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Abstract

:

This study investigates the effects of blockchain technology scalability limitations on the performance of Blockchain-Based Shared Manufacturing (BBSM), an innovative smart-manufacturing paradigm aimed at enhancing the utilization of global manufacturing resources via peer-to-peer (P2P) collaboration of self-organized manufacturing assets. Despite the prevalence of research highlighting blockchain technology’s scalability limitations as the main barrier for adoption, few studies have explored their effects on the operation of blockchain-based systems. The primary goal of the presented research work is to explore the implications of blockchain technology scalability limitations on the BBSM system’s performance and user behavior. To obtain realistic behavior, an experiment is conducted using an online game played by human participants. Analysis of the players’ strategy is used for implementation of a multi-agent simulation model, which is then employed to assess the influence of varying blockchain network configurations on the BBSM concept’s performance. Preliminary experimental findings reveal that a congested blockchain network leads to increased transaction costs and reduced service prices, consequently devaluing the manufacturing role in the BBSM system and causing underutilization of existing maximum production capacities. Moreover, allocating funds to financial activities rather than manufacturing activities yields superior outcomes for system users. Simulation results indicate that the BBSM system’s response to alterations in blockchain network throughput is contingent upon the production function. The findings of this study reveal that the scalability limitations of blockchain technology impair the performance of the BBSM system and affect user behavior in the system, underscoring the necessity for future research to concentrate on incorporating scalable solutions within blockchain-based manufacturing systems.
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1. Introduction


The development of technology and new approaches to combining disruptive concepts from different fields has resulted in new modes of smart manufacturing that try to satisfy the requirements of the Industry 4.0 paradigm. Shared Manufacturing (SM) [1] is a mode of smart manufacturing that combines advances in technology, economics, and society, intending to improve the organization of the global production system by harnessing unused resources. This approach vertically dissects the manufacturing system structure, positioning individual manufacturing components directly within the marketplace as distinct services. With this vertical cut into manufacturing systems, individual Autonomous Production Units (APUs) appear at the highest level on the market [2]. Their operation can be adapted to the situation on the global market as well as to the situation in the local production plant. Such organization of manufacturing systems extends to the individual level, consequently enhancing the social aspects of manufacturing. This, in turn, benefits participants (consumers and providers) by augmenting capabilities and competitiveness, thereby fostering mutually advantageous business models [3].



Connecting and organizing manufacturing entities that do not trust each other on the global level is one of the main problems in the establishment of such an open manufacturing system. Blockchain technology, introduced as a countermeasure to manipulations by centralized organizations within the banking system, is emerging as a solution that can promote and foster trust among competitive entities engaged in global networks [4]. In order to enable a trusted environment for operation of the SM system, a Blockchain-Based Shared Manufacturing concept was presented in [3]. Due to the characteristics of blockchain technology, (e.g., decentralization, immutability, and transparency), several potential benefits for manufacturing systems have been recognized (see Table 1). Most of the benefits are related to secure and correct executions of interaction between different manufacturing entities.



Nonetheless, blockchain technology exhibits specific constraints. Historically, extant blockchain networks have grappled with performance issues such as diminished throughput and elevated transaction latency [14]. Scalability in a blockchain network refers to its capacity to support a growing volume of transactions effectively [15], and is lower compared to centralized non-blockchain systems [16]. A compromise exists among the three key attributes of a blockchain network: scalability, security, and decentralization [17]. Highly secure and decentralized blockchain networks, which are generally more trusted, struggle to handle any significant surge in transaction requests. Consequently, transaction processing times are extended and fees increase as users compete for faster confirmations. These scalability constraints impact the performance of systems reliant on blockchain technology [18]. The increasing number of publications regarding the scalability limitations of blockchain technology shows that this is the main source of concern regarding the worldwide adoption of the blockchain technology [16].



In this paper, the effects of blockchain technology’s limitations on the performance of the BBSM system and on the behaviour of system users are explored. The contributions of this paper are summarized as follows:




	
A novel approach employing experimental methodology is presented in the field of blockchain-based manufacturing. An experiment was conducted in the form of an online game to identify the strategies of people in situations that arise due to the limitations of blockchain technology in BBSM contexts. A simulation model that mimics the behavior of players was used to observe how different blockchain network settings affected the BBSM system.



	
The results of the preliminary experiment indicate that congestion of the blockchain network can lead to depreciation of the manufacturing role in the BBSM system, meaning that the BBSM system is not able to utilize the maximum production capacity existing in the manufacturing system.



	
The results of our simulations suggest that changes in the blockchain network throughput in the BBSM system result in opposite changes in the maximum price of the service and the maximum transaction fee of the transaction according to the production function. This means that increasing the frequency of transaction confirmation increases the service frequency in a non-trivial way, though it is difficult to determine how much the service frequency will increase by.








The subsequent sections of this paper are structured as follows. Section 2 presents a literature review. The methodology employed in the study is presented in Section 3. Section 4 outlines the implementation of the BBSM system and preliminary experiment. Section 5 describes the implemented simulation model. In Section 6, the results of the experiments with the simulation model are presented. Finally, the conclusions drawn from our research are presented in Section 7.




2. Review of the Literature


Shared Manufacturing is a mode of smart manufacturing developed on the principles of the sharing economy. The main property of the sharing economy is that any user can share their unused available resources. To ensure the sharing of resources in the global market, the consumers and providers of these services need a platform where they can meet. Such a space creates a strong network effect, which is supported by the increasing number of participants in the ecosystem. Additionally, it provides the financial potential for emerging market growth, relying on extensive, secure, and decentralized access [19].



On the other hand, connecting and organizing such a dispersed group of entities at the global level is challenging. This problem is usually addressed through a centralized platform, where problems of trust in the platform provider are likely to arise [4]. Experience with existing centralized sharing economy platforms shows the occurrence of manipulation of such systems by the platform provider, including misuse of user data to privilege certain users who offer more money or have a better personal relationship with the provider and limit access to less important users [19,20]. Thus, centralized platforms do not provide equal opportunities for new users to integrate into the system and do not inspire confidence in the system. Decentralized platforms offer an alternative in which the operating conditions are known and transparent in advance and decisions are made in a decentralized way. Such platforms provide equal opportunities for users to integrate into the system. A decentralized platform can be implemented using blockchain technology, which enables financial transactions and the transfer of information between users via smart contracts [21].



The integration of new technologies into existing systems brings both advantages and disadvantages; however, the disadvantages and their impact on the existing system are often overlooked. In terms of the Industry 4.0 paradigm, limitations such as data security have been acknowledged, primarily stemming from the integration of the Internet of Things (IoT) concept to facilitate cyber–physical systems. Case studies on existing companies show that enterprises perceive an increased threat of cyberattacks fueled by Industry 4.0 due to low data security and lack of protection against unauthorized access [22]. Moreover, the complexities of device, statistical, and model heterogeneities within intricate IoT environments present significant hurdles for novel machine learning techniques [23]. Threats to knowledge sharing in smart manufacturing systems have been discovered, including that unregulated external sharing of knowledge can result in inadvertent knowledge leaks and reduced performance in radical innovation contexts [24]. Furthermore, the adverse impact of information technology on the mental wellbeing of employees in manufacturing companies has been acknowledged [25]. Such disadvantages of IoT technology on manufacturing systems increase the risk of fragility, and induce additional uncertainty in addition to the fundamental uncertainties present in the manufacturing system.



Similar to the integration of IoT technology in manufacturing systems, the integration of blockchain technology with SM introduces limitations to manufacturing systems. Upon examining different blockchain networks, it can be inferred that none of the networks can scale efficiently, all networks are vulnerable to various security threats, and there is a risk of centralization [26,27,28]. The combination of these observations and research findings on the present condition of blockchain networks has culminated in a unified concept known as the Blockchain Trilemma (or the Scalability Trilemma) by different researchers [29,30]. According to one definition of the Trilemma, optimizing a blockchain-based system involves a trade-off between three key properties: scalability, decentralization, and security [17]. As the popularity and utilization of blockchain networks increase, limitations have been identified with respect to the ability of such networks to scale alongside their number of users [31]. Among the most significant performance metrics of existing blockchain systems, transaction throughput and transaction confirmation latency have yet to reach an acceptable level for users in terms of experience [32]. This often results in users having to wait for several blocks to be mined before their transaction is verified [18]. Furthermore, an overcrowded network may lead to higher transaction costs, as transaction validators typically select transactions with higher fees to increase their rewards. The desire for prompt transaction confirmation creates competition between users, and a surge in transactions within the network can cause the average transaction fee to rise substantially.



In smart manufacturing systems, a vast number of devices and users that interact with each other frequently generate a significant volume of transactions. This results in a potential demand for high throughput from the blockchain network [33]. An analysis conducted on the global furniture-manufacturing giant IKEA specified the throughput requirements necessary to ensure traceability within the system [34]. Even with significant performance improvements to existing blockchain networks, a full-scale traceability system for a company such as IKEA would require event processing to be partitioned into multiple subsystems. Moreover, shorter transaction-processing times may create operational issues in industrial applications, as business decisions might be postponed or outdated information might be used [35]. All elements of blockchain-based manufacturing systems must be scalable in order to meet the performance requirements of manufacturing systems [36]. Scalability solutions are emerging to enhance the integration of blockchain technology in systems such as manufacturing [37,38].



Even though there exist many review surveys that have identified the problem of scalability as a crucial barrier to the adoption of blockchain technology in manufacturing systems [6,39,40,41,42], there is a lack of research investigating the impact of blockchain technology and scalability limitations on the operation of blockchain-based manufacturing systems [43]. Table 2 presents existing studies on blockchain-based shared manufacturing, highlighting explored research problems and findings related to the effects of blockchain technology on the operation of BBSM systems.



Yu et al. [3] were the first to propose the concept of a BBSM system, and additionally proposed a new approach to writing manufacturing services transactions in the blocks of the blockchain. They observed the impact of their proposed approach on service throughput, and found that efficiency increased when reducing the number of transactions for a single production service. Li et al. [44] proposed a blockchain-based collaboration platform for heterogeneous manufacturing resource management in a socialized environment. In a demonstrative case study, the performance of the system (i.e., its transaction throughput) was observed for different node configurations. The main finding of this test was that it is better to add new blockchain nodes to the network instead of expanding manufacturing participants for the same size of the network. This means that optimization of blockchain network operation is required in order to increase the number of transactions for manufacturing services in the system.



Rožman et al. [2] suggested the use of scalability solutions to improve the performance of BBSM systems. In their analysis, they observed the impact of employing sidechain technology in comparison to employing only the main blockchain network. Their key finding was that the use of scalability solutions lowers the cost for users and reduces the time required for manufacturing services thanks to a shorter transaction confirmation time. Zhang et al. [45] analyzed the strategies of users of the BBSM system with the help of evolutionary game theory; under different assumptions, they found that several different stable states of the system are possible, with instability occurring when manufacturers do not participate in the confirmation of transactions. The BBSM system is in a global state where all users of the BBSM system participate in transaction confirmation. While many papers have described the problem of integrating blockchain technology into manufacturing systems due to scalability limitations, these have not analysed the impact of these constraints on system performance [41,42]. Implementations of scalability solutions are emerging to improve the integration of blockchain technology in systems such as manufacturing [37,38]. Thus far, two studies have addressed scalability limitations in the context of blockchain-based shared manufacturing [2,3]. Both studies recognize the scalability limitations of blockchain technology and propose solutions that reduce the consumption of computational resources in the context of implementing the BBSM concept.



Even though all the studies presented above considered the impact of blockchain technology on the performance characteristics of the system and the behavior of system users, none of the analyses used any of the metrics that describe the performance of the manufacturing system, instead mostly using metrics that define the performance of the blockchain network (i.e., transaction throughput and transaction costs). In addition, none of the aforementioned studies deal with the situation when the blockchain network becomes congested, which is a common occurrence in existing networks, or when the operation of the network changes. In the extant analyses, the decisions of the real users of the system (people) are not fully taken into account; instead, simulation and theoretical approaches are mostly used. Based on the reviewed literature, the following research gap can be identified, leading to the posing of the following research questions:




	
What are the effects of the scalability limitations of blockchain technology on the performance of BBSM systems (i.e., the frequency of manufacturing services)?



	
How do the scalability limitations of the blockchain technology and resulting blockchain network congestion affect human behavior in BBSM systems?









3. Methodology


There are currently no existing BBSM systems, meaning that there is no data on the implementation of such systems available for analysis. There are multiple reasons for this, including:




	
The disruptiveness of the concept;



	
The low maturity of the technology;



	
The high risk of joining the system.








The primary reason is the disruptiveness of the BBSM concept compared to the traditional manufacturing systems employed in the real world. There do not yet exist any business models or known good practices to guide manufacturing companies within such a system. In order for a manufacturing company to join a BBSM system, it must have a high level of digitalization, which introduces high investment costs. Furthermore, there do not exist any standardized hardware and software tools that would enable the faster establishment of the infrastructure required for the participation of manufacturing companies. The necessary changes to existing manufacturing systems in terms of technological infrastructure and economic models present great risks, as the operation of the manufacturing system would be obstructed during the transition phase. Furthermore, in the initial phase of setting up the BBSM system, the participants do not have as much benefit as when the system is adopted by a larger group of manufacturers. Until the system reaches a critical mass of users, resource sharing cannot take full effect.



To convince users to join the system, there is a need for multiple smaller cases and analyses that show the concept to be feasible and work well. One of the primary reasons for the lack of acceptance and implementation of blockchain-based applications in industry is the scalability limitations of blockchain technology [46]. Conducting an exploratory analysis of the scalability limitations of blockchain technology on the operation of BBSM systems can yield further insights and guidelines for implementing such systems. However, due to the non-existence of any such systems, there are no real data available for analysis. Furthermore, there does not exist any other blockchain-based manufacturing system which could provide similar of data on the operation of such a system. Another difficulty in analyzing the BBSM concept is that while all existing analyses of the concept have used a simulation environment to model the system, each time it has been modeled differently, without any uniform standard model.



Experimental approach: In experimental economics, in cases where it is not possible to apply the experimental methodology directly to an existing system, experiments are commonly conducted in the form of virtual games [47,48,49]. Mapping the properties of a system into a virtual environment enables the simple creation of situations that would occur in reality. This approach can provide a basic understanding of the observed phenomena under diverse conditions. Experimental findings can function as a rigorous empirical pre-test of economic theory before conducting tests with field data [50]. This form of experimentation has been employed to investigate diverse issues in the manufacturing domain. For example, experiments related to decision-making have been conducted with human subjects, then further supported by experiments with multi-agent simulations [51,52]. Another study explored the emergence and behavior of a network in a distributed manufacturing environment where none of the components held information concerning the entire state of the system [53]. A similar approach to that above described is selected in the presented study.



In order to conduct our analysis, we employed the presented methodology (Figure 1). Implementation of a BBSM system in a virtual environment was carried out first. Human decisions are a part of BBSM systems, and affect how the system responds to the scalability limitations of the blockchain. In general, there are two ways to detect human behavior: experimental methods, in which the actual behavior of people in the system is analyzed, or by creating possible strategies based on experience or with the help of artificial intelligence. In this study, the former approach is selected. Based on acquired human behavioral information, a simulation model of a BBSM system and the detected strategies was created in order to analyze the BBSM system with different blockchain settings. The simulation model was employed to evaluate how varying frequencies of transaction confirmation and congestion in the blockchain network impact the manufacturing system within the BBSM framework. The presented methodology contains several items based on realistic scenarios, namely, human decisions, blockchain networks, transaction processing, the production function, and service markets. However, there are less realistic parts as well; for instance, the number of participants, number of different services, and physical limitations (e.g., physical location of manufacturers, supply chain disruptions, etc.) are either simplified or neglected entirely.




4. Implementation of the BBSM Concept in the Virtual Environment


Employing the presented approach, virtual implementation of the BBSM system was carried out in the form of an online game. The game tries to replicate the concept of BBSM within a simplified virtual world. To ensure that the players to behave in the game as they would behave in the real world, it includes an incentive scheme that establishes a reward system that ranks the players according to their performance in the game. The players are ranked using two criteria. The primary criterion is the development of their production system (production criterion), while the second criterion is the amount of virtual money they currently have (economic criterion). The implemented online game was used inn a preliminary experiment to determine human behavior within the system.



4.1. Design of the BBSM Virtual Environment


The BBSM concept in the virtual environment was mapped by implementing the five main properties of the BBSM system that distinguish it from any other blockchain-based system or manufacturing mode.



Service-oriented manufacturing: The BBSM system involves service-oriented manufacturing in which individual APUs offer their unused resources on the market to increase the utilization of their capacities [1]. In the developed game, these unused capacities are mapped in the form of services offered by APUs on the market (Figure 2). The APUs, which are represented by the players, can offer their service to other players with a certain frequency (  f  s e r v i c e   ). The offer is defined by the type of service offered by the provider, the price set for the service, and the time required to perform the service.



Services are exchanged in the form of a free market where prices are self-regulated by the sellers’ response to a customer’s demand [54]. The medium of exchange is virtual money that is equally distributed at the beginning of the game. All services that are bought by other players in the implemented system are executed automatically due to the simplification of the system. In the BBSM concept, virtualized manufacturing resources are connected with the social representation of the APUs on the market. In this analysis, an assumption is made that all manufacturing resources are already available in the virtual layer of the system due to the simplification of the system. In this virtual implementation of the system, physical activities are modeled only by production time.



Prosumers: The operational model of BBSM permits individuals and enterprises to act as both providers and consumers of services, becoming prosumers [1]. There are three types of services in the game (services A, B, and C), one of which is predetermined to each APU. The APUs can provide their service and consume other services on the market that are not of the same type as the one they are providing. Examples of types of services are provided to the players for each service type for better understanding of the game. The divided groups of players (three types) represent a group of companies that are specialized in the field of mechanical engineering, electrical engineering, and IT engineering. An assumption is made that all companies of the same type have the same knowledge of the field of service they are offering (e.g., all mechanical engineers are equally good or close to equally good at mechanical services). Therefore, manufacturers within each group do not require services from other companies to improve their manufacturing services. However, by purchasing other types of services, they can increase their manufacturing capabilities.



The presented analysis is focused on the effects of the scalability limitations of blockchain technology on the BBSM. Therefore, the observed phenomenon is congestion of the blockchain network (i.e., the network is not capable of processing new transactions with the same frequency as they are created). Congestion of the blockchain network in the BBSM system can occur if the frequency of the service exchange surpasses the frequency of transaction confirmation. One of the possible scenarios in which such a situation would occur in reality the case of increasing customer demand, which is an open issue addressed by global manufacturing systems. In the implemented system, growing customer demand was incurred through an incentive scheme in which the primary criteria for determining the winner was the development of the production system. To fulfill increasing customer demand, additional manufacturers in the system or more optimized utilization of existing capacities is required. Due to the limitations of the experiment (i.e., the limited number of participants and limited duration), a closed system was observed; therefore, adding new manufacturing resources to the system (i.e., emergence of new manufacturing companies) was not possible. Instead, we focused on optimization in terms of upgrading the available manufacturing resources.



Table 3 presents examples of how service exchange can upgrade the capabilities of the consuming companies in the case of 3D printing manufacturing. Companies specialized in mechanical engineering provide better equipment in terms of computer hardware (e.g., improved cooling and ergonomics results in faster program development) and hardware for manufacturing (e.g., lighter moving parts and more rigid structure result in faster manufacturing of PCB components). Companies specializing in electrical engineering provide upgrades in terms of electrical components that can enhance either manufacturing processes (e.g., better motion control that results in faster 3D printing) or computational hardware (e.g., improved electronic components that increase the speed of computing). Companies specializing in IT engineering provide upgrades in terms of software, which can either improve the manufacturing process (e.g., 3D printing tool path optimization that results in faster 3D printing), or engineering software (e.g., improved simulation software that results in faster PCB manufacturing).



Cooperation: The complex necessities of manufacturing make it challenging for enterprises to execute all production processes independently in order to offer a product service system. Therefore, a substantial number of enterprises collaborate closely to augment manufacturing capabilities [55]. By purchasing the other two types of services, the players in the game upgrade their APU, thereby reducing the time required to perform a service (i.e., increased frequency). The APUs are codependent on each other to upgrade themselves, meaning that there is a closed system in the game in which funds and services are exchanged only between players. Upgrading the APU follows a predefined production function that determines how the time to perform a service changes with the number of upgrades. The production function defines the highest possible limit on output that a company can obtain with a certain combination of production factors (inputs) at a given state of technical knowledge during the production period [56]. In the game, the production function defines how the capacity of service provision changes when the state of the production system changes. The production factor is only the state of manufacturing equipment or the capital invested in equipment; no other factors are observed. Thus, when there is enough capital invested in the production system, the ability to offer a service (i.e., the frequency of service) changes. In the case of the presented implementation, the service provider of the mechanical engineering type (e.g., 3D printing) upgrades its manufacturing system in accordance with the production function by purchasing the services of the other two types. For example, 3D printers could be enhanced by installing additional electrical components (e.g., cameras) by purchasing from an electrical service company, while another service provided by an IT company could provide and install surveillance software for better optimization of the 3D printing process.



Public access to information: In the BBSM system, information on service providers is available to all users. Consequently, each service provider can make decisions based on the known existing state of the system [2]. In the game, the user interface presents a list of all the providers in the system, and players can monitor all the current service offers on the market for all types of services. Because the blockchain has the property of immutability with respect to the transaction record, players in the game can view the entire history of transactions that have occurred to date. All this information influences the players’ decisions about which services they buy and how they set the prices of their services for the other players in the game.



Decentralized platform: In contrast to other traditional resource-sharing manufacturing modes, the operation mechanism of the BBSM is decentralized, which is enabled by blockchain technology [3]. Therefore, all the interactions between players (e.g., information exchange and transactions) are made without the intermediation of another entity in the game. Furthermore, all the changes in the state of the system are made in the form of transactions that are confirmed by the decentralized blockchain network.



Financial transactions are processed by the blockchain network in the game, which implements a Proof-of-Stake (PoS) consensus mechanism [57]. The implemented blockchain network is a simulation of a public permissionless blockchain network, which is the most widely used general blockchain network (e.g., Ethereum). The implemented blockchain network is simplified due to the complexity of the system. The decentralization and security of the network are the maximum possible; therefore, no security attacks on the network are possible, and confirmation of transactions cannot be stopped by any single entity. Furthermore, the option to vote on changes to the blockchain protocol between blockchain nodes is disabled. The blockchain network consists of blockchain nodes that are run by each manufacturer in the system without instilling any additional costs (e.g., due to computer hardware). Individual transactions are confirmed with constant frequency. The transaction that is the highest in the queue when confirmation is performed (e.g., that offers the highest transaction fee as a reward to the validator) is selected for confirmation. All the confirmed transactions are shown in a table that is available to all the players. The transaction confirmation is made automatically by an algorithm. The reward deriving from the confirmed transactions is divided according to the players’ stakes, as is usual in PoS blockchain networks.



The decision process for a player is shown in the flowchart (Figure 3). The players can decide whether to spend the money to buy the service or to stake it in the blockchain network. In addition, they must make a decision about setting the price of their service and which service they want to buy. Determining the fee for an individual transaction is in the hands of the players. Although an individual player can perform only one service at a time, they can purchase several services at the same time. A player cannot purchase services that are of the same type as the service they offer themselves. A request to purchase a service is made by a player by placing the transaction in the queue.



The generated transaction is queued for confirmation according to the specified transaction fee. The service is purchased when the transaction is processed by the blockchain network. The service starts automatically when the transaction is confirmed, and cannot be canceled. Multiple players can compete for the same service; the player whose transaction is confirmed first is the one who buys the service. When this occurs, the transactions of all the other players with transactions in the queue are deleted and refunded. The same happens if the service provider withdraws the service from the market before any related transaction has been confirmed. Increasing or decreasing of the stake is carried out in the form of transactions, and both cases are treated in the same way as transactions for the purchase of services. Distribution of the transaction fee among the players for each individual confirmed transaction is performed by the application itself.



The dynamics of the game are determined by three parameters, namely, the number of players (N), the frequency of transaction confirmation on the blockchain network (  f  B C   ), and the initial time required to provide the service (  t  i n i t a l   ). The total initial production frequency (  f  i n i t i a l   ) is defined by Equation (1), and is lower than the frequency of transaction confirmation (  f  B C   ).


   f  i n i t i a l   =  N  t  i n i t a l     



(1)







The production function, which defines how the time for the service (  t  s e r v i c e   ) changes with an APU upgrade, is defined by Equation (2). The time for the service after the upgrade is defined by the current time for the service. The parameter d defines by what proportion the time for the service will decrease with each upgrade and   n u   represents the number of upgrades of the APU. The time limit (  t  l i m i t   ) represents the limit of the production function.


   t  s e r v i c e    (  n u  + 1 )  = d ∗  (  t  s e r v i c e    (  n u  )  −  t  l i m i t   )  +  t  l i m i t    



(2)








4.2. Preliminary Experiment Results


The experiment comprised 27 participants, all of whom were Master’s degree students in mechanical engineering and were introduced to smart modes of manufacturing systems such as the SM concept. It should be noted that for such a complex game it is not trivial to make an intuitive and simple user interface that enables players to use the virtual world to its full extent. The developed user interface was functional for a group of up to 30 players. The web application was implemented using the MERN stack (MongoDB, ExpressJS, ReactJS, and NodeJS). The developed code of the online game is publicly available on the GitHub platform [58]. The game lasted for 90 minutes; the players were situated in different remote locations, and were permitted to communicate with each other. The game parameters defining the game dynamics were set as follows:    f  B C   = 10   s,   d = 0.87  ,    t  i n i t a l   = 300   s, and    t  l i m i t   = 20   s. The parameter values were selected to achieve congestion of the blockchain network in a reasonable game time. Due to the time limits of the experiment, the timeline was scaled down to ensure that events that would otherwise have happened over a longer period of time of days or weeks were captured during a shorter period in the experiment. The observed events, such as congestion of the blockchain network, are usually longer processes; therefore, the results acquired by this experiment are not affected by this kind of time scaling.



Figure 4 shows the value of the transaction fee for confirmed transactions over the game time. The figure indicates that the value stabilizes after the first one-third of the play time. After half the play time (  t 1  ), however, the transaction fee starts to rise sharply. An increase in transaction fees in a blockchain network indicates higher network occupancy, with users competing with each other to have their transactions be confirmed by increasing the transaction fee is collected by the block validator [59]. Towards the end of the game, it becomes clear that this increase has stopped. This may have happened because the players knew the approximate time of the game and were expecting it to end. For this reason, this last part of the experiment was not used in the subsequent analyses.



Figure 5 shows the moving average (window size = 20 samples) of the price for a service provided for each type of service. The price of a service increases in the first half of the game, then (after   t 1  ) the trend reverses and the price starts to fall below the values that were set at the beginning of the game. At time   t 2  , the price for a service is equal to the transaction fee; after that time, the price for a service is lower than the cost of transaction confirmation by the blockchain network. The price of supply in free-market systems is affected by the supply–demand ratio [60]; in this case, it can be concluded that in the middle of the game the supply began to increase sharply. In connection with the dynamics of the transaction fee, this confirms that there was congestion in the blockchain network and that the frequency of service provision outpaced the frequency of transaction confirmation.



Figure 6 confirms the previous finding, showing that the number of services offered on the market first decreased; then, after the frequency of service provision outpaced the frequency of transactions, the validation began to increase. In addition, Figure 6 shows that the supply on the market fluctuated in waves during the first half of the game. This is because the players started the game on equal terms and at the same time. The same start time for all services resulted in near-synchronized provision of services. During the second half of the game, this fluctuation is not as obvious.



The main result of the experiment is shown in Figure 7, shows how the frequency of transaction validations on the blockchain network affects the frequency of service provision. The blue line represents the maximum capacity of the production units in the game, while the green line shows the actual frequency of the executed services. The blockchain network represents a bottleneck in the production system (the orange line). At the beginning of the game, when the production units are slower than the blockchain network, the frequency of the provided services does not reach the maximum, because the players are becoming acquainted with the user interface and the game. In addition, several players focused their activities on determining their stake in the blockchain network at the same time. The change in the frequency of provided services in the first half of the game follows an increase in the maximum frequency of production, and the slopes are approximately the same. After the blockchain network becomes congested, the frequency of service provision is limited by the frequency of transaction confirmation, and does not increase further. Moreover, it even drops a little (at around 4000 s); thus, it can be assumed that at this time players were running out of money and pulled their stake from the blockchain network to gain additional funds. This in turn resulted in the unstaking transactions overtaking the service transactions, further slowing production. At the end of the game, the players’ APUs utilized only 40% of their maximum capacity.





5. Simulation Model with Human Behavior


The presented results are based on only one instance of the experiment. Therefore, the conclusions and findings should be treated at most as indicative, and must be confirmed with further multiple independent experiments with different setting parameters. However, due to the very nature of the experiment, it is very difficult to repeat it multiple times. To execute the experiment properly, it is necessary to incentivize the players to behave as if they would in reality. The problem is that there are only a limited number of participants and limited rewards. It is difficult to experiment with different setting parameters, such as a longer game time, as players are unable to maintain concentration for more than a certain period. Furthermore, there is a problem if the number of participating players is increased, as it is difficult to implement a simple and intuitive user interface where a complete overview of the game is available for the players.



For the reasons described, it is difficult to repeat the experiment several times with different setting parameters as desired in the research methodology. To be able to repeat the experiment multiple times with different settings, a simulation model of the experiment was designed and implemented to imitate the behavior of the players in the game. While a simulation is not the same as an experiment, based on such simulations it is possible to observe different events and player behavior (hypothesis formation), which can then be verified by future experiments.



5.1. Strategy Analysis


An approach in which the results from the experiment were used as a reference was selected, in contrast to an approach in which agents are modeled without prior understanding of people’s behavior [61]. A simulation model of the agent was built based on major decisions, which were mostly made by the players in the experiment. Therefore, to be able to model the agent, the strategies of the players in the experiment were analyzed first, observing four key decision processes in the game:




	
Deciding on the price of the offered service;



	
Deciding on which service to purchase regarding the price;



	
Deciding on the amount of the transaction fee for the transaction;



	
Deciding on the amount of funds allocated to the stake.








Four different statistical parameters that describe the decision-making of players in the above-mentioned decision processes were determined. For each player’s decision, a parameter was calculated and the distribution of parameter values was plotted (Figure 8 and Figure 9). Due to different decision frequencies for different parameters, all the decision frequencies were normalized.



The coefficient of buying (  k b  ) tells us whether a player purchased a service (  s e l e c t e d P r i c e  ) at a higher or a lower price than the current average price (   p r i c e  ¯  ) for that type of service on the market (Equation (3)). In the user interface, the services offered were displayed with a histogram, in which the services were ranked from the lowest price to the highest to provide players with a sense of the average price. On average, players bought services during the game that were cheaper than the average price (    k b  ¯  = 0.88  ). The distribution of the parameter is shown in Figure 8a, with the distribution appearing to be normal; thus, it can be concluded that no other strategies emerged for this process.


   k b  =   s e l e c t e d P r i c e    p r i c e  ¯    



(3)







The coefficient of setting the price (  k p  ) defines whether the set price (  s e t P r i c e  ) is higher or lower than the current average price (   p r i c e  ¯  ) of services of the same type (Equation (4)). Players in the experiment set the price (    k p  ¯  = 0.91  ) lower than the current average price (Figure 8b). In the experiment, there was a situation in which players did not have references from other providers of the same type of service. Therefore,   k p   was calculated in the case for which there was no offer of the same type of services (  k  p  e m p t y    ). The average price was calculated from the current average service price for the other two services. While the distribution of the coefficient value (Figure 8c) is similar to the normal distribution in this case, it has greater variance than in the case of the service purchasing coefficient. Players in the experiment set the price (    k  p  e m p t y    ¯  = 1.08  ) higher than the current average price. Based on these results, the players had only one predominant strategy for setting the service price.


   k p  =   s e t P r i c e    p r i c e  ¯    



(4)







The coefficient of setting the transaction fee (  k f  ) characterizes whether the set transaction fee (  s e t T x F e e  ) for the new transaction is higher or lower than the transaction fee (  t o p P e n d i n g T x F e e  ) of the pending transaction with the highest transaction fee in the list of pending transactions (Equation (5)). On average, players set the transaction fee 5% lower than the currently highest queue fee (    k f  ¯  = 0.95  ). The distribution of the value of the parameter   k f   in the experiment (Figure 8d) is again similar to the normal distribution; however, the distribution has long tails. These tails could be caused by transactions being set with a very high transaction fee, by which players tried to ensure that their transaction would be confirmed as soon as possible. When a player sets a large fee for a transaction, the value of the coefficient is large, and each subsequent transaction, which sets the price according to the values of the fees before the transaction with a large fee, is characterized by a small value. Even in this case, there do not seem to be several different strategies for the players, only a few cases of exceptional events.


   k f  =   s e t T x F e e   t o p P e n d i n g T x F e e    



(5)







The stake coefficient (  k s  ) defines what share a player has regarding the total stake in the network when the selected transaction is confirmed (Equation (6)). Because this coefficient represents the player’s stake, the average value of the coefficient from all the players is always equal to the initial value (  3.7 %  ). The distribution of the parameter   k s   (Figure 9) is not normal, as is the case with the above-mentioned parameters; rather, it is divided into three parts, indicating three different strategies. The first part, to the far left of the distribution, represents the strategy of players who wanted to withdraw their stake from the network. The second part of the distribution is similar to the normal distribution around the initial value of the stake for an individual player (  3.7 %  ), and represents the strategy of players who did not want to change their stake or to change it very little. The third part of the distribution, to the right, represents the strategy of players who wanted to significantly increase their stake in the blockchain network. Players employing this strategy placed highly in the ranking at the end of the game, and the player with the most aggressive staking strategy was the winner of the game, with the highest number of upgrades and the most owned funds. A similar winning strategy was discovered in one of the stable states of the BBSM system using an evolutionary game theory approach [45].


   k s  =   s t a k  e  c u r r e n t   + s t a k  e  t r a n s a c t i o n     t o t a l S t a k e    



(6)







Based on the results of this analysis of the players’ staking strategies, the players can be classified into three groups. These three groups relate to the player’s staking strategies in the blockchain network, while the other three parameters define the general behavior of all the players in the game.




5.2. Simulation Model


To create a simulation model that mimics the performed experiment, the properties of the system (blockchain network, upgrade of manufacturing system, etc.) and the behavior of individual players represented by agents were mapped in the simulation environment. The system properties were mapped by implementing three mechanisms:




	
The market mechanism for offering APU services;



	
The mechanism for upgrading APUs;



	
The mechanism for validating transactions via the blockchain network based on a PoS consensus mechanism.








All the above mappings follow the system described in Section 4.1. The agent model follows the previously described decision-making process (Figure 3), taking into account the parameters obtained through the strategy analysis for individual processes.



The decision-making actions of an individual agent were divided into two groups, namely, the transaction decision process and the service decision process. Both groups of processes are executed with different frequencies, with   f T   being the frequency of the transaction decision process and   f S   the frequency of the services decision process, as such a division makes it easier to simulate a similar number of decision-making processes performed by players during the experiment. In the case of transactions, the agent decides whether to purchase a service, to stake its assets, to unstake its staked assets, or to delete a transaction. In the case of services, the decision is only between offering a service on the market and deleting an offer from the market.



5.2.1. Transaction Decision Process


The transaction action decision-making process is shown in Figure 10. First, the agent finds out whether there are any transactions in the confirmation queue. Then, for each transaction, it determines whether the queue is longer than the criterion for pending transactions   t  t r a n s a c t i o n P e n d i n g   . If the transaction is in the queue longer than the criteria, the agent decides to delete the transaction from the queue. Immediately afterwards, the agent performs the transaction action decision-making process again to replace the deleted transaction. If there is no pending transaction that exceeds the criteria, the agent checks the staking strategy that was assigned to it at the beginning of the game.



The staking strategy refers to the three strategies defined in the previous section. In the case of the strategy in which the agent wants to significantly increase their stake in the blockchain network, the agent first checks the total amount of funds staked in the network, then calculates its relative stake and compares it to the staking weight   w  s t a k e   . If its current relative stake is lower than   w  s t a k e   , the agent decides on a staking action; otherwise, it decides on a trading action. In the case of a staking strategy where the agent does not want to change its stake in the network (stake strategy 2), the agent always decides to carry out a trading action. Finally, an agent that has a staking strategy to unstake funds from the network first calculates the minimum amount of funds it needs to be able to purchase the service; this means that the current maximum transaction fee is added to the lowest price of the currently offered service. If its balance is lower than the minimum amount multiplied by the unstaking weight   w  u n s t a k e   , it decides on the unstaking action. Otherwise, it compares the relative stake with the staking weight   w  s t a k e    and makes the same decision as in the case of staking strategy 1.



All transaction actions are performed in two phases. First, the agent determines the values of the parameters for this type of transaction and determines the transaction fee value. The exception is a transaction delete action, where the agent only selects the transaction it wants to delete. The selection of a transaction for deletion is the same as in the transaction action decision-making process, where the agent checks which transaction(s) have been pending longer in the queue than the pending transactions criterion   t  t r a n s a c t i o n P e n d i n g    and selects the first transaction that meets this condition.



In the case of a trade action, the agent first selects the service offer. It determines the type of service it wishes to purchase by selecting a type of service it has bought less often in the past. If it has bought the same amount of services of each type, it selects service offers from both types of services. If there is currently no offer for the selected type of service, it checks the offer for the other type. For the selected type of service (or for both), it collects all the service offers on the market and arranges them according to the price of the service, from highest to lowest. If there are offers that are candidates for selection, the agent selects the service according to the price; the lower the price, the greater the chance of its being selected. Due to this strategy, the agents buy services that are on average cheaper than the average market price, as shown in the strategy analysis in the case of   k b  ; however, there is a possibility that an agent may buy a more expensive service. In the strategy analysis, the   k b   distribution shows that players in the experiment sometimes bought services at a higher price than was the current average price of the service.



In a staking action, the agent must determine the amount of funds it wants to stake in the blockchain network. The agent selects a value between   s t a k  e  m i n     and   s t a k  e  m a x    , which is the coefficient by which the agent’s current balance is multiplied. A similar process is executed in the case of an unstaking action, where the agent selects a value between   u n s t a k  e  m i n     and   u n s t a k  e  m a x    , which in this case is multiplied by the amount of the agent’s stake in the blockchain network.



For all three of these actions, the agent must determine the transaction fee, which is determined according to the following procedure. The agent first acquires the list of all pending transactions for confirmation and ranks them according to the transaction fee, from highest to lowest. It then looks at whether the new transaction is the result of a normal transaction action decision process or is the result of a deletion due to the previous transaction waiting too long for confirmation. If the transaction action is triggered due to the deletion of the previous transaction, and if there is any transaction in the queue, the agent sets the transaction fee by multiplying the highest transaction fee in the queue by the coefficient   k  f e e D e l e t e d   . If there is no transaction in the queue, the agent checks the fee of the last confirmed transaction and multiplies it by the coefficient   k  f e e D e l e t e d E m p t y   . If the new transaction is not the result of a deletion by the agent, the agent checks whether its previous transaction was deleted by other users because they overtook it in the case of purchasing the same service. If the previous transaction was not deleted by other users and if there is any transaction in the queue, the agent sets the transaction fee by multiplying the highest transaction fee in the queue by the coefficient   k  f e e N e w   . If there is no transaction in the queue, the agent checks the fee of the last confirmed transaction and multiplies it by the coefficient   k  f e e N e w E m p t y   . However, if the previous transaction was deleted by other users and there is any transaction in the queue, the agent sets the transaction fee by multiplying the highest transaction fee in the queue by the coefficient   k  f e e N e w D e l e t e d   . If there is no transaction in the queue, the agent checks the fee of the last confirmed transaction and multiplies it by the coefficient   k  f e e N e w D e l e t e d E m p t y   . Due to the described strategy, transaction fees increase if the blockchain network becomes congested.




5.2.2. Service Decision Process


The process of deciding on a service action is shown in Figure 11. The agent first checks whether it already has an offer for its service on the market; if it does not and it is not in the process of providing the service, it decides to create an offer. If it already has a set offer, it first calculates the average price of the same type of service offers. It then checks whether the price of its offer is higher than the average price multiplied by the price weight   w  p r i c e   . If it is higher, the agent decides to delete the offer and immediately moves to the next step in creating an offer. Otherwise, it checks whether the offer has lasted longer than the time for pending offers   t  o f f e r P e n d i n g    and decides to either delete the offer and set a new offer, or to do nothing.



The action of creating a service offer is performed by an agent by first determining the price offered for the service and then publishing the service on the market. When setting the price, the agent first checks whether there is an offer for other services of the same type. If such an offer exists, it multiplies the average price of the existing service offer(s) by the coefficient   k  e x i s t O f f e r    and saves the average service price. If no current offers of the same type exist, the agent checks the saved previous average service price and multiplies it by the coefficient   k  p r e v i o u s O f f e r   . If the agent does not have the previous average price (e.g., at the beginning of the game), it multiplies its account balance by the coefficient   k  e m p t y O f f e r   . The selection of an offer for deletion is the same as in the service action decision-making process; the agent checks whether its offer has lasted longer than the time of the pending offer   t  o f f e r P e n d i n g    and deletes its offer if it meets this condition. Immediately after the offer is deleted, it repeats the described offer creation process.




5.2.3. Human Behavior Decision Parameters


The results of the experiment and strategy analysis were used to determine the values of the parameters described above that define the behavior of the agents. The determined parameters are shown in Table 4. On average, players made transaction action decisions every   60.6   s and service action decisions every   34.8   s. The time for the transaction action   t  t r a n s a c t i o n A c t i o n    and the time for the service action   t  s e r v i c e A c t i o n    were defined in order for agents to have a similar frequency of decision-making with respect to transactions and services as the players in the experiment. To ensure asynchronous actions, agents select a value for each action between the set minimum and maximum values. In the transaction action process, a recognized strategy during the experiment was considered in which players waited until the last few seconds before the new transaction was confirmed to place their transaction on the pending list, thereby reducing the chance of their transaction being overtaken by other players. In the case of an agent, when the time for the transaction action elapses, it first checks how much time is left until the new transaction will be confirmed and waits to make a decision until the last 3 s before the confirmation.



Several of these parameters were set using trial and error, while others were defined using the findings obtained from the experimental results;   k  f e e N e w    is equal to the value of the coefficient for setting the transaction fee    k f  ¯  , which was calculated in the strategy analysis. The same is true for   k  f e e N e w E m p t y   ,   k  f e e N e w D e l e t e d E m p t y    and   k  f e e D e l e t e d E m p t y   , which means that in the case of the transaction not being deleted or the list of pending transactions being empty, the agent sets a lower transaction fee from the previous or current highest price. This kind of behavior was seen in the experiment, especially in the first half of the game when the blockchain network had not yet become congested. In contrast,   k  f e e D e l e t e d    and   k  f e e N e w D e l e t e d    are set to a value greater than 1, which means that in the case of transactions being deleted because the transaction fee is set too low or because they have waited too long for confirmation, agents start to raise their transaction fees. This increases the transaction fee when the blockchain network is congested.



The values of the staking weight   w  s t a k e    are divided into four groups. The first three values are for a group of agents that follow staking strategy 1. In the experiment, not all players within this group had the same tendency to stake in the blockchain network. The last value represents   w  s t a k e    for the group of agents following staking strategy 2, who do not want to change their stake significantly. The value of the coefficient for setting the service price   k  p r e v i o u s O f f e r    is close to the value for the coefficient of the setting price    k  p  e m p t y    ¯   obtained in the strategy analysis. The set value means that if the supply in the market is lower, the agent increases the price of its service (as happened in the first half of the experiment). For   k  e x i s t O f f e r   , however, the value of the coefficient is higher than the value of    k p  ¯  , though it is lower than 1, as the agent wants to set a price that slightly lower than the market average if there are more offers on the market. Thus, the price of the service is lower if the supply is higher, or in the case of the experiment, when the blockchain network was unable to confirm transactions as fast as the provider could provide services. When determining the parameters of the agents, the values of the parameters do not have to be the same as those obtained from the experiment, as the analysis is based only on a single experiment.





5.3. Verification of the Model


To verify the described model, the results of the simulation were compared with the results of the experiment. The simulation was executed 1000 times with the same initial settings as used in the experiment (27 agents,    t  g a m e   = 90   min,    f  B C   = 10   s,   d = 0.87  ,    t  i n i t a l   = 300   s,    t  l i m i t   = 20   s). The results of the simulations were compared with the experiment based on four variables: the transaction fee of the confirmed transactions, the price of the provided services, the number of services on the market, and the frequency of the provided services in time. For each variable, the obtained simulation results were observed to see whether they followed the normal distribution; if they passed this test, they are presented using the average value and the standard deviation. The normality test was performed using the Kolmogorov–Smirnov (KS) test for normality, which rejects the normality hypothesis if the p value is less than   0.05  .



Figure 12 presents a comparison of the transaction fee for confirmed transactions over time between the experimental results and the results of the simulations. The KS normality test confirmed the zero hypothesis (  p = 0.11  ). There is a noticeable difference in the first quarter of the game, when the transaction fee in the simulation is much smaller than it was in the experiment. This deviation at the beginning of the game is due to multiple reasons, such as the learning process of the players in the real experiment, hesitation, and waiting for the strategic moves of other players. The agents in the simulation, on the other hand, follow preprogrammed decision-making strategies from the beginning. In the rest of the game, however, the simulation model better describes the behavior of the players in the real experiment, as the value of the transaction fee in the experiment is within the standard deviation of the transaction fee in the simulations.



Figure 13 shows a comparison of the average price between the results of the experiment and the simulations for all three types of provided services. The simulation results again follow a normal distribution (Service A:   p = 0.59  , Service B:   p = 0.67  , Service C:   p = 0.56  ). In the case of this characteristic, the simulation model describes the behavior of the players well throughout the game, as the obtained results of the experiment almost overlap with the average values (dark-colored lines) in the simulation. The average price values of the three types of services deviate less from each other over time in the case of the simulation compared to the experiment, though the values from the experiment are within the standard deviation of the simulation results (brightly colored area).



Figure 14 presents a comparison of the results of the experiment and the simulations for the number of services on the market. The simulation results confirm the hypothesis of normality (  p = 0.69  ). Again, there is a noticeable difference between the results of the experiment and the simulations in the first quarter of the game. In the case of the simulations, agents buy services on the market much faster than players did in the experiment. This might be because agents have more funds in their accounts due to the lower transaction costs in the first quarter of the game, as described above, and might consequently purchase more services. Noisy changes in the average value and standard deviation occur with this variable, which may be a consequence of the number of offers fluctuating on the market in each simulation being slightly offset in time. As a result, the simulation model does not describe this fluctuation of the market supply perfectly, and only describes the tendency of the change in the value of the characteristic.



Figure 15 shows a comparison of the results of the experiment and simulations for the frequency of service provision over time. The simulation results have a normal distribution (  p = 0.62  ). The simulation model better describes the change in the actual frequency of the provided services (green lines) than the change in the maximum capacity of the manufacturing system or the upgrading of the APUs over time (blue lines). These results confirm the previous explanation as to why the simulation deviates from the real experiment in the first quarter, as there is a higher frequency of buying services at the beginning of the game in the former case. As a result, the maximum frequency of service provision in the simulation model increases more than in the experiment at first; towards the end of the game, when the model is better at describing the experiment, this difference decreases.





6. Simulation Results


The verified simulation model was employed to perform a simulation experiment multiple times using different initial setup parameters for the game. The primary objective was to investigate how the frequency of transaction confirmation in a blockchain network impacts a manufacturing system within the BBSM framework. The increasing frequency of transaction confirmation, as seen in the results described above, causes the network to become congested, with the operation of the manufacturing system being limited as a result.



Figure 16 shows how the change in frequency of transaction confirmation in the blockchain network (  f  B C   ) during the game affects the actual frequency of service provision. At the beginning of the game, the frequency of the provided services is equal for most transaction confirmation frequencies, and the only limitation is the APU production capacity.



For    f  B C   = 0.05   Hz and    f  B C   = 0.075   Hz, the transaction confirmation frequency is already lower than the production capacity of the manufacturing system at the beginning of the game. Later in the game, when congestion occurs in the blockchain network, the differences between the different frequencies of transaction confirmation begin to show, with higher frequency of transaction confirmation leading to higher frequency of service provision.



For different frequencies of transaction confirmation, several variables of the game were observed: the minimum transaction fee, maximum price for the performed service, and time point of the network congestion. Figure 17 shows the change in the minimum transaction fee as a function of the transaction confirmation frequency.



The minimum transaction fee is the value of the lowest fee paid for a transaction after the value of the transaction fee in the game has already stabilized. The dependency is similar to the exponential function, with the transaction fee decreasing rapidly at low transaction confirmation frequencies and approaching its limit value of 0 at higher frequencies, which is a property of the system. If we consider the transaction fees as a part of the manufacturing costs, then the costs would increase in the case of congestion of the blockchain network. On the other hand, if scalability of the blockchain network is sufficient for the needs of the BBSM system, costs would be reduced due to the omitted friction (lower fees) of the financial layer.



Figure 18 shows the dependence of the maximum price of the provided services on the frequency of transaction confirmation. The higher the   f  B C   , the higher the maximum price for the performed service, while the higher the   f  B C   , the less supply there is in the market, as players buy any service that comes on the market immediately. As there is less supply on the market, the price increases according to the property of the free market. The dependency is similar to a sigmoid function, which is due to the production function, defined as a property of the system. At lower frequencies, the blockchain network is immediately congested and the price immediately starts to fall towards a value of zero, as the supply on the market is continually increasing.



When   f  B C    is increasing, the network is not immediately congested at the beginning, though it is necessary to wait for the APUs to upgrade according to the production function. Initially, the production function slowly changes the frequency of the APUs’ ability to offer services; thus, services come onto the market more slowly, and the price cannot rise to a higher value until the network becomes congested. In the middle part of the presented graph, the dependence of the maximum price for a service on   f  B C    can be approximated using a linear function, as the production function in this range is linear as well. The more   f  B C    increases, the higher the maximum price is. The increase of the blockchain network’s frequency in the linear part of the production function means that there is proportionally more time before congestion; consequently, there is proportionally more time to generate supply in the market and to increase the price of services. In the third part, logarithmic relaxation occurs due to the limiting of the production function (in this case, it was set to 20 s).



Figure 19 presents how the time to network congestion depends on the transaction confirmation frequency. The time to network congestion is the first point in time in the game at which the frequency of the provided services is equal to the frequency of transaction confirmation by the blockchain network. Again, the presented function does not indicate linear dependence, because the time to network congestion depends on the defined production function. In a case where there exists a group of players who play the optimal strategy and want to achieve the global optimum manufacturing system, this function has a lower set limit. This means that the blockchain network cannot be congested sooner than the production function allows. A similar form of the function can be observed in Figure 16, which shows the times at which the initial fluctuations in the frequency of service execution disappear. It can be seen that the value fluctuates, i.e., a local maximum appears at about every   0.02   Hz. This oscillation occurs because a point in time is observed at which the function reaches a certain limit; because this function is periodic, the obtained point in time depends on the phase of the observing function.



From the presented simulation results, it can be seen that the scalability properties of blockchain technology in BBSM define the kind of regime in which the BBSM system operates. If the throughput of the blockchain network is lower than the requirements of the users, the transaction fees are high, service prices are low, and manufacturing capacities are underused. This causes depreciation of the manufacturing role compared to the financial role, as shown in the preliminary experiment. On the other hand, if the throughput of the blockchain network is much higher than the requirements of the users, the financial role is depreciated, as the value of the transaction fees are minimal compared to service prices. Both of these two roles, manufacturing and financial, are necessary in order for the BBSM system to exist. Therefore, either extreme regime inhibits the operation of the BBSM system and is not desirable. There must be a balance between the requirements of the users and the throughput provided by the blockchain network in order for the BBSM system to operate. Such a balance is dependent on the user requirements in the system.



The main limitation of the presented results is that the analyzed BBSM system is simplified due to the methodology of employing a virtual environment. In reality, the observed system would be more complex, as the manufacturing world is more diverse with a large number of different types of services, there are additional external factors affecting operation of the system, such as supply chains, and other aspects such as security issues are present. In order to improve this study, experiments with a higher number of repetitions than the sole experiment presented here are necessary. Furthermore, he trade-off between the complexity of the virtual environment and the intuitiveness of the user interface should be optimized in order to increase the complexity of the observed system.



Scalability Solutions


The simulation model was utilized to assess the system’s response when the frequency of transaction confirmation was heightened as the blockchain network became congested. Figure 20 shows a comparison between the simulation results in the case of constant   f  B C    (green color) and the simulation results when   f  B C    doubles as the blockchain network becomes congested (blue color). It is clear that in the case of doubled transaction validation frequency, the utilization of the APUs increases from 40% of the available capacity to 60% at the end of the game. The available maximum production capacity of the manufacturing system in this time frame does not differ much from the capacity in the case without increasing the frequency of transaction confirmation, as this frequency is limited by the production function. However, in the future, even in the case of the maximum possible frequency of service provision, a difference would appear as a result of more service executions. The APUs in the manufacturing system would be upgraded more, and their frequency of service provision would be higher. When   f  B C    is doubled, the frequency of the provided services increases by approximately 40%, and does not completely follow the maximum production capacity, as agents perform staking and unstakingtransactions during this time as well.



Simply increasing the frequency of transaction validation in the blockchain network while not affecting the other properties of the system is not possible due to technological limitations (i.e., the Scalability Trilemma). Solutions are emerging to increase the scalability of blockchain technology, which may allow systems to increase their scalability with arbitrary expense in terms of security and decentralization (e.g., sharding, sidechains). Depending on the amount transferred by the transaction and their importance, users can decide how secure or expensive a network they prefer to use for their transactions. In the case of BBSM, transactions for service provision could be arranged according to such a hierarchy. Therefore, the decision about whether a certain user selects an additional channel (increased   f  B C   ) is not included in the presented Figure 20. This raises interesting questions for future work; we intend to examine the effects of scalability enhancing technologies on the performance of the BBSM concept.





7. Conclusions


This work presents an analysis of the effects of blockchain technology’s limitations on the performance of a BBSM system. To obtain a more realistic model of a BBSM system, an experiment was conducted in the form of an online game. Based on the results of this experiment, an analysis of the players’ strategies was carried out and used to model a multi-agent simulation model that mimics the behavior of the players during the experiment. The model was verified based on the results of the experiment and used to test how different blockchain network settings affect the performance of the BBSM concept. The experimental results have been published in the same repository [58] as the source code of the application developed and used to conduct the experiment. The collected data can be utilized for future performance comparisons of similar experimental methods in the field of blockchain-based manufacturing.



The main findings of our analysis are as follows:




	
The results of the preliminary experiment indicate that when the scalability of the blockchain network does not meet the needs of the BBSM system, the role of the manufacturer becomes less beneficial than the financial role, which means that such a limitation can affect whether or not the system works at all, as manufacturers could lose incentive to participate in such a system. Higher transaction costs and lower prices for manufacturing services emerge in the BBSM system due to congestion of the blockchain network, and as a result the system is not able to utilize the existing maximum production capacities in the manufacturing system. Our strategy analysis of the performed experiment shows that because of the scalability limitations of the blockchain network in the game, staking funds in the blockchain network instead of using them to upgrade production capabilities is the winning strategy.



	
The results of our simulations suggest that changing the scalability of the blockchain network in the BBSM system does not directly affect the system’s properties (i.e., minimum fee, maximum price, and capacity utilization); however, the change in these properties depends on the production function. Therefore, when introducing scalability enhancing technologies into the BBSM system, it is not trivial to predict how the system will respond to the increased throughput. The results of our simulations show that in the presented game a 100% increase in   f  B C    when the blockchain is clogged changes the upper bound of service provision frequency from   f  B C    to the maximum frequency of the service provision as defined by the production function. At that moment, the actual frequency of service provision is increased by approximately 40%, and does not completely follow the production function, which is due to the concurrent financial transactions (i.e., staking and unstaking transactions). Due to the relieving of pressure on the blockchain network, the efficiency of utilizing the maximum production capacity within the BBSM concept increases.








In conclusion, this study has demonstrated, contrary to early assertions that blockchain systems can significantly reduce costs for manufacturers by eliminating the need for expensive intermediaries, it is instead evident that zero-trust and intermediary-free blockchain systems are faced serious with operating capacity limitations. The experiment and simulations presented in our research serve as a compelling illustration of this critical observation. Scalability-enhancing technologies seem to be a solution to the scalability limitations of blockchain technology. Our results suggest that the implementation of such solutions can improve the operation of BBSM systems. However, the same results indicate that a balance between the scalability properties of the blockchain network and users’ requirements is necessary in order for the BBSM system to operate. In future research, scalability-enhancing technologies (i.e., sidechains) in connection with BBSM will be examined to determine whether such technologies can enable a dynamic balance between requirements and throughput as well as address the effects of the Scalability Trilemma on the BBSM system. The presented methodology and analysis can be applied to studies on other types of blockchain-based manufacturing systems. Furthermore, the presented implementation of a BBSM system can serve as a model for future analysis of BBSM systems in which APUs are supported by AI technology.
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Figure 1. Methodology employed for the analysis. 
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Figure 2. Online game implementation of BBSM system. 
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Figure 3. Flowchart of the player decision-making process. 
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Figure 4. Transaction fee of confirmed transactions over time. 
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Figure 5. Price of services over time. 
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Figure 6. Number of service orders over time. 
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Figure 7. Frequency of service provision over time. 
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Figure 8. Strategy coefficient distributions: (a) coefficient of buying, (b) coefficient of setting price, (c) coefficient of setting price when market is empty, (d) coefficient of setting transaction fee. 
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Figure 9. Strategy coefficient distribution. 
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Figure 10. Flowchart of the transaction action decision-making process. 
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Figure 11. Flowchart of the service action decision-making process. 
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Figure 12. Comparison of transaction fee between experimental and simulation results. 
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Figure 13. Comparison of service price between the experimental and simulation results. 
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Figure 14. Comparison of amount of services on the market between the experimental and simulation results. 
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Figure 15. Comparison of the frequency of service provision over time between the experimental and simulation results. 
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Figure 16. Comparison of provided service frequencies over time for different frequencies of transaction confirmation. 
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Figure 17. Minimum transaction fee in the game for different frequencies of transaction confirmation. 
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Figure 18. Maximum price of provided services in the game for different frequencies of transaction confirmation. 
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Figure 19. Time point to congestion in the game for different frequencies of transaction confirmation. 
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Figure 20. Comparison of service provision frequencies over time between simulations with constant   f  B C    and those with increased   f  B C   . 
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Table 1. Potential benefits of blockchain technology for manufacturing systems.
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	Blockchain Technology Property
	Potential Benefits for Manufacturing Systems





	Decentralized consensus
	
	
Exerting control over or disabling a system by seizing the central authority is rendered unfeasible [5].



	
Interaction and information sharing during various phases of a manufacturing process without intermediaries [6].



	
A decision support system that is independent of location, resilient to faults, autonomous, and expandable [7].








	Immutability of the records
	
	
Provides trusted and secure information to all participants in the manufacturing process [8,9].



	
Disputes can be resolved by reviewing the blockchain records [6].








	Transparent database
	
	
Real-time transparency increases the profits of a manufacturing company and supports its capacity for market competition [10].



	
Transparency improves traceability and provenance while mitigating costs [8,11].








	Self-executing environment
	
	
Smart contracts facilitate secure end-to-end business automation while maintaining operational excellence by removing the possibility of human mistakes [5,12].



	
Provides a collaboration mechanism for entities that do not trust each other to work together [13].















[image: Table] 





Table 2. Existing studies on blockchain-based shared manufacturing.
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	Authors
	Problematics
	Parameters
	Methodology
	Key Findings





	Yu et al. [3]
	Analysis of block generation efficiency in resource operation blockchain
	Gas consumption and throughput
	Simulation
	A decrease in the number of transactions per service increases efficiency



	Li et al. [44]
	Performance analysis of collaboration platform
	Transaction throughput and latency
	Simulation
	Performance is satisfiable if a sufficient amount of blockchain nodes are present compared to the number of users in the system



	Rožman et al. [2]
	Performance analysis of scalable platform
	Costs and time for service
	Theoretical calculations and experimental analysis
	Scalability solutions reduce the costs and time reqiored for manufacturing service execution



	Zhang et al. [45]
	User strategy analysis in BBSM systems
	Payoff
	Theoretical approach and simulations
	Instability occurs in the system if manufacturers do not participate in confirmation of transactions
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Table 3. Examples of service exchange between three types of companies in the case of 3D printing.
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Provider

	
Mechanical

	
Electrical

	
IT




	
Consumer

	






	
  Mechanical

	
\

	
Upgrade of

3D printer control

system capabilities

	
Upgrade of

3D printer

software and firmware




	
  Electrical

	
Upgrade of

PCB manufacturing

capabilities

	
\

	
Upgrade of

electrical design and

simulation software




	
  IT

	
Upgrade of

computational

hardware (mechanical)

	
Upgrade of

computational

hardware (electrical)

	
\
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Table 4. Selected agent model setting parameters.






Table 4. Selected agent model setting parameters.





	Parameter
	Value





	   t  t r a n s a c t i o n A c t i o n M i n    
	40 s



	   t  t r a n s a c t i o n A c t i o n M a x    
	80 s



	   t  s e r v i c e A c t i o n M i n    
	30 s



	   t  s e r v i c e A c t i o n M a x    
	40 s



	   t  t r a n s a c t i o n P e n d i n g    
	600 s



	  w  s t a k e    (4 groups)
	  0.1  ,   0.07  ,   0.04   and   0.037  



	   w  u n s t a k e    
	   0.5   



	   w  p r i c e    
	   1.3   



	   t  o f f e r P e n d i n g    
	50 s



	   s t a k  e  m i n     
	   0.02   



	   s t a k  e  m a x     
	   0.04   



	   u n s t a k  e  m i n     
	   0.18   



	   u n s t a k  e  m a x     
	   0.22   



	   k  f e e D e l e t e d    
	   1.02   



	   k  f e e D e l e t e d E m p t y    
	   0.99   



	   k  f e e N e w    
	   0.95   



	   k  f e e N e w E m p t y    
	   0.95   



	   k  f e e N e w D e l e t e d    
	   1.05   



	   k  f e e N e w D e l e t e d E m p t y    
	   0.95   



	   k  e x i s t O f f e r    
	   0.965   



	   k  p r e v i o u s O f f e r    
	   1.07   



	   k  e m p t y O f f e r    
	   0.15   
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