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            Abstract
          
        

        
          A large-scale complex system (LSCS) is an engineering product characterized by numerous components and a structure of interconnected subsystems. The construction of the LSCS proceeds through the stages of design, manufacturing, integration, and testing. The design stage requires the application of engineering technologies from various fields across multiple design statuses. In the design stage of LSCS construction, tasks from various engineering fields are linked based on the design status, and numerous design documents are generated. The results must be systematically managed to ensure design consistency because they are connected in a complicated manner. In this study, a large-scale complex system design configuration management system (LaDCoM) that applies the concept of configuration management to the design stage of LSCS construction is proposed. If the LaDCoM adops the design of the LSCS, then the design quality is expected to be improved rapidly and the consistency of the design results obtained various engineering fields and multiple design statuses verified accurately. Furthermore, the use of the LaDCoM is expected to conserve time, save costs, and reduce risks in the entire stage of LSCS construction.
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      1. Introduction
      A large-scale complex system (LSCS) is an engineering product characterized by numerous components and a structure of interconnected subsystems. The LSCS appears in various engineering fields, such as shipbuilding, energy, power systems, manufacturing, aerospace, civil and construction engineering, and transportation [1]. In the development of LSCSs, engineering technologies from various fields, such as mechanical, structural, material, fluid, measurement and control, and human engineering, are combined based on the characteristics of the LSCS, and the work in these fields generates numerous design documents. The LSCS is physically built through the manufacturing and integration stages based on the results from the design stage. Once completed, the LSCS is operated for a long period while it undergoes regular and irregular maintenance. The LSCS undergoes rapid and accurate maintenance through change to equipment and components to maintain its required performance during long-term operation. Occasionally, it undergoes design changes to introduce new technologies to improve performance. Configuration management is required to apply the operation process mentioned above to ensure consistency with existing facilities and designs and to maintain performance and safety throughout the life of the LSCS. In LSCS-related industries, configuration management is being applied or attempted to be applied. However, as the focus is on the application to the operation of the LSCS, configuration management is primarily performed between the design results and the stages of integration, testing, and operation. In this study, we confirmed that the application of configuration management is emphasized more in the design stage than in the manufacturing, integration, and testing stages among all the construction stages of the LSCS, thus, we developed a large-scale complex system design configuration management system (LaDCoM) for application in the design stage.

    

    

  
    
      2. Configuration Management in Large-scale Complex System
      Configuration management is the process of identifying and documenting the characteristics of a facility’s structures, systems and components (SSCs) and ensuring that consistency is maintained among the design requirements, physical configuration, and facility configuration. The concept of configuration management recognizes that three elements must be in equilibrium, as shown in Figure 1 [2]. Design requirements are technical requirements derived from standards, regulatory requirements, and limitations inherent in the design process, such as the consideration of margins and uncertainties that must be reflected in the design documentation. Facility configuration documentation is a set of documents that contains configuration information defining the design, operation, and maintenance of a plant. The physical configuration applies to the installed and subsequently implemented SSCs as well as to the operational configuration of those items [2].

      
        
        

        Figure 1: 
				
        

        
          Configuration management equilibrium model [2]
        
        

        

      

      Achieving consistency among design requirements, physical configuration, system operations, and facility configuration documentation offers contributes significantly to the safety and efficiency of the LSCS. Effective implementation of the configuration management process in the LSCS provides the tools and information necessary for integrating and coordinating activities to ensure that work in the construction process is performed correctly and safely for the first time [2].

      Because of these advantages, various attempts have been realized to apply configuration management to the construction and operation processes of the LSCS. The nuclear industry is actively applying configuration management to operate nuclear power plants [3]-[7]. In the domestic nuclear power industry, since the application of configuration management to some components of the systems of Hanbit Unit 3-4 in 2006, configuration management has been applied to nuclear power plants in operation [8]. Currently, efforts are being expended to apply configuration management to nuclear power plant design, and the development of a configuration management information system for Shinhanul Unit 3-4 is being promoted to improve design quality including preventing design errors.

    

    

  
    
      3. Configuration Management Model for Design Stage
      
        3.1 Necessity of Configuration Management for Design Stage
        The LSCS, in which various subsystems are organically linked to achieve its purpose, has been used to focus manufacturing, integration, and testing, thus revealing the physical features throughout the LSCS construction. However, if we emphasize the design process more than the manufacturing, integration, and testing processes, then the integration and testing stages can be conducted rapidly and easily. In other words, if the design stage is emphasized during the entire LSCS construction, then the consistency and completeness of the LSCS will increase, thus, an overall high-quality LSCS can be constructed in a time-conserving and cost-saving manner, as shown in Figure 2 [9]. By discovering and reducing potential risks early during the integration and testing processes, we can reduce the construction costs and shorten the schedule by preventing problems, as shown in Figure 3 [9].

        
          
          

          Figure 2: 
				
          

          
            Intuitive value of greater emphasis on system design state [9]
          
          

          

        

        
          
          

          Figure 3: 
				
          

          
            Risk reduction by placing greater emphasis on system design stage [9]
          
          

          

        

      

      
        3.2 Characteristics of LSCS Design Work
        To apply configuration management to the design stage, one must analyze the characteristics of the LSCS design work. The design of an LSCS can be categorized into three statuses: concept design, basic design, and detailed design statuses. The main tasks for each status are as shown in the Table 1.

        
          Table 1: 
				
          

          
            Characterization of design statuses of large-scale complex system
          
          

        

        
          
            
              	Design 
status
              	Main tasks
            

          
          
            	Concept design
            	- To determine the overall outline of the LSCS
- To determine the functions, physical feature, appearance, and size required for the LSCS and confirm the identity and purpose of the LSCS
- To determine the design concept by reflecting all requirements such as related laws and technical standards and guidelines, quality requirements, and user requirements
          

          
            	Basic 
design
            	- To conduct structural calculations and basic layout design to implement the functions of the LSCS based on the concept design results
- To confirm the design for the systems/subsystems, structures of the LSCS
          

          
            	Detailed design
            	- To reflect system designer's intention in detail and concretely
- To finalize the features of systems/subsystems, structures, components (SSCs) of the LSCS
- To produce specifications, detailed drawings, and documents required for purchasing, construction, and operation
          

          
            	Procurement
            	- To finalize purchasing or manufacturing related documents by confirming supply chain and a possibility of manufacturing
          

        

        

      

      
        3.3 Configuration Management Modelling at Design Stage
        The configuration management at the design stage verifies whether the design results satisfy the design requirements, as shown in Figure 4. In LSCS construction, two or more engineering fields are typically required to collaborate to satisfy the design requirements. One must ensure that the results of such collaborations are maintained without consistency loss as the design status progresses. Therefore, procedures and support systems are required to verify whether the results of collaboration across works from multiple engineering fields are consistent throughout the design statuses.

        
          
          

          Figure 4: 
				
          

          
            Configuration management process for design process [10]
          
          

          

        

        The design data generated for each design status are issued and managed as design document units. A review and verification of whether the design results of the collaboration in engineering fields are consistent through the design statuses are primarily conducted based on the issued design documents.

        In the concept design status, top-tier requirements reflecting related laws, technical standards, quality requirements, and user requirements are determined, and design criteria documents, such as design basis reflecting reference systems’ design and design experiences, are issued. Based on these design criteria documents, the system design requirements that should be reflected in the overall system aspect based on the top-level requirements are created, and design documents that determine the function, composition, appearance, and size of the system are generated based on the system design requirement documents.

        In the basic design status, the design requirements that should be reflected in the subsystem based on the system design requirements, design calculation and analysis reports, interface requirements, and other design documents for implementing the functions of the LSCS are created based on the concept design results.

        In the detailed design status, the design of SSCs is finalized and design documents such as specifications, detailed drawings, and documents required for purchasing, construction, and operation are created.

        If the configuration management concept of the design stage shown in Figure 4 is applied to the LSCS design stage described above, then it can be expressed as shown in Figure 5.

        
          
          

          Figure 5: 
				
          

          
            Configuration management model for design stage
          
          

          

        

      

    

    

  
    
      4. Development of Prototype of LaDCoM
      
        4.1 Functions of Design Configuration Management System
        The LaDCoM proposed in this study aims to improve design quality by verifying the consistency between design information generated from various engineering fields and the consistency between design information generated from the design statuses. The main function of the LaDCoM is to verify the consistency of the design data. To implement this function, the design data and information are stored in the LaDCoM as document units, a relation is defined between the design results resulting from different engineering fields, and obtained from different design statuses. The functions implemented to achieve the aims of the LaDCoM are listed in Table 2.

        
          Table 2: 
				
          

          
            Functions of prototype of LaDCoM
          
          

        

        
          
            
              	Function
              	Description
            

          
          
            	Input project information
            	- Project name, period, scale, etc.
- Information related to company/ institutions participating the project
          

          
            	Input engineering field/ PBS information
            	- Information on engineering field related to the project
- Information on works for each engineering fields
- Product breakdown structure (PBS) information
          

          
            	Input personal information
            	- User name, ID, affiliation, field etc.
- Different permissions are granted those who can search information only and those who can both search and edit information
          

          
            	Input design information
            	- Title of design documents, document number, design status etc.
- Contents completed in documents (in the form of sentences, tables, figures)
          

          
            	Set relations between design information
            	- Set relation between design information that one is estimated as a role of another's requirement or technical basis
          

          
            	Search design information
            	- Search design information by words, sentences, production fields and time, etc.
          

          
            	Search relation between design information
            	- Search documents or design information set having a relation as a role of another's requirement or technical basis
          

          
            	Search changes between document versions
            	- Search the changes of contents between documents with the same document title but different revision number
          

          
            	Search changes of design information
            	- Separately extract and manage main design data
Search the history of changes of the main design
          

          
            	Manage user's access and edit history
            	- Manage users' access history (those who can search information only)
- Manage editors' access and edit history (those who can both search and edit information)
          

          
            	Print search screen and DB management
            	- Print search screens
- Manage database (DB) and back up function in preparation for editing errors (authority limited to editors)
          

        

        

      

      
        4.2 Screen Composition for Main Functions of LaDCoM
        In this section, the screens used to implement the main functions of the LaDCoM, which are listed in Table 2, are explained. The bullets written to explain the screen composition and operation sequence described in subsection 4.2.1-4.2.4 are identical to the numbers expressed in Figure 6-Figure 12.

        
          4.2.1 Input and Search Design Information
          The screen to input and search design information are shown in Figure 6 and Figure 7. Information regarding the issued design documents is stored in the LaDCoM. Because only the stored contents are printed, the information expected to be searched is derived in advance to avoid omissions during input. The screen is operated as follows:

          
            
            

            Figure 6: 
				
            

            
              Screen to search for design information (in Korean)
            
            

            

          

          
            
            

            Figure 7: 
				
            

            
              Pop-up screen to input design information (in Korean)
            
            

            

          

          ① Select the menu “Design document information.”

          ② Click the button “Input design information.”

          ③ A pop-up screen to input the design information appears.

          ④ Input design information such as the document number, document title, and design status.

          ⑤ Input the information of the design documents in the form of an Excel file.

          ⑥ Search for the desired design information in the search condition input window.

          ⑦ The search results of the output are displayed in the search results window.

        

        
          4.2.2 Set Relation Between Design Information
          The screen used to set the relation between the design information is shown in Figure 8. This function is implemented to define the hierarchical relation between the design information.

          
            
            

            Figure 8: 
				
            

            
              Screen to set relation between design information (in Korean)
            
            

            

          

          One piece of the design information (A) is the role of requirements to others (B), or one piece of design information (B) is a technical basis for others (B). This screen is used to set the hierarchical relation between design information (A) and (B). The screen is operated as follows:

          ① Select the menu “Management relation.”

          ② Select the menu “Relation between design information.”

          ③ Enter the search conditions.

          ④ When the design information identical to the search condition is output, select the information to which the user wishes to set a relation.

          ⑤ Choose the selected information as a setting item.

          ⑥ The selected information is shifted to “Setting item.”

          ⑦ Select another design information that the user wishes to relate to the information shifted to the “Setting item” by repeating steps ③-④ and click the button “Related item.”

          ⑧ The information selected as the related item is shifted to “Related item.”

          ⑨ If the user wishes to set the information of “Setting item” as the upper relation of “Related item,” then click the button “Set item as upper relation.”

          ⑩ If the user wishes to set the information of “Setting item” as the lower relation of “Related item,” click the button “Set item as lower relation.”

        

        
          4.2.3 Search Relation Between Design Information
          The screen used to search for the relation between design information is shown in Figure 9 and Figure 10. A hierarchical relation between design information is determined to verify the consistency between information by searching for the relation set described in subsection 4.2.3. The screen is operated as follows:

          
            
            

            Figure 9: 
				
            

            
              Screen to search for relation between design information (in Korean)
            
            

            

          

          
            
            

            Figure 10: 
				
            

            
              Pop-up screen to set hierarchical relation between design information (in Korean)
            
            

            

          

          ① Select the menu “Design document information.”

          ② Enter the search conditions.

          ③ When the design information identical to the search conditions is displayed, select the information for which the user wishes to verify the hierarchical relation.

          ④ Click the button “Search hierarchical structure.”

          ⑤ A pop-up screen to search for the hierarchical structure of the selected design information ③ is appeared.

          ⑥ The selected design information ③ is displayed.

          ⑦ The information set is displayed as an upper relation to the selected design information.

          ⑧ The information set as a lower relation to the selected design information ③ is displayed.

        

        
          4.2.4 Search Changes Between Document Versions
          The screen used to search for changes in the design information between document versions is shown in Figure 11 and Figure 12. The verifiable design information is limited to the design information saved as described in subsection 4.2.1. The consistency or change history of some design information based on the design statuses can be verified. The screen is operated as follows:

          
            
            

            Figure 11: 
				
            

            
              Screen to search for changes between document versions (in Korean)
            
            

            

          

          
            
            

            Figure 12: 
				
            

            
              Pop-up screen to search for changes between document versions (in Korean)
            
            

            

          

          ① Select the menu “Design document information.”

          ② Enter the search conditions.

          ③ When the design information identical to the search conditions is displayed, select the information for which the user wishes to search for changes.

          ④ Click the button “History of design information changes.”

          ⑤ A pop-up screen to input the design information appears.

          ⑥ Information that has changed compared with the selected design information is expressed as “different.” Information currently being verified is shown in red and green font.

          ⑦ A user can only search for changes by clicking the button “Previous (left button)” and “Next (right button).”

        

      

    

    

  
    
      5. Conclusion
      Emphasis the design stage among the stages of the entire system construction process of the LSCS can increase its consistency and completeness. In this study, a LaDCoM was proposed to apply configuration management to the design stage of an LSCS.

      The proposed LaDCoM is expected to improve design quality by rendering it easier to verify the design information generated from different engineering fields and design statuses.

      The proposed system was developed for the design stage. If this system is linked to configuration management applied at a later stage, such as integration and testing processes, then configuration management in terms of the entire construction process, which aims to secure consistency between the design-physical configuration and actual product, is expected to be realizable.
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