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	Abstract
The layout of fixed-position assembly islands (FPAI) offers flexibility and efficiency for production of bulky or fragile products with medium variety and volumes. However, with the increasing customized demand as well as the unique operation patterns of FPAI, the manufacturing practitioners are facing difficulties in achieving reasonable setups and on-time delivery, which are mainly caused by poor production organization. This research is motivated by Aa heavy-duty laser equipment laser equipment manufacturing companymanufacturer that uses the layout of FPAI for producing heavy-duty laser equipment faces a similar problem motivated this study. For achieving efficient production organization to meet customer demand, this paper introduces a graduation-inspired assembly system, namely Graduation Manufacturing System (GMS), for understanding and synchronizing operations in FPAI. Following the idea of digital twin, aAn overall framework of digital twin-enabled Graduation Intelligent Manufacturing System (GiMS) is presented, and real-time synchronization between digital space and physical space is achieved through Internet of Things (IoT), smart gateway, Web 3D and industrial wearable technologies. The power of GiMS promises to capture, integrate and synchronize product lifecycle data to support production optimization with enhanced visibility. The concept of manufacturing synchronization and synchronization mechanisms for improving the production efficiency and delivery punctuality simultaneously in FPAI are proposed. To facilitate decision-making and daily operations of the manager, a cloud-based advanced planning and scheduling (APS) system that integrates proposed synchronization mechanisms is developed under GiMS. The effectiveness of the proposed concept and method are verified through the a case study of an industrial company from three scenarios. The results show that, the setup time can be reduced by 78.16% and the waiting time can be reduced by 54.98% in a peak season case with manufacturing synchronization-based production organization. This research provides a new perspective of synchronization-oriented manufacturing on the way to the next-generation manufacturing systems.
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1. Introduction
The layout of fixed-position assembly islands (FPAI) is widely used in the heavy equipment industry. It is normally adopted when products are too bulky or fragile, i.e., ships, aircrafts, locomotives, rotary printing presses and big milling machines [1, 2]. In FPAI, the product remains at one assembly island for its entire assembly period, while required workers, equipment and materials are moved to the island according to the assembly plan. 
Aside from inherent advantages in coping with production of bulky or fragile products, the layout of FPAI also offers considerable flexibility and competitive operational efficiency for products with medium variety and production volumes. For example, among over 80,000 Hong Kong manufacturers in Guangdong-Hong Kong-Macao Greater Bay Area (GBA), most lift and mold manufacturers are of this type [3]. However, with the increasing customized demand as well as the unique operation patterns of FPAI, the manufacturing practitioners are facing difficulties in achieving reasonable setups and on-time delivery. A laser equipment manufacturing company that uses the layout of FPAI for producing heavy-duty laser equipment motivated this study. The company experiences failures in reasonable setups and on-time delivery, which results mainly from poor organization of production activities and resources to meet customer demand.
For achieving efficient production organization, manufacturing enterprises have introduced the advanced planning and scheduling (APS) systems that entail the acquisition and allocation of limited resources to parallel and sequential activities to meet customer demand [4]. APS has outperformed the planning and scheduling functionality of enterprise resource planning (ERP) systems by integrating practical constraints as well as suitable simulation and optimization algorithms [5, 6]. But most optimization in APS models is based on a cost and profit perspective, which does not always lead to a satisfactory production plan from a manufacturing point of view [6]. Besides, due to lack of real-time and accurate production information, APS is not yet well supported for realistic and reliable production as APS rely on timely and accurate data to support the decision-making [7].
Fortunately, with the confluence of new-generation information technologies in manufacturing, such as data acquisition technologies (e.g. Internet of Things (IoT) [8]), data management and processing technologies (e.g. cloud/edge/fog computing [9], big data analytics [10], and artificial intelligence (AI) [11]), information and communications technologies (e.g. WiFi, Bluetooth, ZigBee and 5G) [12] and simulation technologies (e.g. CAE/CAM and AR/VR) [13], real-time connection, communication and interaction between a manufacturing object or system and its high-fidelity digital representation become possible with the concept of digital twin [14, 15].The power of digital twin promises to capture and integrate product lifecycle data to create data-driven value-adding for manufacturing sector. But digital twin alone does not guarantee that as it does not really act as effective mechanisms for efficient production organization, and some further research need to investigated in FPAI as follows:
Firstly, how to design an appropriate assembly system for the unique layout of FPAI? Due to the unique operation patterns, the material flow and workflow in FPAI are quite different from that in traditional flow shop and job shop. A specific assembly system with appropriate configurations and effective production strategies is the basis for improving the production performance in FPAI.
Secondly, how to develop effective mechanisms for improving the production efficiency and delivery punctuality simultaneously in FPAI? For the production of bulky or fragile products, the WIP and finished product holding cost are quite high and setups are expensive and time consuming. For delivery, all the individual products belonging to the same customer order that must be shipped as one batch. Effective mechanisms are needed to reduce unreasonable setups and improve on-time delivery in FPAI. 
Thirdly, how to develop an effective APS system integrates the proposed mechanisms and achieve real-time synchronization between digital space and physical space in FPAI? Integrates effective underlying facilities for capturing accurate real-time information, and achieves real-time synchronization between digital space and physical space are necessary if an APS system is to realize its full potentials in FPAI.
To address the above challenges, this paper proposes a digital twin-enabled Graduation Intelligent Manufacturing System (GiMS) integrates synchronization mechanisms for FPAI. Inspired by the success of the graduation ceremony, an assembly system-Graduation Manufacturing System (GMS) is proposed, in which three kinds of tickets are designed to achieve synchronized operations and decision-making in FPAI. Following the concept of digital twin, an overall framework of digital twin-enabled GiMS is presented to achieve synchronized information sharing. The concept of manufacturing synchronization and synchronization mechanisms are proposed for improving the production efficiency and delivery punctuality simultaneously in FPAI. A cloud-based APS system integrating proposed synchronization mechanism is developed for managers to facilitate their decision-making and daily operations.
The rest of this paper is organized as follows. Section 2 briefly reviews the key related research streams from three aspects: APS systems, synchronization in production, and digital twin-enabled manufacturing. Section 3 presents the digital twin-enabled GiMS for FPAI. In Section 4, the concept of manufacturing synchronization and synchronization mechanisms for improving the production efficiency and delivery punctuality simultaneously in FPAI is proposed. A case study is conducted to validate the performance of the proposed concepts and methods in Section 5. Section 6 summarizes this paper by giving our findings, key contributions as well as future work.  
2. Literature review
This section reviews the related research streams from three categories: APS systems, synchronization in production, and digital twin-enabled manufacturing.
2.1 Advanced planning and scheduling (APS) systems
The concept of APS was introduced in the 1990s, it aims to find feasible or near optimal plans and schedules while considering a range of constraints and business rules across several dimensions [4, 16]. APS has outperformed the planning and scheduling functionality of enterprise resource planning (ERP) systems by integrating practical constraints (at both enterprise and plant level) as well as suitable simulation and optimization algorithms [5, 6]. 
The appeal of APS to manufacturing researchers and practitioners is obvious, because it introduced the potential benefits of constraint-based planning and optimization to the business world by improving the quality of plans and reducing the lead time [17]. Integrating planning, scheduling and outsourcing, Lee et al. [18] proposed an operation-level APS model to keep the due date of each customer order in a manufacturing supply chain, and pointed out that planning and scheduling are interrelated and should be solved simultaneously in real-life production. Chen and Ji [19] presented an APS model explicitly considering capacity constraints, operation sequences, lead times and due dates, and generated feasible operations schedules for the shop floor in a multi-order environment. Based on Radio frequency identification (RFID) technology, Zhong et al. [7] proposed an RFID-enabled APS system (RAPShell) for an auto-parts manufacturing company, and emphasized the importance of real-time visibility and information sharing in production planning and scheduling. Chen et al. [20] integrated tabu-search and simulated annealing algorithms into the APS system for the manufacturing of thin-film transistor–liquid crystal displays (TFT–LCDs), which saved 75% of working time and 15% of changeover waste. Fachini et al. [21] presented a framework for designing and implementing APS systems by integrating the principles of end-use computing and mixed-integer programming in glass container industry. Through partition the integrated process planning and scheduling problem into master-problem and sub-problem, Barzanji et al. [22] theoretically explored the exact algorithms to solve the APS model based on logic-based Benders decomposition method.
2.2 Synchronization in production
[bookmark: OLE_LINK24][bookmark: OLE_LINK25]The term of synchronization originates from Greek language, which means “to happen at the same time” or “to concur or agree in time” [23]. Starting with the work of Hugenii [23], synchronization has attracted attention in various systems ranging from physical systems [24], ecological systems [25], biological systems [26], as well as in sociological [27] and psychological field [28]. However, research on the presence of synchronization in manufacturing systems is still sparse and only several attempts have been made on the presence of synchronization in manufacturing systems. 
Gora et al. [29] discussed several clock synchronization algorithms on a factory floor, and suggested that synchronization is essential for organizing and distributing shared resources and information in an automated factory environment. Boeck et al. [30] explored the synchronization time of two components supplied by two independent suppliers in supply chains, the calculation results showed that the supply need be synchronized and more reliable supply leads to less synchronization stock and improved productivity. Chen et al. [31] proposed production synchronization to ensure all products belonging to a same customer order are simultaneously completed in a two-stage assembly flow shop system. Chankov et al. [32-33] discussed the synchronization phenomena from flow-focused logistics synchronization and system-focused physics synchronization in manufacturing systems, and explored the quantification of synchronization on the structural properties of a manufacturing system from the view of complex networks science. Lin et al. [34, 35] explored the IoT-enabled synchronization mechanisms for a hybrid flow shop in an automotive part manufacturing company, and proposed the synchronization paradigm from two dimensions: Horizontal Synchronization (HSync) and Vertical Synchronization (VSync).
2.3 Digital twin-enabled manufacturing
[bookmark: OLE_LINK194][bookmark: OLE_LINK195][bookmark: OLE_LINK196][bookmark: OLE_LINK197][bookmark: OLE_LINK198]The concept of the digital twin was firstly introduced by Grieves in Michigan Executive Course on Product Lifecycle Management (PLM) at the University of Michigan in 2003 [36]. NASA first defined a digital twin as “an integrated multiphysics, multiscale, probabilistic simulation of an as-built vehicle or system that uses the best available physical models, sensor updates, fleet history, etc., to mirror the life of its corresponding flying twin” from the aerospace field [37]. 
The explosion of data acquisition technologies (e.g. IoT), data management and processing technologies (e.g. cloud/edge/fog computing, big data analytics and AI), information and communications technologies (e.g. WiFi, Bluetooth, ZigBee and 5G) and simulation technologies (e.g. CAE/CAM and AR/VR) boosted the research activities of digital twin in manufacturing industry. Now, digital twin has evolved into a broader concept that refers to an equivalent digital representation of a manufacturing object, a manufacturing process or a production system with real-time update as the physical counterpart changes [38].Tao et al. [39] explored the potential application of digital twin in product lifecycle management with big data, and presented a digital twin-driven product design, manufacturing and service. Tao et al. [40] presented a digital twin driven prognostics and health management method for complex equipment, and the case study of a wind turbine showed that the proposed digital twin driven method could improve the accuracy of prognosis. Bilberg and Malik [41] explored the application of digital twin in human-robot collaborative assembly, and suggested that the high-fidelity simulation could support the notion of automation while maintain assembly flexibility. Biesinger et al. [42] proposed a concept for automated creation of a digital twin, and explored the application in production planning phase in a real body-in-white production. Zhuang et al. [43] proposed a digital twin-based production management and control framework for the complex product assembly shop-floor, and presented the detailed implementation of the proposed approach in a satellite assembly shop-floor scenario. Coronado et al. [44] presented the concept of shop floor digital twin, and developed a manufacturing execution system for production control and optimization based on mobile and could technologies. Guo et al. [15] proposed a method for creation unified digital representations at object, product and system level, and developed a digital twin-enabled Graduation Intelligent Manufacturing System (GiMS) for improving the visibility, efficiency and intelligence for the layout of FPAI.  
APS is a step in the right direction towards generating more realistic and reliable production plans for achieving efficient production organization to meet customer demand [6].  But it relies on optimization and its understanding of production scenarios as well as timely and accurate data to support decision-making, which is one of the most challenging issues in real-life production applications. The power of digital twin promises to capture and integrate product lifecycle data to support production optimization and decision-making on a real-time basis, but digital twin alone does not guarantee that. The concept of synchronization provides a promising way for solving the asynchronous problems in manufacturing. However, it has not drawn enough attention in both industry and academia, more attention should be paid on the understanding of synchronization as there is neither a successful unified definition of synchronization exists in manufacturing, nor an accepted way of measuring and quantifying it, not to mention in FPAI. 
3. Synchronized production in fixed-position assembly islands (FPAI) under digital twin enabled-GiMS
3.1 The unique operation patterns in FPAI
The layout of FPAI is widely used for producing bulky or fragile products as well as producing products with medium variety and volumes. For simplicity of discussion but without losing generality, Fig. 1 shows the diagram of the unique operation patterns in FPAI. As shown in Fig. 1, setup tasks and assembly tasks are organized at limited assembly islands to meet customer demand with various types and quantities of products, thus the multi-echelon decision-making needed to be synchronized to achieve global optimization of production organization. 
[image: ]
Fig. 1. The diagram of the unique oOperation patterns in FPAI
As depicted in Section 1 of Fig. 1, required manufacturing resources including workers, equipment and materials are supplied at each assembly island for performing the specific task according to the process and production plan. Taking the assembly island k1 as an example, Section 2 in Fig. 1 illustrates the typical assembly process at the same assembly island at different time spots, with required manufacturing resources supplied at different stages, once starts, the product will remain at the fixed site until it is fully assembled with specific sequences. The material flow and workflow in FPAI are quite unique and the production operations need to be synchronized to improve the production performance. Due to inherent complexity of the product in FPAI, currently, sophisticated assembly operations heavily rely on skilled operators. The unique operations as well as massive manual interventions increase the complexity and uncertainty in FPAI, thus the production information need be timely updated and synchronized to support production optimization and decision-making.
3.2 Synchronized operations in FPAI under GMS
For understanding of the unique operation patterns and improving the performance of FPAI, inspired by the graduation ceremony, a Graduation Manufacturing System (GMS) with appropriate configurations and corresponding production strategies for the fixed-position product assembly has been introduced in the previous studies [15, 45]. As depicted in Fig. 2, three kinds of tickets including job ticket (JT), setup ticket (ST), operation ticket (OT) and twined logistics ticket (LT) are designed to synchronize operations in FPAI. Fig. 2 illustrates the procedure.
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Fig. 2. An assembly system-GMS for fixed-position assembly islands [15]
#1. 	JTs are assigned to production jobs. After converting customer orders into production jobs by priorities or specific rules, only permitted production jobs with right JTs are allowed to produce in one batch.
 #2. 	Permitted production jobs are grouped by job family. Generally, production jobs share the same setup are grouped as one job family, and the first job in each family will be assigned to a ST that indicates the scope and details of the setup. 
#3. 	Jobs are taken to the job queue by considering the customer requirement and production capacity constraints. These jobs wait in the queue and will be assigned to vacant assembly islands in sequence.
#4. 	When a job with ST joining the job queue, the required manufacturing resources will be prepared in advance to perform the setup at the designated assembly island for the forthcoming job family.
#5. 	Queued jobs are assigned to the assembly islands one by one, and each job is equipped with a set of OTs based on the configuration and assembly process of the job. For the inherent dynamic and complex environment of manufacturing, to achieve synchronization of material flows and process operations in fixed-position assembly islands, twined LTs are designed to ensure just-in-time (JIT) delivery when performing specific assembly operations. 
3.3 Synchronized information sharing in FPAI under digital twin-enabled GiMS
The power of GMS promises to organize production activities and resources to meet customer demand with simplicity and resilience in FPAI.  However, unlike visible, simple and real-time coordinated environment in the graduation ceremony, it is difficult to achieve real-time information visibility and global coordination among multi-echelon segments in FPAI. Following the concept of digital twin, IoT, smart gateway, Web 3D and industrial wearable technologies are adopted to create a digital twin-enabled smart manufacturing environment with enhanced visibility [15]. 
On the strength of this notion, and following the concept of digital twin, the overall architecture of digital twin-enabled GiMS for FPAI is proposed, as depicted in Fig 3. It consists of three layers: physical space, cloud space, and digital twin data that ties the physical and cloud space together. 
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Fig.3. Overall architecture of digital twin-enabled GiMS for FPAI
In physical space, according to the unique operation patterns of FPAI, three levels including object level, product level and system level are defined to model manufacturing object, assembly process and production system in FPAI [15]. Object level focuses on manufacturing objects, such as tools and trolleys circulated in FPAI. Based on IoT technologies (e.g. RFID and iBeacon), the manufacturing status of the object (e.g. ID, attribute, status and service) can be captured and mapped on a real-time basis. Product level focuses on the assembly process of the product, with the support of IoT, smart gateway and Web 3D technologies, the lightweight 3D model and manufacturing status of the product assembly process can be visualized and traced throughout the whole assembly processes. System level focuses on the production system, based on GMS and industrial wearable-enabled human-centric interaction system, acquisition and allocation of limited resources (e.g. man, material, method, tool and trolley) to parallel and sequential activities to fulfill the demand can be conducted efficiently.
Digital twin data layer ties the physical space and cloud space together. In this layer, a mobile gateway operating system (MGOS) is developed for centrally managing the data collected from object level, product level and system level in the physical space, such as material data, equipment data, operator data, workflow data, and assembly process data and so on. Rapid integration, deployment and implementation are facilitated through easy definition, configuration and execution in MGOS. These heterogeneous raw data could be cleansed, classified and standardized through the data analytics approach, which provides support for the creation of unified digital representation at object, product and system level with appropriate sets of information. Through communication network, the digital representations will continuously update when their counterparts (e.g. manufacturing object, assembly process and production system) changes in a synchronous manner. 
Cloud space is the high-fidelity reflection of physical space, with the support of digital twin data, it could keep real-time synchronization with the physical space. In cloud space, various could-based on-demand applications based on the digital twin data are provided. The application is offered as a service and used to facilitate decision-making and daily operations in FPAI, such as APS service, real-time execution and control service, assembly quality trace and control service and manufacturing resources monitoring service. Deployment in the cloud, manufacturing practitioner could easily access these applications through stationary and mobile terminals, such as PC, iPad, smartphone and wearable device. 
Through the fusion of digital twin, IoT, smart gateway, Web 3D and industrial wearable technologies, under GiMS, the status of manufacturing objects, product assembly process as well as the production system, can be mapped, shared and controlled on a real-time basis at object, product and system level, respectively. The power of GiMS promises to capture, integrate and synchronize product lifecycle data to support production optimization and decision-making with enhanced visibility in FPAI. 
3.4 Synchronized decision-making in FPAI under digital twin-enabled GiMS
[bookmark: OLE_LINK145][bookmark: OLE_LINK146]Three kinds of tickets play crucial roles in synchronizing decision-making with simplicity and resilience in GiMS. JTs are designed for permitting right jobs, considering customer demand and production capacity, only qualified jobs with right JTs are permitted to produce in one batch. STs are designed for controlling flexible setups between different job families. With the aid of STs, the setup can be informed in advance and performed at the right time. Thus, unnecessary waiting time can be reduced, and unreasonable setups can be avoided. OTs and twined LTs are designed to synchronize operation and JIT delivery. 


Fig.4. Synchronized decision-making in FPAI under GiMS
With the support of enhanced visibility and information sharing provided in GiMS. The concept of real-time ticket pool is proposed to synchronize decision-making in FPAL under GiMS. Ticket pool is a representation of a sequenced logic entity (e.g. jobs and operations). As shown in Fig. 4, for a set of customer orders {O1, O2, Oi, … On}, production planning, scheduling, control and execution are synchronized by JTs, STs, OTs and LTs in the real-time ticket pool. JTs and STs are used for facilitating decision-making at planning and scheduling levels, and JTs, OTs and LTs are used for facilitating decision-making at control and execution levels. For achieving global optimization of production organization, JT plays a crucial role in synchronizing decision-making throughout the whole production processes as it twisttwists production planning, scheduling, control and execution as a synchronized system.
4. Synchronization mechanisms for FPAI under GiMS
4.1 The concept of manufacturing synchronization
Synchronization is a universal phenomenon which occurs and can be observed in nature or artificial systems, which refers to the pace of one process or act and the pace of other process or act “to happen at the same time” or “to concur or agree in time”. The first idea towards manufacturing synchronization is just-in-time (JIT) production, which was firstly presented in Toyota production system (TPS) [46]. JIT seeks to reduce the production lead time and inventory level through synchronization of production processes, as it advocates that “all processes producesproduce the necessary parts at the necessary time and have on hand only the minimum stock necessary to hold the processes together”. Industrial empirical observations also indicate that synchronization phenomena exist and affect the performance of manufacturing system. For example, for the laser equipment manufacturing company that uses the layout of FPAI for producing heavy-duty laser equipment, the assembly task can be started only when all the workers, equipment and materials are ready, thus, the supplement of manufacturing resources need to synchronize to reduce waiting time and buffer inventory level. Besides, since the product remains at one assembly island for its entire assembly period, the synchronization of assembly operations could reduce WIP inventory and the product flow time. The concept of synchronization provides a promising way for solving these asynchronous problems in manufacturing. From a manufacturing point of view, we understand the concept of manufacturing synchronization as the adjustment of production paces to toward a synchronous interaction in a production system. This adjustment of rhythms with synchronous interaction is the essence of manufacturing synchronization. In order to better understand the concept of manufacturing synchronization, we will first specify this notion in a particular production environment, namely FPAI, and illustrate how to apply the concept to achieve a synchronous interaction of production and delivery in the following section. 
4.2 Synchronization mechanisms for improving production and delivery simultaneously in FPAI 











The layout of FPAI is widely adopted when coping with production of bulky or fragile products with customized services, in which a variety of products required in one customer order must be shipped as a batch to the customer at the same time. Let us give a formal description of the problem, for available identical assembly islands with capable of producing V different product families in the system,  customer orders arrivals and customer order  contains  products from different product families with arrival data  and due date . Generally, setup time  is needed for starting a production lot of product family  and each product from product family  requires a processing time  at a continuously available island . To meet customer demand, the required products in all customer orders need be produced within the allowed allotted time, and required products in one customer order need be shipped as a batch to the customer before the due date. From a manufacturing point of view, the production pace needs to adjust that the completion times of required products from the same customer order to be “synchronized” and the production of required products from the same product family need to move “in sync”. Notations used in the production system are defined in Table 1.
Table 1 
Notations used in the production system
	Notations
	Description

	

	The total number of assembly islands 

	
	    
	

The index of assembly island, =1, 2,…, 

	
	 
	The total number of customer order

	
	     
	

The index of customer order, =1, 2,…, 

	
	    
	The total number of product family 

	
	    
	

The index of product family, =1, 2,…, 

	
           
	
The required nth product from family v in customer order 

	
	
	


The number of required product from family in customer order ,=1, 2,…N

	
	    
	
The setup time for starting a production lot of product family 

	
	      
	
The processing time of assembly a product from family 

	
            
	
The arrival date of customer order 

	
          
	
The due date of customer order 

	

	The weighting coefficient of delivery punctuality

	

	The weighting coefficient of production efficiency 

	

	
The actual quantity of Setup Tickets for production of products from family 

	

	
The ideal quantity of Setup Tickets for production of products from family 

	

	


The start time of Job Ticket for assembling required nth product from family  in customer order  at island 

	

	


The end time of Job Ticket for assembling required nth product from family  in customer order  at island 

	

	


The start time of Setup Ticket when setup for nth product from family  in customer order  at island 

	

	


The end time of Setup Ticket when setup for nth product from family  in customer order at island 

	

	


1 if the production of a product from family  in customer order  is performed at island , 0 otherwise

	

	


1 if the setup for a product from family  in customer order  is performed at island , 0 otherwise



To solve the above problem, two concepts are discussed first before the development of manufacturing synchronization mechanisms for improving the production efficiency and delivery punctuality simultaneously in FPAI.
Concept 1: the less unreasonable setups, the higher of the synchronization degree of production.
For the production of bulky or fragile products in FPAI, setups are expensive and time consuming. Adjustment of production pace to achieve the clustered production of required products from the same product family, which could reduce unreasonable setups and improve production efficiency.
Concept 2: the closer of the completion time of required products from the same customer order, the higher of the synchronization degree of delivery.
In FPAI, as the required products from the same customer order must be shipped as a batch to the customer at the same time. Adjustment of production pace to achieve the synchronous completion time of the required products from the same customer order, which could reduce the inventory level of finished goods and improving the delivery punctuality. 



Based on the above concepts, we define an indicator  to understand and quantify the manufacturing synchronization in FPAI. In this scenario, is the manufacturing synchronization indicator for achieving a synchronous interaction of production and delivery in PFAI, and the definition of  is defined as Formula (1). 

	(1)
Before presenting the mathematical formulation of manufacturing synchronization mechanisms for FPAI under GiMS, some assumptions are made as follows: 
· Assembling one product defines a job task and a corresponding JT is needed for performing the job task.
· Performing a setup when switching from production of a distinctive product type to another defines a setup task and a corresponding ST is need for conducting the setup task. In an ideal scenario, only one ST is need for one product family.
· For each assembly island, only one job task or one setup task can be processed on it at any time, and once the task starts, it must be finished at the assembly island.
· All assembly islands are alternative to each other, which mean that the task can be performed at any island when it becomes available. 

The synchronization mechanism for improving the production efficiency and delivery punctuality simultaneously in PFAI to maximize , the mathematical model is given by:
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	, 	(3)


	, 	(4)


	, 	(5)


	,	(6)


	,	(7)


	,	(8)


	,	(9)
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	,	(11)


	,	(12)


	,	(13)


	,	(14)


	,	(15)


	,	(16)

		(17)


	,	(18)


	,	(19)


	,	(20)


	,	(21)


	,	(22)

The objective function (2) is to minimize the  defined in Formula (1). Constraint (3) defines that the production quantity should meet the demand requirement. Constraint (4) guarantees that the actual time cost of each order should be not exceed the allowed processing time of the customer order. Constraint (5) and (6) guarantee that the start time and end time of each JT for assembling the required product from the customer order should not be precede the arrival date and no later than the due date of the customer order. Constraint (7) and (8) guarantee that the start time and end time of each ST when switching from production of a distinctive product type to another from the customer order should not be precede the arrival date and no later than the due date of the customer order. Constraint (9) and (10) guarantee that for each assembly island, only one job task can be processed on it at any time, and once the task starts, it must be finished at the assembly island. Constraint (11) and (12) guarantee that for each assembly island, only one setup task can be processed on it at any time, and once the task starts, it must be finished at the assembly island. Constraint (13) and (14) guarantee that for each assembly island, only one job task or one setup task can be processed on it at any time, and once the task starts, it must be finished at the assembly island. Constraint (15) guarantees that only one setup task is need for one product family in the ideal scenario. Constraint (16) and (17) guarantees that at least one setup task should be carried out for one product family actually. Constraint (18) defines the relationship between weighting coefficient of delivery punctuality and the weighting coefficient of production efficiency. Constraint (19) and (20) define the relationship between decision variables. Constraint (21) and (22) define the ranges of decision variables. Based on the mathematical model, Table 2 shows the procedures to achieve manufacturing synchronization in FPAI.
Table 2 
The procedures to achieve manufacturing synchronization in FPAI
	Input: Customer demand and current production capacity；



Output: with , ；
1: 
Dispatching all  to available m assembly islands with constraints satisfied；
2: 

Get initial solution , at each island；
3: 
Calculate  defined in Formula (1)；
4: 
Cluster the production of ；
5: 
Reduce the variation of ；
6: 
Get maximum  defined in objective function (2)； 
7: 


Return  with , ；


5. Case study
In this section, an experimental testnear-life testbed is conducted before being implemented in a laser equipment manufacturing enterprise in China. As a leading laser equipment manufacturer in the domestic industry, the company uses the layout of FPAI for producing multiple types of heavy-duty laser equipment. The operation process of the enterprise meets to the typical operation pattern of FPAI (as shown in the Fig. 1). One customer order contains certain products with different product types with the demand that all products must be shipped as one batch at the same time, after receiving the customer orders, the enterprise organizes production activities (assembly tasks and setup tasks) at available assembly islands to meet customer demand.
[image: ]
Fig.5. Deployment of a cloud-based APS system for FPAI under GiMS 
Currently, the enterprise has implemented ERP, MES and WMS systems for business process, production activity and resource management. However, these systems address only a limited portion of production process from different points of view, in addition, due to lack of integrated production strategies, the company still have difficulty in achieving reasonable setups and on-time delivery. For overcoming the above challenges, a cloud-based APS system for FPAI under GiMS is developed and acts as a complementary to the existing ERP, MES and WMS systems. 
[bookmark: OLE_LINK100][bookmark: OLE_LINK103][bookmark: OLE_LINK104][bookmark: OLE_LINK60][bookmark: OLE_LINK26][bookmark: OLE_LINK34][bookmark: OLE_LINK82][bookmark: OLE_LINK83][bookmark: OLE_LINK84][bookmark: OLE_LINK220][bookmark: OLE_LINK221][bookmark: OLE_LINK222][bookmark: OLE_LINK223][bookmark: OLE_LINK326][bookmark: OLE_LINK327][bookmark: OLE_LINK328][bookmark: OLE_LINK329]As shown in Fig.5, in physical space, manufacturing objects in the workshop including modules, consumable materials, tools and trolleys are attached with various smart devices (e.g., RFID devices, iBeacon devices and sensors, etc.). The modules are normally bulky with high value, thus it can be individually tagged with smart device depends on the cost and benefit. Consumable materials are non-critical materials, tray-level tagging scheme is adopted. Other objects need to be tracked such as tools and trolleys are also individually equipped with smart devices. With the support of smart devices, these physical objects in physical space become smart objects, which can be uniquely identified, traced, shared and managed in the virtual space. Onsite operators, including production operators and logistics operators become smart operators, by equipping with wearable devices (e.g. smart helmet, smart glass, smart glove and smartphone) embedded with sensors, microprocessors, and wireless communication modules. Through the smart gateway (e.g. stationary gateway and mobile gateway), the networked wearable devices can connect and communicate with each other, which greatly enhances the interaction between onsite operators and various manufacturing objects.
In cloud space, the APS system integrates manufacturing synchronization mechanisms proposed in section 4, which provides several core services including customer order management services, production order management services, production capacity management services and manufacturing synchronization services. Customer order management services are developed for importing and managing customer orders. Production order management services are developed for generating and assessing production orders based on customer demand. Production capacity management services are developed for assessing the current available production capacity. Manufacturing synchronization services are developed for generating sequenced JTs and STs at available islands to meet customer demand based on manufacturing synchronization mechanisms.


With the support of cloud-based APS system, this case study focuses on the main stage of production organization of the company. The experiment data are generated based on the historical data collected by the advanced manufacturing systems. Before using manufacturing synchronization mechanisms, the original production organization were conducted based on the combined shortest processing time (SPT) and earliest due date (DDE) rules. In this case, the weighting coefficient of delivery punctuality and the weighting coefficient of production efficiency are equally important with ==0.5, and three scenarios including off season, normal season and peak season are discussed. The information of product attribute (PA) involved in the computation model is defined as Formula (23).

		(23)
Table 3 shows the comparison between original production and manufacturing synchronization-based production in an off-season case. In this off-season case, three customer orders with 15 products from three product families are need to produce at four assembly islands. From Table 1, it can be observed that the manufacturing synchronization-based production outperforms the original production, since setup time needed in production and waiting time for simultaneous shipment are reduced by 51.79% and 24.59% using the proposed manufacturing synchronization mechanisms. This can be predicated because the emphasis of manufacturing synchronization leads to the clustered production of required products from the same product family as well as the reduction of variation in finishing times of products from the same order.
Table 3
The comparison between original production and manufacturing synchronization-based production in an off-season case 
	Order
	Product type
	Quantity
	Arrival date
	Due date
	Available islands 
	
	Measure
	Original production
	Manufacturing synchronization-based production 
	Decrease

	1
	A
	2
	0
	180
	4
	
	Setup time
	168
	81
	51.79%

	
	B
	3
	
	
	
	
	
	
	
	

	2
	B
	3
	16
	286
	
	
	
	
	
	

	
	C
	3
	
	
	
	
	Waiting time
	789
	595
	24.59%

	3
	A
	2
	24
	184
	
	
	
	
	
	

	
	C
	2
	
	
	
	
	
	
	
	


Table 4 shows the comparison between original production and manufacturing synchronization-based production in a normal season case. A total of 25 products with five product families from five customer orders are need to produce at eight available assembly islands. As seen in Table 3, compared with the original production, setup time can be greatly reduced from 416 to 143 with the reduction of 65.63% in manufacturing synchronization-based production, and waiting time can be reduced from 1766 to 954 with the reduction of 45.98% in manufacturing synchronization-based production.


Table 4
The comparison between original production and manufacturing synchronization-based production in a normal season case 
	Order
	Product type
	Quantity
	Arrival date
	Due date
	Available islands 
	
	Measure
	Original production
	Manufacturing synchronization-based production 
	Decrease

	1
	A
	2
	0
	280
	8
	
	Setup time
	416
	143
	65.63%

	
	B
	1
	
	
	
	
	
	
	
	

	
	C
	3
	
	
	
	
	
	
	
	

	2
	A
	1
	8
	120
	
	
	
	
	
	

	
	E
	2
	
	
	
	
	
	
	
	

	3
	A
	1
	13
	210
	
	
	
	
	
	

	
	B
	2
	
	
	
	
	
	
	
	

	
	D
	2
	
	
	
	
	Waiting time
	1766
	954
	45.98%

	4
	B
	1
	15
	310
	
	
	
	
	
	

	
	C
	1
	
	
	
	
	
	
	
	

	
	D
	3
	
	
	
	
	
	
	
	

	
	E
	3
	
	
	
	
	
	
	
	

	5
	B
	2
	22
	130
	
	
	
	
	
	

	
	D
	1
	
	
	
	
	
	
	
	


Table 5 shows the comparison between original production and manufacturing synchronization-based production in a peak season case. In this case, seven customer orders with the demand of a total of 48 products from six product families need to fulfill at 11 available assembly islands. The comparison shows a similar tendency to that in the off season and normal season case when using the proposed manufacturing synchronization mechanisms. It can be observed that, in the peak season case, setup time can be reduced by 78.16% and waiting time can be reduced by 54.98% in manufacturing synchronization-based production compared with the original production. 
Table 5	Comment by Ray Zhong: Please keep this table in a page.
[bookmark: _GoBack]The comparison between original production and manufacturing synchronization-based production in a peak season case 
	Order
	Product type
	Quantity
	Arrival date
	Due date
	Available islands 
	
	Measure
	Original production
	Manufacturing synchronization-based production
	Decrease

	1
	A
	2
	0
	300
	11
	
	Setup time
	792
	173
	78.16%

	
	B
	2
	
	
	
	
	
	
	
	

	
	C
	1
	
	
	
	
	
	
	
	

	
	D
	2
	
	
	
	
	
	
	
	

	2
	A
	1
	5
	280
	
	
	
	
	
	

	
	C
	2
	
	
	
	
	
	
	
	

	
	D
	2
	
	
	
	
	
	
	
	

	3
	B
	3
	8
	450
	
	
	
	
	
	

	
	C
	3
	
	
	
	
	
	
	
	

	
	D
	3
	
	
	
	
	Waiting time
	2603
	1172
	54.98%

	4
	C
	4
	14
	440
	
	
	
	
	
	

	
	D
	4
	
	
	
	
	
	
	
	

	5
	A
	4
	15
	200
	
	
	
	
	
	

	
	F
	2
	
	
	
	
	
	
	
	

	6
	B
	4
	22
	250
	
	
	
	
	
	

	
	E
	3
	
	
	
	
	
	
	
	

	7
	E
	3
	22
	220
	
	
	
	
	
	

	
	F
	3
	
	
	
	
	
	
	
	


In this case, it can be concluded that the proposed manufacturing synchronization mechanism is quiet effective for improving the production efficiency and delivery punctuality in real-life production, which can reduce by 78.16% and 54.98% on setup time and waiting time in the peak season case, respectively. These findings and observations from the case study could be converted into managerial implications. Industrial empirical observations indicate that synchronization phenomena exist and affect the performance of manufacturing system, and more attention on synchronization-oriented production management need be paid in real-life production. Could-based APS system integrates effective manufacturing synchronization mechanism provides a promising solution for solving the asynchronous problems in FPAI and improving the production efficiency and delivery punctuality simultaneously. The proposed concept and quantitative method of manufacturing synchronization is not only suitable for the layout of FPAL, but also support other layouts of production organization with similar customized demand on production efficiency and delivery punctuality.
6. Conclusion
The layout of FPAI is widely used for producing bulky or fragile products in the heavy equipment industry. However, facing the increasing customized demand as well as the unique operation patterns of FPAI, the manufacturing practitioners are suffering from serious challenges in efficient production organization, such as unreasonable setups and long delivery lead times. To address the above challenges, a graduation-inspired assembly system is designed to synchronize operations in FPAI. The concept of manufacturing synchronization and synchronization mechanisms are proposed to achieve a synchronous interaction of production and delivery in FPAI. Following the concept of digital twin, an overall framework of digital twin-enabled GiMS is presented to achieve synchronized information sharing, and a cloud-based APS system integrates proposed synchronization mechanism is developed for managers to facilitate their decision-making and daily operations under GiMS. Through the case study of an industrial company, the effectiveness of the proposed concept and method is verified. 
There are three main contributions of this research. Firstly, the graduation-inspired assembly system-GMS and the digital twin-enabled GiMS are developed for the layout of FPAI. GMS provides the foundation for understanding and synchronizing operations in FPAI, and three kinds of tickets play crucial roles in synchronizing decision-making with simplicity and resilience.  Digital twin enabled-GiMS promises to capture, integrate and synchronize product lifecycle data to support production optimization and decision-making with enhanced visibility in FPAI. Secondly, the concept of manufacturing synchronization is defined as the adjustment of production paces to toward a synchronous interaction in a production system from a manufacturing point of view for the first time. Besides, following the concept of manufacturing synchronization, the synchronization mechanisms for improving the production efficiency and delivery punctuality simultaneously in FPAI is developed. Thirdly, a cloud-based APS system integrates proposed synchronization mechanisms is developed for managers to facilitate their decision-making and daily operations under GiMS. The observation and analysis of the case company shows the effectiveness of the proposed concept and method, with setup reducing by 78.16% and waiting time reducing by 54.98% in a peak season case.
Although this paper put forward the concept of manufacturing synchronization and synchronization mechanisms motivated by the industrial empirical observations, the understanding of manufacturing synchronization is in its infancy and still needs a lot of research work. The mathematical model could be extended by taking operation and logistics synchronization into consideration. In addition, since the case analysis only involves one industrial company, more experimental tests need be conducted to validate the performance of the proposed concept and method.  
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