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Abstract

:

Numerous laboratory tests are used to determine the appropriateness of new formulations in the development process in the paint and coatings industry. New formulations are most often functionally inadequate, unacceptable for environmental or health reasons, or too expensive. Formulators are obliged to repeat laboratory tests until one of the formulations fulfills the minimum requirements. This is cumbersome, slow, and expensive, and can cause ecological problems, wasting materials on tests that do not produce the desired results. The purpose of this research was to find out if there might be a better way forward to increase efficiency and free up formulators to focus on new products. In this experiment, a new paints and coatings development process was redesigned based on the potential benefits of formulation digitalization. Instead of laboratory testing, a digital platform was used that has been developed and stocked with relevant, up-to-date, and complete, usable data. This study found that, by going digital, developers could vastly reduce non-value-added activities in the development process (by as much as 70%) and significantly shorten the entire process throughput time (by up to 48%). Using digital tools to facilitate the development process appears to be a possible way forward for the paint and coatings industry, saving time, materials, and money and protecting the environment.
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1. Introduction


By analyzing the relevant scientific and technical literature, the most important challenges in the process of developing paints and coatings were identified. Products should meet the aesthetic criteria, as well as assure the long-term protection of the surface. Increasing requirements for effective surface protection, on the one hand, and continuous tightening of environmental regulations, on the other, can be observed [1,2]. An additional focus is achieving new product development and specifications in the shortest possible time. Because of these requirements, rapid development of technology offers more and more opportunities for the design of quality products; however, the development of new products becomes increasingly complex [3,4,5,6].



Continually evolving demands for greater capability, efficiency, and functionality of coatings; increasing regulatory complexity; and growing competition in this area account for the need for accelerated development of coatings’ raw materials, formulated products, and rapid problem-solving [7]. Because of the many raw material combinations and interactions that affect performance properties, additive formulating is resource-intensive and time-consuming for manufacturers [8].



With the requirement for safe, environmentally friendly coating components and the acceleration of material discovery, the need for rapid, reliable testing is becoming more important [9]. A number of accelerated tests have been developed to reduce the testing time and decrease environmental variability. Most importantly, the tests lead to qualitative results, which can be significantly different when various individual evaluators and different test instruments are compared [10].



Coating formulations include different raw materials, such as resins, additives, pigments, fillers, catalysts, solvents, co-solvents, water, etc. Therefore, exploring all possible combinations in search of the best formulation is impossible—especially on the benchtop, which allows for a limited number of options to be explored. To better visualize what that means, the senior manager of R&D Additives (Evonik Resource Efficiency GmbH) presents an example: “If 10 resins, 10 additives, 10 pigments, and 10 catalysts were to be considered for a formulation, 10,000 combinations are possible without considering different quantities for each.” It is necessary to explore a large number of possible combinations in order to find the optimal formulation, which is possible only with high-throughput technology [7].



Many papers deal with techniques, such as high-throughput testing [11], statistically planned experiments [12], multiscale modeling, and self-repair, which can make significant contributions to new product development. However, these techniques could be combined in a synergistic manner and thus develop new approaches to self-repair [4]. Data modeling, computer simulation, and visualization tools have also been developed to keep pace with increasingly large datasets. With the aim of the comprehensive evaluation of additives, they suggest the use of high-throughput tools, which facilitate the evaluation of a wider range of samples, usage levels, and formulations [8,13].



Evonik Resource Efficiency GmbH has developed a high-throughput system that automatically doses raw materials, formulates them into coatings, applies the coatings to substrates, and tests them. The system allows the formulation of 120 samples within 24 h. The company emphasizes that the system also completes labor-intensive tasks and thus allows laboratory staff to focus on experimental design and analysis [7]. It is clear that high-throughput regression methods will reduce lead optimization times, but such methods are of little help unless suitable high-quality materials are available for screening, and detailed correlative mechanistic studies are needed to subsequently extract the design principles [14,15]. More important than how much time one repetition of a R&D testing process takes is what to test in order to avoid superfluous testing.



The solution could be the use of information technology and digital transformation approaches. Those approaches are widely and successfully used in other industries [16]. It is time to transfer best practices to the paints and coatings industry, too. The 2019 chief information officer (CIO) of Gartner’s agenda [17] recommends that CIOs “secure a new foundation for digital business.” The agenda is based on a Gartner survey of 3102 CIO respondents in 89 countries and across major industries, representing $15 trillion in revenue and public sector budgets and $284 billion in information technology (IT) spending. The agenda recommends: (1) a business and operating model transformation, (2) secure consumer-centricity, (3) the use of targeted and capability-building techniques to move from projects to direct product delivery, and (4) the use of business-enabling technologies: machine learning, data analytics (including predictive analytics), cloud processing and storage (including XaaS), digital transformation, and more.



Digitalization is a completely different approach and requires significant changes to take place on many different levels throughout the entire organization and not only for the team responsible for strategy implementation. For the purpose of better serving their customers, organizations must strive to connect all business and management processes [18].



Some early signs that digitalization is becoming fact in the coatings area are already present. However, only a few companies have created digitalization strategies and established business groups focused on digitalization. However, most are adopting this approach only, for example, to improve customer experience or business processes, or to introduce new business models. In 2016, a white paper from the Digital Transformation Initiative for the chemistry and advanced materials industry was published. The paper emphasizes that, with digitalization driving operational optimization, one can expect improved efficiency, productivity, and safety across the whole supply chain of paints and coatings. It is known that digitalization opportunities go beyond and across functional areas, but the question is when they will be enforced. The director of digital and e-commerce says that the answer is dependent on technological maturity, business activities, and the strength and willingness of the company to digitalize, innovate, and change [18].



Some modern tools and technologies already exist, such as “blockchain,” “Internet of Things (IoT),” “quantum computing,” etc. However, the most important “digital transformation” tools are those that enable data and knowledge management along and across both internal functions and external networks, and that allow companies to find specific pieces of information within the huge ocean of data available in a structured way. Those tools can facilitate smart ways to combine systems that use internal product, customer, market, and manufacturing data. Companies that wish to benefit will also have to make some data available to the system. For example, in the marine coatings area, a “big data” service has become available, which helps select the optimal anti-biofouling coating, based on analysis of billions of data points. At the same time, “cloud-based” platform access and shared external and internal data enable estimated arrival times of ships at port, which helps to optimize delivery planning [15]. Also, a case of prediction profilers using historical data has been published. Prediction profilers can be used in combination with 3D data visualization tools to describe important results. The ability to predict performance reduces the number of formulations that need to be physically tested in a laboratory. Consequently, the development process is accelerated [7].



Both of the above examples are positive. However, a thorough and radical reengineering of key business processes could not be found, especially internal and external processes in a value chain at the same time. A business process is defined as “the sequence of activities in an organizational and technical environment with a structure that describes their logical order and dependence, with the main goal to produce the desired result” [19,20]. New technology can significantly improve effectiveness and efficiency, but it can also make the existing process more complex, reducing usability and causing more integration problems. As processes become more complex, problems with locating and correcting are increasing dramatically [21]. Business process adjustment is often carried out through business process redesign projects, which have the same goal: to achieve more efficient operations. According to Urh, Kern and Roblek [22], top managers are often faced with important questions: What is the level of business process performance efficiency? Is it necessary or reasonable to adapt the process? What adjustments must be made in business process performance? and How will the projected changes influence the business process performance efficiency?



These questions are also asked about the paints and coatings development process. The purpose of this research was to investigate whether the process can be dramatically and rationally improved using cloud-based information technology and a “big data” approach. In order to carry out the research, a sample of several companies involved in the production of paints and coatings was selected. The sample included small and medium-sized enterprises that carry out the development process in a classical manner—without the use of information technology that would enable digital transformation. The following sections describe the basis of the methodologies used (Section 2) and present research results (Section 3). This article concludes with a discussion of the research results and the conclusions reached (Section 4).




2. Methods


Significant progress in the paints and coatings R&D can be made by process re-engineering, not only by improving individual phases (e.g., lab testing). For radical improvement, it is necessary to use business process re-engineering (BPR) or business process management (BPM) and innovative information and communication technologies (ICT), combined with a digitalization approach.



For re-engineering the paints and coatings development process, a process analysis has to be performed for which relevant and up-to-date data has to be obtained, process models developed and a “technological enabler” selected [16]. Finally, the renewed process has to be validated by the simulation.



Process execution data were obtained through targeted interviews and modeling of the development process. In order to obtain the throughput time of individual phases and process activities, a deconstruction was done for each individual activity; into waiting time, orientation time (preparation‒finishing time), and processing time [23] (Figure 1). The deconstruction of time was simplified with regard to the structure of activity time, which is stated by Ljubič [24]: processing time, preparation‒finishing time, waiting time before and after activity, and transport time to the next activity (Figure 2). Time data can be measured in various time units, for example: seconds, minutes, hours, or days. Hours were used as the time unit in the present research.



Based on the obtained sample, individual expected times with calculations from the PERT method were predicted [25]: optimistic, most probable, and pessimistic time:


te = (to + 4tm + tp)/6



(1)







	
te—expected time



	
to—optimistic time



	
tm—most probable time



	
tp—pessimistic time.






This is a development process with a relatively small number of repetitions, therefore possible errors in determining the actual values of time should not be ignored. However, this error was canceled out, since the same time values were taken into account in the proposal of the renewed process. Thus, the relationship with which the development process was supported with the latest information technology was justified, remains the same.



The business process simulation was conditioned by having process models in the appropriate repository. It is only possible to perform a simulation with a proper set of data. Architecture of integrated information systems (ARIS) methodology, more specifically an event-driven process chain model (EPC model type), was used for modeling because it presents a user perspective of the process [26,27,28]. This model is based on the logic that an event triggers an activity (task) or several activities. Consequently, the activity ends with a new event or several events.



Standard symbols [23] for business objects and relations were used (an example of a process section is given in Figure 3). The rules for using logical operators are also shown in the example.



Through the literature review a lot of recommendations for process performance efficiency assessment were encountered [19,29,30], which can be performed based on the operational and structural efficiency indicators. The first indicators are connected with time, costs, and/or quality [31,32], whereas structural efficiency indicators are connected with business process structural complexity [33,34,35,36].



For each performance dimension, it was possible to identify different key performance indicators. Due to the simulation, the focus was on the time dimension and the following indicators were identified [32,37]:




	
the waiting time—time spent waiting for a resource to become available. It is possible to measure the waiting time for each activity or for the whole case; attributes specify the wait time accrued for process folders as a rule;



	
the service (processing) time—the actual work time put into the case. In the case of concurrency, the total service time (the sum of the time spent on the execution of various activities) may exceed the execution time. However, the service time is usually only part of the execution time; attributes specify the duration of time that may elapse between the start time and end time of a task;



	
the orientation time—attributes specify the orientation times required for a function or resource based on the last simulation run;



	
the lead (throughput) time—the total time from beginning to end of an individual case of process execution. The average execution time can also be measured, while the level of variance is important: it is not the same if all the cases last for about two weeks or if the individual lasts only a few hours and others for more than one month. The total time for carrying out a function one time should be the sum of the processing time and the orientation time, excluding the wait time.








The simulation is generally an imitation of the operation of a real-world process or system. It is used to assist decision-making by providing a tool that allows the current behavior of a system to be analyzed and understood. It is also able to help predict the performance of that system under a number of scenarios determined by the decision-maker [38]. Simulation modeling has been used for many years in the manufacturing sector and has become a mainstream tool in business situations. This is partly because of the popularity of business process re-engineering (BPR) and other process-based improvement methods that use simulation to help analyze changes in process design [39].



Simulation, in general, covers a large area of interest (e.g., business system performance prediction, providing performance measures). Simulation can refer to a range of model types, from spreadsheet models (static models) to system dynamic and discrete event simulation (dynamic models) [39]:




	
static simulation—static models include the linear programming technique, which is an example of an analytical mathematical approach that can be used to solve management decision-making problems. A computer spreadsheet is an example of a numerical static model in which relationships can be constructed and the system behavior studied for different scenarios.



	
dynamic simulation—a dynamic mathematical model allows changes in system attributes to be derived as a function of time. The derivation may be made with an analytical solution or with a numerical computation, depending upon the complexity of the model (process). Models that are of a dynamic nature and cannot be solved analytically must use the simulation approach. A classification is made between continuous and discrete event simulation model types. A discrete system changes only at discrete points in time. In practice, most continuous systems can be modeled as discrete at different levels of abstraction.








In the validation and verification of the simulation model, the dynamic simulation was used. Also, the static simulation was used for the impact assessment of the proposed changes in the process implementation. For static simulation execution Excel spreadsheets were used and for dynamic simulation execution the Aris tool was used. Discrete event simulation (DES) in the Aris tool works by modeling individual events that occur using a time-based engine, taking into account resources, constraints, and interaction with other events. This technique can easily reflect the process rules, randomness, and variability that affect the behavior of real-life systems and complex operating environments [40]. The simulation execution steps are as follows:




	
defining simulation objectives;



	
identifying the system/process;



	
collecting and analyzing system/process data;



	
preparation of the simulation model and program;



	
simulation model evaluation;



	
simulation execution;



	
analysis of simulation results;



	
simulation conclusion.








A technical enabler for the proposed improvement of development process has already been developed and is used as an information tool of the fourth generation [41]. The tool is at the stage of prototype testing and, according to this research, is the only all-in-one tool that enables online, real-time searching for raw materials, virtual formulation of paints and coatings, and the creation of digital technical and safety data sheets. It enables the formation of paints and coatings formulations based on data about binders, pigments, additives, and solvents. The formulator uses materials data from the structured database, which is available in digital form in a cloud. The re-engineering point is that the formulator has instant and free access to a large number of raw materials and is guided by the platform to select only those that are functionally relevant, safe, environmentally acceptable, and affordable, even before the individual formulation is laboratory-tested. This method significantly reduces the number of unnecessary laboratory tests and consequently significantly reduces the paints and coatings development throughput time. The advantage of the reengineering is that the data for the product are already generated, available, and ready to use for the preparation of necessary documentation (i.e., safety data sheets, technical data sheets, and hazard labels).




3. Results


Referring to the simulation execution steps, defining simulation objectives (1), identifying the system/process (2), and collecting data (3) have already been defined in previous sections. The research goal was to optimize the throughput time of the paints and coatings development process.



Different development processes (which are performed in practice by individual companies) without the use of the latest cloud-based ICT, can be roughly separated into two variants of the process:




	
development of a new product without ICT support (classical process),



	
development of a new product with ICT support and local database use.








A dissection of the process execution variants into key activities and the possible support of their execution with appropriate ICT equipment is presented in Table 1.



Since the research goal was to analyze the throughput time of the development process execution, data about the structure of individual activity times in the process were collected: waiting time, orientation time, and processing time. In the branching or aggregating processes, the probability assessment was also obtained (Table 2).



On the basis of the collected data and targeted interviews (with leading employees in the processes), the simulation model (4) in the Aris tool was designed. The simulation model is shown in Figure 4. The figure represents a value-added diagram of the existing process in three levels of decomposition. The improvement of the process is presented below.



The process model was validated and verified (5) with a dynamic simulation of the process execution. The process model segment during the simulation and part of the results report are shown in Figure 5.



The simulation was carried out for a period of one working year (231 working days, eight hours per day). The simulation results were completed within 14 min. These theoretical results were compared with the actual results achieved by the companies in question. Also, the transition time for a successfully executed repetition of the process and the number of successful process executions in one year were compared. The simulation results were consistent with the actual data, so the simulation model of the existing state could be verified. A possible error can only be relative to the execution time of individual activities. By collecting data through multiple iterations of an information supported process, this error will be eliminated.



For the purpose of simulating (6) the impact of the proposed changes on the process execution, an appropriate model of the renewed process was developed (shown in Figure 6). It took into account the possibilities offered by the inclusion of process support with modern ICT and the use of a cloud-based database, which allowed for the changed sequence of key activities execution in the process (Table 3). This significantly influenced the time required for the successful execution of the renewed process.



The process was checked in a medium-sized company which develops and produces paints and coatings using this technical enabler [41]. The tool is used to help with the safety data sheets preparation in developing new products [42]. The company can eliminate formulations that will be inadequate, in terms of environmental hazards or cost, in the first stage of the development process. It must be noted that the local database includes a finite amount of the raw materials data that are currently available. The results of the process verification confirmed the simulation results.



The impact of changes on the throughput time was verified by static simulation execution. The simulation of a new product development process without ICT support (taking into account the data in Table 2), as well as a simulation of the renewed process with cloud-based ICT support (taking into account the data in Table 4), were executed.



Table 5 presents the results of the executed simulation (7) for the new product development process without ICT support and for the renewed process with appropriate ICT support and a cloud-based database.



Based on the comparison of both simulations results (Table 5), the following conclusions about the executed simulation can be drawn (8); the inclusion of the appropriate ICT support and cloud-based database in the new product development process execution results in the following:




	
the entire development process throughput time was reduced by 47.61% (1835 out of 3853 h) as is shown in Figure 7,



	
the activity throughput time on which the cloud-based ICT has impact was reduced by 69.88% (1726 out of 2469 h),



	
surprisingly, even the activity throughput time on which the cloud-based ICT has no impact, due to relevant information from the previous activities, was reduced by 7.88% (109 out of 1384 h).








Additionally, some other advantages of the renewed process were observed: environmental friendliness, lower cost, innovative, broader offerings, the possibility of manufacturing excellent (optimal) products, the ability to track progress, and a greater possibility of manufacturing niche products in smaller series.



A reduced number of laboratory tests leads to efficient reduction of the waste quantity generated during laboratory tests. Therefore, it helps to reduce the pollution degree (environmental advantage). Laboratory tests are much more expensive than computer simulations. The reason is the price of equipment, human work, energy, and materials (cost advantage). The repetitive work performed by formulators in the laboratory is tiring. With a reduced number of repetitions, formulators have more time to develop new products (innovative advantage).



Smaller companies that have insufficient laboratory capacities can also develop excellent products; there are 3865 such companies in the EU [43] (broader offerings). When the raw materials database is complete (containing thousands or tens of thousands of raw materials), the possibility that optimal raw materials will be selected for a certain product is much greater than in cases in which a formulator executes laboratory tests only from a selection of dozens or hundreds of raw materials (e.g., only those with which they are familiar or those that exist in their local database (manufacturing optimal products)). When the data exist in a global database, manufacturers have their own interest in constantly updating that database. In such a way, companies always have access to the most up-to-date raw materials data. The data changes are accessible to all users (the ability to track progress). The demand for such products increases constantly. In such a manner, it is possible to work on the engineering-to-order (EtO) principle and to use the mass customization principle (manufacturing niche products).




4. Discussion and Conclusions


In this research (which was performed in 2018), models of paints and coatings development processes in international companies were mapped. Data about development process’s throughput times and data about the structure of process activities throughput times were collected. Moreover, data about return-loops in processes were ascertained. Significant differences were found between ICT-supported processes and processes executed in the classical way.



Static and dynamic temporal analyses were prepared. The analysis results showed that the most time was saved by a reduction in often-repetitious and time- and resource-consuming laboratory testing activities. According to customer requirements for products with better functionality, laboratory testing activities are necessary. Additionally, there is an increasing supply of raw materials (binders, pigments, additives, solvents and fillers), which lead to more complex development processes. Environmental acceptability and product price are determined only after the laboratory tests (in the classic process), and because of that, more laboratory tests in the development process are necessary. If, upon the completion of a laboratory test, all these properties are not within the limits of expectation and product functionality (both in terms of its functional use and its potential success on the market), the development process returns to the beginning. With requests for shorter processes, companies are faced with a difficult problem: “How can customer requests be fulfilled in a more streamlined manner?”



Companies try to solve the problem by the shortening of individual laboratory tests. In the literature, one can find many innovative solutions that companies either already use or plan to introduce. The majority of these ideas are connected with new technologies or equipment. This can enable the shortening of individual laboratory tests and consequently shorten the development process. However, this is not the final solution to the problem. Because of the increasing complexity of development processes, the implementation of technological changes is not sufficient. Too many, ultimately unnecessary, laboratory tests are regularly undertaken, which slows down the process and can be wasteful in terms of time and materials.



In the present study, an alternative approach to problem resolution was explored. This was the digitalization concept, which is already used in other industries and has yielded excellent results. The fact that technology itself cannot offer the final solution to the problem was also taken into consideration. Technology can only become the “technical enabler,” which leads to a renovation of the processes, allowing them to become radically more efficient. To this end, two knowledge areas were explored in detail: new technologies and business processes renovation.



The latest findings on business processes renovation were reviewed. It was found that radical improvements can be achieved by reducing the number of activities. It was also ascertained that laboratory tests are often repeated, and they are on the processes critical path. Accordingly, the focus was shifted to the reduction of the number of laboratory tests, which can be accomplished through adequate selection of formulations ahead of time, before entering the lab. As the environmental acceptability and product price, mainly depend on the raw materials, these can be calculated without laboratory testing. Therefore, it is possible to find which formulations are not acceptable from an environmental or economic standpoint, and they can be excluded from further consideration. Only those formulations that are environmentally and economically acceptable can be included in laboratory testing. This leads to a radical reduction in laboratory testing repetitions and also enables efficient reduction of the development process throughput time.



However, a necessary condition for the approach mentioned above is digital access to relevant, up-to-date, and complete, useable data on raw materials. It was explored whether accessible databases exist and it was found that the majority of data from various manufacturers are publicly available only in the form of safety data sheets, which must be enclosed with the substances or products. However, these data are mainly available in unstructured forms (PDF format), and as such are useless for formulation purposes, because combining data in unstructured documents is time-consuming and impractical. Formulators prefer to execute laboratory tests because that is often easier than searching through a large quantity of data on raw materials, which then will not be laboratory-relevant.



Therefore, technology that enabled rapid, efficient access to relevant data was explored and an ICT solution that supports the development process through the creation of technical documentation (safety data sheets and print labels) found. This technical enabler is unique because it not only supports the creation of technical documentation in PDF format (based on local documents), but also enables the use of global databases. These global databases could be filled with data from raw materials manufacturers and are used by companies that produce paints and coatings when they prepare safety data sheets. Safety data sheets are not in PDF format, but exist in a structured form. Technical documentation is thus only presented as a printout. Formulators can prepare formulations and simultaneously observe all product characteristics. When data about raw material prices are available, the product price can also be calculated.



It was found that the technical enabler could be used in the initial stages of the development process, when the formulator designs the formulation. Instead of executing laboratory tests on a large quantity of formulations and checking the environmental and economic acceptability of formulations only after laboratory tests have been completed, the process was reversed. In the beginning, simulations of possible formulations were prepared using the technical enabler platform. Then, only those formulations that were within the range of tolerance, in terms of hazards and price points, were included in analog laboratory testing. The result was a large number of virtual simulations and a small number of actual laboratory tests. When the data for simulations were accessible, up-to-date simulations could be performed in a very short time and with no waste in terms of materials and non-value-added time. Therefore, the “vision” is to encourage raw materials manufacturers to import the product data into the cloud-based database, where data will be accessible to all formulators. When critical mass is achieved, the greater advantages of this approach will become evident in practice.
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Figure A1. Model overview of the existing new product development process without the support of ICT (part 1). 
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Figure A2. Model overview of the existing new product development process without the support of ICT (part 2). 
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Figure A3. Model overview of the existing new product development process without the support of ICT (part 3). 
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Figure A4. Model overview of the existing new product development process without the support of ICT (part 4). 
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Figure A5. Model overview of the existing new product development process without the support of ICT (part 5). 
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Figure A6. Model overview of the existing new product development process without the support of ICT (part 6). 
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Figure A7. The model overview of the modified (renewed) new product development process with ICT support and the use of a cloud-based database (part 1). 






Figure A7. The model overview of the modified (renewed) new product development process with ICT support and the use of a cloud-based database (part 1).



[image: Processes 07 00539 g0a7]







[image: Processes 07 00539 g0a8 550]





Figure A8. The model overview of the modified (renewed) new product development process with ICT support and the use of a cloud-based database (part 2). 
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Figure A9. The model overview of the modified (renewed) new product development process with ICT support and the use of a cloud-based database (part 3). 
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Figure A10. The model overview of the modified (renewed) new product development process with ICT support and the use of a cloud-based database (part 4). 
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Figure 1. The structure of process throughput time. 
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Figure 2. The structure of activity throughput time. 
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Figure 3. Process example and description of symbols used in business process mapping with the event-driven process chain (EPC) model type. 
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Figure 4. Model overview of the existing new product development process without the support of ICT. (Due to the size of the process model, only two segments of the detailed process model are shown; the entire model is shown in Appendix A). 
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Figure 5. The segment of the existing process model and part of the dynamic simulation results. 
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Figure 6. The model overview of the modified (renewed) new product development process with ICT support and the use of a cloud-based database. (Due to the size of the process model, only one segment of the detailed process model is shown; the entire model is shown in Appendix B). 
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Figure 7. Gantt chart comparison of the existing new product development process (gray) and the modified (renewed) process (green). 
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Table 1. Key activities of process variants and their support with information and communication technologies (ICT).
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New Product Development Process without ICT Support (The Classic Process)

	
New Product Development Process with ICT Support and Using a Local Database




	
##

	
Process Activity

	
ICT

	
##

	
Process Activity

	
ICT






	
10

	
Creating a new product idea

	

	
10

	
Creating a new product idea

	




	
20

	
Market analysis of existing products

	

	
20

	
Market analysis of existing products

	




	
30

	
Searching for suitable binders

	

	
30

	
Searching for suitable binders

	
✓




	
40

	
Study of binders’ properties

	

	
40

	
Study of binders’ properties

	
✓




	
50

	
Searching for pigments

	

	
50

	
Searching for pigments

	
✓




	
60

	
Searching for additives

	

	
60

	
Searching for additives

	
✓




	
70

	
Searching for solvents

	

	
70

	
Searching for solvents

	
✓




	
80

	
Searching for fillers

	

	
80

	
Searching for fillers

	
✓




	
90

	
Formulation (modified) formulations

	

	
90

	
Formulation (modified) formulations

	
✓




	
100

	
Ordering samples

	

	
100

	
Ordering samples

	




	
110

	
Product laboratory testing

	

	
110

	
Product laboratory testing

	




	
120

	
Product parameters measurement

	

	
120

	
Product parameters measurement

	




	
130

	
Product hazard identification

	

	
130

	
Product hazard identification

	




	
140

	
Product price calculating

	

	
140

	
Product price calculating

	




	
150

	
Internal validation

	

	
150

	
Internal validation

	




	
160

	
External validation

	

	
160

	
External validation

	




	
170

	
Preparation of documentation draft

	

	
170

	
Preparation of documentation draft

	
✓




	
180

	
Creating documentation

	

	
180

	
Creating documentation
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Table 2. Activity time estimates and the probability of new product development process without ICT support.
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##

	
Process Activity

	
Time Estimates (in Hours, h)

	
Optimistic

	
Most Probable

	
Pessimistic

	
Expected

	
Activity Throughput

	
Probability 1






	
10

	
Creating a new product idea

	
Waiting

	
15.00

	
18.00

	
52.00

	
23.17

	
95.17

	
0.06




	
Orientation

	
3.00

	
8.00

	
45.00

	
13.33




	
Processing

	
4400

	
55.00

	
88.00

	
58.67




	
20

	
Market analysis of existing products

	
Waiting

	
15.00

	
18.00

	
52.00

	
23.17

	
95.17

	
1.00




	
Orientation

	
3.00

	
8.00

	
45.00

	
13.33




	
Processing

	
44.00

	
55.00

	
88.00

	
58.67




	
30

	
Searching for suitable binders

	
Waiting

	
0.20

	
0.40

	
1.00

	
0.47

	
4.72

	
0.92




	
Orientation

	
0.10

	
0.20

	
0.60

	
0.25




	
Processing

	
2.00

	
4.00

	
6.00

	
4.00




	
40

	
Study of binder properties

	
Waiting

	
0.20

	
0.40

	
1.00

	
0.47

	
4.72

	
1.00




	
Orientation

	
0.10

	
0.20

	
0.60

	
0.25




	
Processing

	
2.00

	
4.00

	
6.00

	
4.00




	
50

	
Searching for pigments

	
Waiting

	
0.20

	
0.40

	
1.00

	
0.47

	
4.72

	
0.19




	
Orientation

	
0.10

	
0.20

	
0.60

	
0.25




	
Processing

	
2.00

	
4.00

	
6.00

	
4.00




	
60

	
Searching for additives

	
Waiting

	
0.20

	
0.40

	
1.00

	
0.47

	
5.72




	
Orientation

	
0.10

	
0.20

	
0.60

	
0.25




	
Processing

	
3.00

	
5.00

	
7.00

	
5.00




	
70

	
Searching for solvents

	
Waiting

	
0.20

	
0.40

	
1.00

	
0.47

	
1.80




	
Orientation

	
0.10

	
0.20

	
0.60

	
0.25




	
Processing

	
0.50

	
1.00

	
2.00

	
1.08




	
80

	
Searching for fillers

	
Waiting

	
0.20

	
0.40

	
1.00

	
0.47

	
1.80




	
Orientation

	
0.10

	
0.20

	
0.60

	
0.25




	
Processing

	
0.50

	
1.00

	
2.00

	
1.08




	
90

	
Formulation (modified) formulations

	
Waiting

	
0.00

	
0.00

	
0.00

	
0.00

	
2.17

	
1.00




	
Orientation

	
0.00

	
0.00

	
0.00

	
0.00




	
Processing

	
1.00

	
2.00

	
4.00

	
2.17




	
100

	
Ordering samples

	
Waiting

	
0.20

	
0.40

	
1.00

	
0.47

	
2.88

	
1.00




	
Orientation

	
0.10

	
0.20

	
0.60

	
0.25




	
Processing

	
1.00

	
2.00

	
4.00

	
2.17




	
110

	
Product laboratory testing

	
Waiting

	
25.00

	
50.00

	
172.00

	
66.17

	
159.83

	
0.50




	
Orientation

	
4.00

	
8.00

	
16.00

	
8.67




	
Processing

	
40.00

	
80.00

	
150.00

	
85.00




	
120

	
Product parameters measurement

	
Waiting

	
0.20

	
0.40

	
1.00

	
0.47

	
1.28

	
0.40




	
Orientation

	
0.10

	
0.20

	
0.60

	
0.25




	
Processing

	
0.40

	
0.50

	
1.00

	
0.57




	
130

	
Product hazard identification

	
Waiting

	
0.20

	
0.40

	
1.00

	
0.47

	
6.38




	
Orientation

	
0.10

	
0.20

	
0.60

	
0.25




	
Processing

	
2.00

	
5.00

	
12.00

	
5.67




	
140

	
Product price calculating

	
Waiting

	
6.10

	
24.20

	
48.50

	
25.23

	
27.65




	
Orientation

	
0.10

	
0.20

	
0.60

	
0.25




	
Processing

	
1.00

	
2.00

	
4.00

	
2.17




	
150

	
Internal validation

	
Waiting

	
25.00

	
50.00

	
172.00

	
66.17

	
291.50

	
0.50




	
Orientation

	
4.00

	
8.00

	
16.00

	
8.67




	
Processing

	
100.00

	
200.00

	
400.00

	
216.67




	
160

	
External validation

	
Waiting

	
72.00

	
232.00

	
644.00

	
274.00

	
291.60

	
0.75




	
Orientation

	
0.60

	
1.50

	
3.00

	
1.60




	
Processing

	
8.00

	
16.00

	
24.00

	
16.00




	
170

	
Preparation of documentation draft

	
Waiting

	
1.10

	
2.50

	
5.00

	
2.68

	
8.05

	
1.00




	
Orientation

	
0.20

	
1.00

	
2.00

	
1.03




	
Processing

	
2.00

	
4.00

	
8.00

	
4.33




	
180

	
Creating documentation

	
Waiting

	
4.10

	
8.50

	
17.00

	
9.18

	
27.88

	
1.00




	
Orientation

	
0.20

	
1.00

	
2.00

	
1.03




	
Processing

	
10.00

	
16.00

	
32.00

	
17.67








1 The probability of executing an individual activity according to the decisions during the process. Except in the case of activity “10,” there was a probability that the activity was included in the process. In merged fields, probabilities for activities that were executed in parallel (at the same time) were found.
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