of items (2)” and “ the inventory in the system is updated (3)”.








Figure 5 illustrates the Petri net for executing an activity triggered by different preceding activities. The token is observed in Activity 3, and can originate from either Activity 1 or Activity 2. The execution of Activity 3 occurs when the trigger comes from either Activity 1 or Activity 2. For example, the process description could be as follows:




	
Activity 1: “buyer buys online”.



	
Activity 2: “buyer buys in-store”.



	
Activity 3: “finance department generates invoice”.








The execution of Activity 3 is triggered by either Activity 1 or Activity 2.



Figure 6 depicts the PN for the synchronization of activities in parallel. In this structure, the token is present in both Activity 1 and Activity 2. Both activities must be completed in order for Activity 3 to be executed. For example, the process description could be as follows:




	
Activity 1: “client pays the advance payment of a car”.



	
Activity 2: “financial company approves credit for car purchase”.



	
Activity 3: “manufacturing department assembles automobile”.








Activity 3, which involves assembling the automobile, can only be executed when both Activity 1 (client payment) and Activity 2 (credit approval) have been completed.



BPs can be broken down into subprocesses, and these subprocesses can be modeled using the six basic PN structures. Depending on the number of subprocesses, the resulting network may be more or less complex.



5.1. Applications


Petri nets have been proposed for a wide variety of applications due to their generality and permissiveness. They can be applied to almost any area of engineering or system that can be represented graphically, for example, flowcharts to show sequential, parallel, or concurrent activities. In this type of representation it is important to take into account that a model represented in a very general way can lose analytical capacity. As the model becomes more general, there are fewer elements available for analysis; in fact, one of the disadvantages of Petri nets is that as the systems or processes to be modeled grow more complex the PNs likewise become more complex and difficult to understand, which can make analysis difficult even for a system of modest size. As an example, a graphic model of fouling and scoring in basketball is provided later in this section [38].



The application areas of Petri nets according to Murata are: modeling and analysis of distributed software systems, distributed database systems, concurrent and parallel programs, flexible manufacturing/industrial control systems, discrete event systems, multiprocessor memory, data flow computer systems, fault tolerant systems, programmable logic, asynchronous circuits and structures, compilers and operating systems, office information systems, formal languages, and logic programs. Other interesting applications considered in the literature are local area networks, legal systems, human factors, neural networks, digital filters, and decision models. The use of computer-aided tools is a necessity for practical applications of Petri nets. Most Petri net research groups have their own software packages and tools to assist in drawing, analysis, and/or simulation of various applications; in the case of the present investigation, a system for the simulation of Petri net processes is included [38].



As already mentioned, a Petri net is a directed graph that includes an initial state called the initial mark or M0. The underlying graph is a bipartite, weighted, and directed graph consisting of two types of nodes, called places and transitions, with the arcs joining from a place to a transition or from a transition to a place. In the graphic representation, places are drawn as circles, while transitions are drawn as bars or boxes.



In modeling, using the concept of conditions and events, places represent conditions and transitions represent events. A transition (event) has a number of entry and exit locations that represent the pre- and post-event conditions, respectively.



The presence of a token in a place is interpreted as holding the truth of the condition associated with the place. In another interpretation, k tokens in one place indicate that k data items or resources are available.



Typical interpretations of transitions and their entry and exit places are provided here as an example.



Table 1 shows typical input and output connotations applied to transitions.



In general, the behavior of systems can be described in terms of the states of the system and their changes. To simulate the dynamic behavior of a system, a state or token in a Petri net is changed according to the following transition (trigger) rule:




	
A transition t is enabled if each input location p of t is marked with at least w(p, t) tokens, where w(p, t) is the weight of the arc from p to t.



	
A transition may or may not enabled the firing of a token, depending on the event that is to be fired.



	
A trigger on an enabled transition t moves w(p, t) tokens from each input location p of t, where w(t, p) is the weight of the arc from t to p.








A transition with no place of entry is called a source transition, while one with no place of exit is called a well transition. A source transition is unconditionally enabled, while activating a pool transition consumes tokens without producing any.



A pair of places p and a transition t is called a self-loop if p is both an entry and exit place of t. A Petri net is said to be pure if it does not have any self-loops; moreover, a Petri net is said to be ordinary if all the weights of its arcs are one.



The above transition rule is illustrated in the Figure 7, Figure 8, Figure 9, Figure 10 and Figure 11 using the event called “foul and score” in basketball. For this, it must be clarified that the shot place refers to a basketball player who has the possibility of shooting on the basket; in this example we start with two tokens (two shots), although we know that any player can have the opportunity to shoot on the basket n times within the regulation game time.



The player shoots on the basket and two events occur: he scores on a three-point shot and is fouled on the same play, as shown in Figure 8.



Thus, in Figure 9 we have three points: w(3 pts, t2) = 3.



In Figure 10, the player shoots the free throw resulting from the foul and scores one point.



In Figure 11, one point is added to the score: w(1 pt, t4) = 1.



Petri nets provide a mathematical foundation for the construction of process models, incorporating a modeling formalism with a precise graphical representation, syntax, and semantics.



Petri net tokens characterize the states of a dynamic system, and the dynamics of state changes are modeled by the movement of tokens around locations. The state of the network can be changed as its transitions are activated. When a transition is triggered, a token is removed from each input location and added to each output location. PNs have fundamental advantages for modeling parallel processes and solving real-life practical tasks. In the theoretical context, they have essential benefits such as formalism and intuitively clear facilities that correspond to real objects (process elements), events, and their interaction, which encourages the construction of real process models. In addition, Petri nets allow for demonstration of the interaction of the components of the process in terms its dynamics that can be visualized in the computer interpretation of the network. The facilities for handling the parameters of the networks and their change of state with immediate visualization make them powerful instruments for modeling and simulating various processes [36].




5.2. Relevant Aspects of the Construction of Petri Nets [37]


Objects




	
Places are represented with circles.



	
Transitions are represented by straight line segments.



	
Arcs join transitions and places.








Rules




	
Place p is the input to a transition t if there is an arc from p to t.



	
Place p is the output of a transition t if there is an arc from t to p.



	
A place can contain a positive or null number of tokens or marks, which are represented by a dot inside the circle that represents a square.



	
The marking of a Petri net is the set of tokens associated with each of the squares at a given instant, and defines the state of the Petri net.










6. Business Processes of a Water Operating Agency


A Water Operating Agency (WOA) is tasked with operating, conserving, and managing the drinking water, sewage, and other service systems in a city or region, ensuring their availability to the local population. These agencies are dynamic entities that must adhere to distribution standards, including maintaining appropriate quality, quantity, pressure, and consistency. The systems they oversee distribute drinking water to communities and treat wastewater for disposal from both urban and rural areas.



To achieve optimal performance, companies need to consider various pieces of information related to suppliers, customers, employees, invoices, payments, and their products and services. The activities within the organization should be organized in a manner that promotes efficiency and enhances overall performance. Business processes (BPs) encompass the organization, coordination, and orientation of work towards the production of goods or services. They involve the flow of materials, information, and knowledge, ensuring that the right resources are utilized effectively to achieve desired outcomes.



A selection of the business processes for an example WOA are established below using the Value Chain concept [19].



The primary activities to be considered for this WOA are as follows:




	
Customer registration



Refers to the registration process of new users to use the services of the operating agency. This implies providing basic information, a feasibility study, and creating an account. This process is a key component of the growth strategy. The main objective is to increase the user base, which leads to an increase in revenue.



	
Installation of water intakes



After hiring, the water intake is installed, which essentially consists of making a connection from the general conduction line to the internal conduction line of the residence in question. The objective is to ensure that the water supply is granted without interruption.



	
Taking readings of the water consumption measuring device



The process of measuring and recording the amount of water consumed by a user. This activity allows for the billing of water services and monitoring the water usage on a property. In most cases, the water reading is taken using a water meter installed on the property that measures the flow of water entering the property and records the consumption in units of cubic meters.



	
Calculation of amounts to be paid for use of the service



The reading information is used to calculate the amount that the user must pay for water consumption. Rates may vary depending on the amount of water consumed and the policies of the operating agency. Consumption is calculated by subtracting the current month’s reading minus the previous month’s reading.



	
Delivery of invoices



The process of providing a (physical) document with the details of water consumption and the amount to be paid for the service. The water bill includes additional information such as the expiration date and rate applied.



	
Receipt of payment for the service



The process by which users make the corresponding payment for the consumption of water they have used. This process allows the operating agency to receive the necessary funds to operate and maintain the water supply system. After making their payment, users receive confirmation of a successful transaction. Payment can be made at different financial institutions, convenience stores, or the agency’s own offices. The agency updates the user’s records to reflect the payment having been made.



	
Debt agreement



This is the formal agreement between the WOA and a user who has an outstanding debt for water consumption. This agreement is generally established to recognize the debt accumulated by the user to allow them to regularize their financial situation while continuing to receive water supply services. A detailed payment plan is established describing how the amount owed is to be divided into smaller payments and in what terms they are to be made.



	
Hiring agreement



Formal agreement between the WOA and the user that establishes the terms and conditions under which the water supply is provided. This type of agreement is used when a user wishes to obtain regular and continuous access to drinking water services and wishes to pay the contract amount in installments.



	
Debt adjustments



Agreement between the WOA and the user to correct or modify the previous measurement of water consumption registered in a previous receipt. This is required when discrepancies in billing for water consumption are detected and adjustments need to be made to accurately reflect actual consumption. The specific reason why the water consumption adjustment is being carried out is recorded. This could be due to an incorrect meter reading, a previous billing error, or any other factor resulting in inaccurate billing.



	
Feasibility studies



Analytical and evaluative process with the objective is to determine the technical, economic, social, and environmental feasibility of providing a drinking water supply service to a certain area or community. These studies are normally requested by subdivision builders or by companies that use water as a raw material, and are crucial before undertaking any project related to water supply, as they help to ensure that informed decisions are made and that resources are used efficiently and sustainably.



	
Water extraction and storage



The process of capturing water from natural sources (underground wells or springs) to treat it and make it suitable for human consumption, along with later storage in suitable facilities for distribution to the population. This process ensures access to clean and safe water for domestic, commercial, and industrial use.



	
Maintenance of pipelines



The set of regular activities that ensure the pipes and systems that transport drinking water from the supply sources to the distribution points are in optimal operating condition and meet the required quality and safety standards. This includes repairs and replacement carried out on damaged or worn pipe sections.



	
Attention to emergencies (i.e., flooding)



The set of actions and protocols designed to guarantee the continuity and quality of the drinking water supply service during crisis situations, natural disasters, or unforeseen events that may affect the normal operation of the WOA and the availability of water for the population. This emergency care is essential to ensure that communities have access to safe drinking water at all times, even in adverse circumstances.



	
Control of measuring devices



This refers to the procedures used to efficiently manage and supervise the water meters installed on users’ properties to ensure accurate and reliable measurement of water consumption. This implies the proper installation of meters and adequate supervision to prevent leaks as well as fraud or manipulation by users.



	
Control of nonconformities



The process of effectively manage complaints, claims, and problems reported by users in relation to the supply of drinking water and associated services. The main objective of complaint control is to address customer concerns in a timely manner, resolve problems satisfactorily, and continuously improve the quality of service. Each complaint is recorded in detail in a computer system and assigned a unique tracking number to facilitate follow-up and resolution.



	
Street repair



The process of repair and maintenance of paved surfaces, such as streets, highways, and sidewalks which have developed potholes due to WOA activities such as the installation of water intakes or maintenance of conduction lines. The objective of patching is to restore the paved surface to a safe and functional state.








In addition, the supporting activities that are considered in the model are as follows:




	
Accounting



This refers to the systematic process of recording, classifying, analyzing, and summarizing the financial and economic transactions of the WOA to provide managers with accurate and relevant information on the financial situation, performance, and cash flows, which in turn allows for decision-making and assessment of the WOA’s financial health.



	
Accounts payable



The process of managing and supervising the outstanding financial obligations of the WOA towards its suppliers and creditors. Accounts payable are debts that the WOA must pay to other parties for goods and services received that have not yet been settled.



	
Warehouse Control



In this process, activities related to the storage, monitoring, and distribution of WOA materials and stocks are managed and supervised. The main objective of control is to ensure the adequate availability of products at the required time and place while minimizing storage costs and maintaining an accurate record of inventory levels.



	
Recruitment



These are the activities and steps that the WOA follows to identify, recruit, evaluate, select, and incorporate new employees into the work team. In the process, suitable candidates are chosen for vacant roles to ensure that the organization has a competent and committed talent pool.



	
Shopping



This refers to the set of steps and procedures established by legislation and government regulations to acquire goods, services, and supplies in a transparent, efficient, and legal manner. Because the WOA uses public funds, purchases are made responsibly and in accordance with the principles of competition, equity, and transparency. To this end, a budget is assigned for purchases while ensuring that expenses are within the established limits and that the availability of funds is respected.



	
Payroll



These are the activities that the WOA performs to calculate, process, and distribute salaries and benefits to its employees. This process ensures that employees are properly compensated for their work in an accurate and timely manner. The relevant activities in the process are the registration of attendance and hours worked, calculation of salaries, calculation of deductions and withholdings, calculation of taxes, and printing of payment receipts.



	
Budget



This is the process of planning, assigning, monitoring, and evaluating the financial resources used to carry out the activities programmed by the WOA. This process seeks to guarantee the efficient and transparent use of public funds while complying with the objectives and priorities established by the WOA. The budget is approved by the Governing Board of the WOA to guarantee supervision and control over the use of public funds. In addition, regular monitoring of income and expenses is carried out in order to ensure that they are aligned with the budget, which is approved through internal or external audits that evaluate efficiency, effectiveness, and transparency in the use of public funds.



	
Vehicle Control



These are the measures, policies, and procedures implemented to regulate and supervise the circulation and use of vehicles of an WOA. Because these are public resources, they must be used in a rational and transparent manner. The vehicles are registered, and aspects such as the payment of tenures, use of fuel, insurance, logging of infractions, and both preventive and corrective maintenance are controlled.








For our case study, we selected the receipt delivery process, which includes the following three activities: first, the meter reader travels to the user’s home (arrives at the customer home); second, they read and take note of the meter reading (read and write down the consumption marked on the water volume meter); third, they deliver the invoice at the same time. For the purposes of simulating this process, the real times of each activity were recorded. Table 2, Table 3 and Table 4 show the records (126 per activity).




7. Algorithm to Create PNs from Writing a BP


A business process is a series of activities that are combined to achieve the goals of an organization. The measurement of the performance of the process is related to the critical success factor selected for such measurement. Factors may be tangible, such as execution time, profits, savings (money), and productivity ,or intangible, such as customer satisfaction and better decision-making. The objective of this research is to create an algorithm to generate Petri nets based on the written description of the business processes of a WOA, with the ultimate aim of analyzing and improving them. The algorithm operates as follows:




	
Read the activities related to BPs.



	
For each activity, create a new single structure with place    p i  ∈ P   and   t ∈ T   // Sequence



	
If   p i   has an activity   p j   before it, then create an arc connection from   p j   to   t ∈      •   p i   . // Selection



	
If   p i   belongs to a selection structure, create an arc connection from place   p j   that represents the decision phase to   t ∈   •   p i   . // Distribution



	
If   p i   denotes an activity that must be executed in parallel with activity   ∈  p j   , then    t x  ∈   •   p i    is removed and    t y  ∈   •   p j    is also connected to   p i  . // Disjunction



	
If   p i   is already connected with a previous activity   p j   and can also be executed after activity denoted by   p k  , a new transition t is created and the connections from   p k   to t and from t to   p i   are established. // Conjunction



	
If the execution of   p i   depends on two activities denoted by   p j   and   p k  , create connections from   p j   and   p k   to   t ∈   •   p i   .








With the PN model generated, the simulation phase begins, which involves emulating the execution time of each activity and selecting the probability distribution that best represents their behavior. The simulation results provide a mathematical representation of the process, including the incidence matrix, trigger vector, and time vector. The time vector is particularly useful for identifying the duration of each activity in different scenarios and determining the optimal option for the studied business process.



7.1. Operation Verification


To verify the operation of the algorithm, a program was developed using the Python programming language. The program consists of several elements and performs various operations, which are described below.



Database. The database for the program is composed of the following entities:




	
  C A T _ R P N  : the business processes catalog (Table 5).



	
  T R N _ R S T  : the register of the simulation of process times (Table 6).








The initial screen of the interface is shown in Figure 12.



Figure 13 shows the main menu of the system. It provides different options to perform the BP analysis, which are described below.




7.2. Sequence of Operation


	
Op.1A. Business process. Registration in   C A T _ R P N   of the activities involved in the business process, indicating in each of these whether it will be connected to the next registered activity by either conjunction or disjunction (Figure 14).



	
Op.3A. Petri net. Reading all the records of the   C A T _ R P N   table (Figure 15) determines which of the basic PN structures will be presented (selection of activity to be executed, execution of activities in parallel, execution of an activity that precedes two or more processes, or synchronization of parallel activities). Figure 16 shows the PN formed by its different places, transitions, and arcs. By clicking on the image, the user can see the token game animation.



	
Op.2A. Simulation of the process. In the interface shown in Figure 17, the type of probability distribution is selected to generate the time used per activity (for this case, we use the NORMAL probability distribution), in addition to indicating the amount of random numbers to be generated. The cost field is not used here, as it is not a variable considered in this case study. The simulation information is recorded in   T R N _ R S T  , which is used to generate the mathematical representation of the PN by adding and averaging the execution times of each of the activities involved in the process. Figure 18 shows a fragment of the generated data; the “type-distribution” field contains the data N, corresponding to a normal distribution.



	
Op.7A. Mathematical Representation. When clicking on this option, the Initial and Incidence matrices, Trigger Vector, Type Vector, and Average Time Vector are displayed on the screen. Pressing the fire button shows the PN with the movement of the token, the values of the times in that state of the process, and the generated average (see Figure 19).



The algorithm measures the performance of the BPs by calculating the total time used in each activity, which represents the overall time of the process. This information is valuable for making informed decisions regarding process optimization and improvement.



	
Comparison of processes. The PN is derived from the process description, allowing for multiple iterations and modifications of the same process. By measuring the performance of each proposed process, it becomes possible to select the most optimal one and make necessary adjustments within the organization. Figure 20 displays a different PN for a business process that is distinct from the one depicted in Figure 16 while having essentially the same objective. The difference lies in the approach taken for delivering the invoice to the client; the first approach involves a courier, while the second approach allows the client to download the invoice from the website or request it at the WOA. Figure 21 presents the mathematical representation of the second process.



Comparison of Process 1 vs. Process 2. Figure 22 displays the matrices of the average times for Process 1 and Process 2. According to the simulated times, it can be seen that Process 2 in place 5 is more efficient.








8. Conclusions


This research work has presented several key contributions in the field of BP modeling using PNs. The following results were achieved:




	
Development of a BP modeling algorithm. The algorithm utilizes PNs to schematize and represent business processes, providing a structured approach for modeling and analyzing the flow of activities within an organization.



	
Description of basic structures of Petri nets. This study introduces the concept of basic structures, which can help in defining the arrangement of places, transitions, and arcs in a Petri net representation of business processes. These structures facilitate the understanding and analysis of process flows.



	
Software platform development. A software platform was created to demonstrate the functionality of the algorithm. The platform allows users to register the activities of a business process, visualize the Petri net graph, simulate the movement of tokens, and analyze the behavior of the process through mathematical representations derived from simulation data.



	
Compared to ProM and Disco, the application proposed in this document has a flatter learning curve, as the concepts handled are reduced to the following:




	(a)

	
Record the time of a sample that occupies the activities related to a process (1) in any database or spreadsheet with an objective X and determine its probability distribution (Appendix A). Simulate process (1) in the proposed application.




	(b)

	
Record the time of a sample that occupies the activities related to a process (2) in any database or spreadsheet with the same objective X and determine its probability distribution (Appendix A). Simulate process (2) in the proposed application.




	(c)

	
After the respective simulations have been executed, compare the times of the simulations for processes (1) and (2) in order to determine which is better.




	(d)

	
Notably, it is not necessary to capture the times of the activities or import them into the application’s database. The only activity necessary is to indicate the type of probability distribution and its necessary parameters.









	
Performance measurement and comparison. The simulation capabilities of the software platform enable the measurement of performance for different business processes. By analyzing factors such as execution time and selecting the appropriate probability distribution, the platform provides insights into process efficiency and effectiveness. Furthermore, the mathematical representations of business processes allows for direct comparison and identification of better- and worse-performing processes.



	
Comparison study. A comparison is provided between the Petri nets-based approach to modeling business processes and the generalized nets-based approach.








The use of PNs in business process modeling contributes to objective and mathematical analysis, thereby reducing subjectivity. The practical impact of this research work lies in its ability to support organizations in improving their processes by enhancing efficiency, effectiveness, flexibility, cost reduction, quality improvement, and execution times.
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Appendix A. Probability Distributions


Probability distributions definition.



-Describes how the results are expected to vary. Because these distributions are based on the expectation of something happening, they turn out to be useful models for making inferences and making decisions under conditions of uncertainty.



-A mathematical function that describes how the possible values of a random variable are distributed over a set of possible outcomes; in other words, it shows the probabilities associated with different values that a random variable can take on in a given experiment or phenomenon [39].



Types of probability distributions [39].



Several different types of probability distributions are mentioned below.



Normal Distribution (Gaussian). Known as the Gaussian bell, it is widely used due to the central limit theorem. This distribution is used to model data that are continuous and symmetric about the mean.



For a sample of random numbers to follow a normal distribution, it must have the following characteristics:




	
Symmetry: in a normal distribution, the probability density curve is symmetric about its mean. This means that the values above the mean are equally symmetric to the values below the mean.



	
Mean, median, and mode coincide: in a normal distribution, the mean, median, and mode are equal and lie at the center of the distribution. This contributes to the symmetry of the distribution.



	
Bell shape: the shape of a normal distribution resembles a smooth and continuous bell.








Uniform Distribution. This distribution is used to model equally likely events in a continuous range; all values within the range have the same probability of occurring.



For a sample of random numbers to follow a uniform distribution, it must have the following characteristics:




	
Equal probability: all values in the range have the same probability of occurring. This means that there is no bias towards any specific value.



	
Defined range: the uniform distribution is defined in a specific range. All possible values within this range have the same probability.



	
Mean value rule: in a uniform distribution, the mean (average) value of the distribution is equal to the sum of the endpoints of the interval divided by 2, that is, if a and b are the endpoints of the interval, then the mean value is (a + b)/2.



	
Linear transformations: when taking a random variable that follows a uniform distribution and applying a linear transformation (for example, multiplication or addition), the result is a uniform distribution in the new range.








Triangular Distribution. This distribution models random variables with values that are restricted to a specified interval, and is approximately triangular in shape. This distribution is narrowly skewed in situations where there is a lack of data.



For a sample of random numbers to follow a triangular distribution, it must have the following characteristics:




	
Triangular shape: the triangular distribution is characterized by having a triangular shape in its probability density graph, meaning that the probability density is at its maximum at a point within an interval and decreases linearly towards the ends of the interval.



	
Defined minimum, maximum, and mode value: in a triangular distribution, three main parameters must be defined: the minimum value (a), the maximum value (b), and the mode (c). These parameters determine the shape and range of the distribution.



	
Optional symmetry: a triangular distribution can be symmetric or asymmetric depending on the location of mode (c) in relation to the interval (min, max). If c is in the center of the interval, the distribution is symmetric, while if c is closer to one of the extremes, the distribution is skewed.








Gamma Distribution. This is a generalization of the exponential distribution, and is used to model more general wait times.



For a sample of random numbers to follow a gamma distribution, it must have the following characteristics:




	
Form of the gamma distribution: the gamma distribution is a continuous probability distribution that is generally used to model the time between events in Poisson processes or to describe wait times. It has a shape that can be asymmetric and that varies depending on the parameters of the distribution.



	
Parameters of the gamma distribution: the gamma distribution is defined by two parameters, namely, the shape parameter ( κ ) and the scale parameter ( θ ). These parameters control the shape and scale of the distribution. The shape parameter determines the shape of the curve (higher values of  κ  produce a more skewed distribution to the right), while the scale parameter adjusts the scale of the values.



	
Definite probability density function: the probability density function (PDF) of the gamma distribution is defined as a function of the parameters  κ  and  θ , and is a mathematical function that describes the probability that a random variable takes a value in a specified interval.



	
Positive values: the gamma distribution is defined only for positive values. This is due to the nature of the application, as it is typically used to model event times or rates.



	
Independence: the values in a sample that follow a gamma distribution are independent of each other. This means that the occurrence of one value does not affect the occurrence of other values.



	
Applications in waiting processes: the gamma distribution is useful for modeling the time between events in situations where events occur in a Poisson process, such as time between phone calls, queue arrivals, or equipment failures, among others.








Exponential Distribution. This distribution models the time between events in a Poisson process, such as the time between failures in a system.



For a sample of random numbers to follow an exponential distribution, it must have the following characteristics:




	
Waiting process model: the exponential distribution is commonly used to model the time between events in a Poisson process. Therefore, it is especially applicable for modeling events that occur independently at a constant rate.



	
Exponential decay: the probability density function (PDF) of the exponential distribution has an exponential decay form. This means that the probability of an event occurring in a given interval decreases exponentially as time passes.



	
Rate parameter: the exponential distribution is defined by a single parameter, often denoted as  λ  (lambda), which represents the average rate of occurrence of events. Its inverse value is known as the scale parameter (  β = 1 / λ  ).



	
Positive values: as with other time-related distributions, the exponential distribution is defined only for positive values, as it is designed to model wait times between events.



	
Independence: the times between events in an exponential distribution are independent. The occurrence of one event does not affect the occurrence of future events.



	
Lack of memory: lack of memory means that the probability of an event occurring in a future interval does not depend on how much time has elapsed since the last event. In other words, the exponential distribution has no “memory” of past events.
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Figure 1. PN structure for a single process. 






Figure 1. PN structure for a single process.
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Figure 2. PN structure for two chained process. 






Figure 2. PN structure for two chained process.
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Figure 3. PN structure for the selection of the activity to be executed. 
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Figure 4. PN representing the execution of activities in parallel or concurrently. 
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Figure 5. Attribution, showing independent execution of an activity triggered by a different activity. 
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Figure 6. Conjunction, showing synchronization of activities in parallel. 






Figure 6. Conjunction, showing synchronization of activities in parallel.



[image: Applsci 13 11192 g006]







[image: Applsci 13 11192 g007] 





Figure 7. Process initial state. 






Figure 7. Process initial state.
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Figure 8. The player’s shot has been taken. 
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Figure 9. The score increases by three points. 
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Figure 10. The player successfully shoots a free throw. 






Figure 10. The player successfully shoots a free throw.
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Figure 11. The score increases by one point. 
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Figure 12. Initial screen. 






Figure 12. Initial screen.
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Figure 13. Main menu. 






Figure 13. Main menu.
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Figure 14. Description of the business process. 
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Figure 15. Data in DB of description of the business process (  C A T _ R P N  ). 
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Figure 16. Representation of business process with PNs. 
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Figure 17. Simulation of activity behavior. 
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Figure 18. Fragment of the data generated by the simulation process. 
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Figure 19. Mathematical representation of the PN. 
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Figure 20. Modified business process representation with PN. 
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Figure 21. Mathematical representation of the PN for Process 2. 
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Figure 22. Comparison between Process 1 and Process 2. 
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Table 1. Typical connotations of transitions and places.






Table 1. Typical connotations of transitions and places.





	Input Places
	Transition
	Exi Places





	Preconditions
	Event
	Postconditions



	Input Data
	Calculation Step
	Output Data



	Input Signals
	Signal Processor
	Output Signals



	Required resources
	Task or work
	Released resources



	Conditions
	Clause in logic
	Conclusion(s)



	Store (Buffer)
	Renderer
	Store (Buffer)










 





Table 2. Time recorded and distribution type for Activity 1.






Table 2. Time recorded and distribution type for Activity 1.





	
The Meter Reader Arrives at the Customer’s Home




	
MINUTES






	
R1

	
39

	
43

	
48

	
47

	
41

	
41

	
40

	
40




	
R2

	
48

	
37

	
49

	
37

	
42

	
36

	
39

	
37




	
R3

	
48

	
46

	
50

	
43

	
45

	
36

	
42

	
41




	
R4

	
47

	
38

	
49

	
47

	
40

	
39

	
42

	
48




	
R5

	
46

	
42

	
40

	
36

	
40

	
37

	
39

	
47




	
R6

	
48

	
45

	
45

	
44

	
39

	
50

	
41

	
45




	
R7

	
38

	
45

	
49

	
43

	
42

	
43

	
48

	
39




	
R8

	
36

	
43

	
35

	
48

	
39

	
43

	
50

	
38




	
R9

	
45

	
37

	
45

	
37

	
47

	
36

	
50

	
49




	
R10

	
38

	
44

	
43

	
43

	
44

	
38

	
49

	
41




	
R11

	
50

	
39

	
41

	
41

	
46

	
49

	
35

	
41




	
R12

	
47

	
40

	
42

	
40

	
49

	
47

	
36

	
37




	
R13

	
37

	
39

	
36

	
44

	
41

	
50

	
48

	
35




	
R14

	
50

	
38

	
37

	
43

	
38

	
37

	
37

	
46




	
R15

	
40

	
48

	
46

	
43

	
43

	
39

	
49

	
48




	
R16

	
46

	
48

	
40

	
40

	
49

	
37

	

	




	
Determination of Probability Distribution Act. 1




	
Refer to Appendix A




	
Mean:

	
42.466 min

	
2547.972 seg




	
Standard Dev.:

	
04.478 min

	
0268.681 seg




	
Median:

	
43.000 min

	
2580.000 seg




	
Mode

	
39.000 min

	
2340.000 seg




	
Type of distribution:

	
NORMAL











 





Table 3. Time recorded and distribution type for Activity 2.






Table 3. Time recorded and distribution type for Activity 2.





	
Read and Write Down the Consumption




	
Marked on the Wáter Volumen Meter






	
SECONDS




	
R1

	
31

	
38

	
32

	
32

	
38

	
23

	
38

	
20




	
R2

	
32

	
42

	
28

	
43

	
20

	
24

	
29

	
37




	
R3

	
21

	
30

	
37

	
44

	
25

	
42

	
25

	
22




	
R4

	
17

	
29

	
29

	
16

	
19

	
27

	
40

	
45




	
R5

	
30

	
32

	
41

	
26

	
35

	
39

	
45

	
45




	
Marked on the Water Volume Meter




	
SECONDS




	
R6

	
16

	
32

	
16

	
44

	
16

	
32

	
34

	
35




	
R7

	
29

	
37

	
25

	
44

	
30

	
44

	
38

	
45




	
R8

	
31

	
42

	
43

	
40

	
27

	
27

	
23

	
27




	
R9

	
45

	
17

	
21

	
16

	
27

	
18

	
44

	
43




	
R10

	
35

	
24

	
44

	
29

	
32

	
30

	
28

	
34




	
R11

	
18

	
42

	
35

	
44

	
21

	
35

	
37

	
15




	
R12

	
40

	
39

	
26

	
40

	
29

	
30

	
40

	
36




	
R13

	
26

	
17

	
19

	
33

	
37

	
16

	
27

	
36




	
R14

	
36

	
37

	
38

	
19

	
32

	
15

	
36

	
30




	
R15

	
44

	
16

	
45

	
42

	
36

	
45

	
33

	
34




	
R16

	
30

	
30

	
40

	
29

	
26

	
29

	

	




	
Determination of Probability Distribution Act. 2




	
Refer to Appendix A




	
Mean:

	
30.066 seg




	
Standar Dev.:

	
08.786 seg




	
Median:

	
32.000 seg




	
Mode

	
32.000 seg




	
Type of distribution:

	
NORMAL











 





Table 4. Time recorded and distribution type for Activity 3.






Table 4. Time recorded and distribution type for Activity 3.





	
Deliver the Invoice




	
SECONDS






	
R1

	
19

	
17

	
17

	
19

	
25

	
24

	
24

	
10




	
R2

	
24

	
16

	
22

	
22

	
14

	
23

	
21

	
18




	
R3

	
15

	
18

	
20

	
11

	
21

	
10

	
22

	
20




	
R4

	
10

	
19

	
13

	
20

	
14

	
13

	
10

	
12




	
R5

	
14

	
25

	
19

	
11

	
14

	
22

	
15

	
17




	
R6

	
20

	
12

	
17

	
16

	
12

	
20

	
21

	
18




	
R7

	
24

	
21

	
13

	
19

	
16

	
23

	
25

	
21




	
R8

	
13

	
24

	
17

	
16

	
22

	
19

	
15

	
21




	
R9

	
21

	
24

	
24

	
18

	
17

	
25

	
25

	
24




	
R10

	
18

	
10

	
15

	
10

	
19

	
23

	
17

	
21




	
R11

	
17

	
23

	
22

	
23

	
23

	
18

	
13

	
13




	
R12

	
16

	
11

	
12

	
13

	
14

	
22

	
22

	
15




	
R13

	
18

	
13

	
11

	
24

	
19

	
13

	
13

	
10




	
R14

	
20

	
16

	
17

	
21

	
14

	
12

	
10

	
10




	
R15

	
17

	
22

	
18

	
21

	
24

	
22

	
13

	
18




	
R16

	
23

	
16

	
15

	
24

	
13

	
24

	

	




	
Determination of Probability Distribution Act. 3




	
Refer to Appendix A




	
Mean:

	
17.380 seg




	
Standar Dev.:

	
04.516 seg




	
Median:

	
18.000 seg




	
Mode

	
24.000 seg




	
Type of distribution:

	
NORMAL











 





Table 5.   ( C A T _ R P N )  : business process catalog.






Table 5.   ( C A T _ R P N )  : business process catalog.





	Field
	Type
	Description





	id_act
	Numeric
	Registration number



	tip_symbol
	Text
	Petri net symbol (square, transition)



	des_act
	Text
	Description of the activity



	end_act
	Text
	Connection or end of process










 





Table 6.   ( T R N _ R S T )  : fields for recording the time simulation of BPs.






Table 6.   ( T R N _ R S T )  : fields for recording the time simulation of BPs.





	Field
	Type
	Description





	id_number
	Numeric
	Simulation cycle number



	activity
	Text
	Description of the business process activity



	cost
	Numeric
	Activity cost (not used for this algorithm)



	time
	Numeric
	Activity development time (generated by the simulator according to the probability distribution)



	type_distribution
	Text
	Initial letter of the type of probability distribution used
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