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An integrated decision support system for global manufacturing co-ordination in the automotive industry

Introduction

Over the last three decades, along with the phenomenon of globalisation, manufacturing management has been experiencing a paradigm shift from local through international to global level [START_REF] Meixell | Global supply chain design: a literature review and critique[END_REF]. This paradigm shift has triggered many industries to innovate the ways they deliver their products through globally networked production systems. A direct consequence to the automotive industry is a fundamental change to their organisational structure. Specifically, it caused the recent emergence of a new structure and configuration of manufacturing networks [START_REF] Trappey | Business and logistics hub integration to facilitate global supply chain linkage[END_REF]. Traditionally, manufacturing networks were organised in tiers [START_REF] Mondragon | Investigating the implications of extending synchronised sequencing in automotive supply chain: the case of suppliers in the European automotive[END_REF][START_REF] Veloso | The automotive supply chain: global rends and Asian perspectives[END_REF]. For example, Original Equipment Manufacturers (OEMs) would design and assemble the cars. First tiers in the manufacturing network would manufacture and supply components directly to the automaker (e.g. the fuel pump). Second tiers would produce some of the simpler individual parts that would be included in a component manufactured by a first tier (e.g. the housing of the fuel pump), and third and fourth tiers would mostly supply raw materials. This relatively simple configuration required less co-ordination effort across the manufacturing network, because the majority of the interactions and communications only happened between the two consecutive tiers. However, this simple configuration no longer fits the actual structure of the industry in today's globalisation environment [START_REF] Doran | Supply chain modularisation: cases from the French automobile industry[END_REF]. The new direct suppliers are becoming large global firms, which are either specialised in complex systems, or integrators of a series of subsystems. Studies within the International Motor Vehicle Program and other outside analysts suggest that the new configuration involves a division (based on roles and responsibilities) along the following four lines [START_REF] Veloso | The automotive supply chain: global rends and Asian perspectives[END_REF]: -Systems Integrator: company capable of designing and integrating systems, subassemblies, and components into modules that are shipped or placed directly by the suppliers in the automakers' assembly plants. -Global Standardiser -Systems Manufacturer: company that sets the standard on a global basis for a system and components. These firms are capable of design, development, and manufacturing of complex systems. Systems Manufacturers may supply motor vehicle manufacturers directly or indirectly through Systems Integrators. -Component Specialist: a company that designs and manufactures a specific component or subsystem for a given car or platform. These firms will increasingly work as suppliers to Systems Integrators and Global Standardisers. -Raw Material Supplier: a company that supplies raw materials to the OEMs or their suppliers. Some of the raw material suppliers are also moving into Component Specialists to add value to their products.

With the new configuration of global manufacturing networks, global firms are forced to take a substantial responsibility in the design and engineering of the systems, and more importantly in co-ordinating the networks for their manufacturing, assembly, and services [START_REF] Nunes | Distributed business process coordination: a functionally oriented infrastructure[END_REF]. Figure 1 illustrates the increasing complexity of interacting relationships that can be identified in the new flattened structure of global manufacturing networks. Therefore, in the new flat structure, the co-ordination requirements have been raised to a higher level [START_REF] Eimaraghy | Current design of product modules structure and global supply chain configurations[END_REF]. It has been acknowledged that the ultimate success of operations in global manufacturing enterprises depends on the companies' capability of co-ordination, synchronisation and integration of business activities [START_REF] Weston | Next generation of manufacturing systems[END_REF].

Global manufacturing co-ordination has been proven challenging because of the overarching issues confronting global manufacturing, namely its dynamics, complexity, uncertainty, and high risk (Pontrandolfo and Okagbaa, 1999;[START_REF] Rudberg | Global operations strategy: co-ordinating manufacturing networks[END_REF].

The dynamics of global manufacturing exist in many respects. These include the unbundling of different stages of the production process across the globe, the growing capacity for firms to outsource internationally, greater product differentiation, and the growth of the phenomenon of 'global value chain', whereby different businesses add value by different processes or activities at each stage of production [START_REF] Nagurney | Global supply chain network dynamics with multicriteria decision making under risk and uncertainty[END_REF][START_REF] Needle | Business in context: an introduction to business and its environment[END_REF][START_REF] Slack | Operations management[END_REF]. Accordingly, the traditional production model where firms were responsible for all stages of the production process of a particular product has changed.

Many manufacturers now choose to specialise on particular steps in the production process, such as design, research and development, or sales and marketing, either within individual geographic locations or through participation in the global value chain, or through utilising outsourcing possibilities [START_REF] Dreyer | Global supply chain control -a conceptual framework for the global control centre[END_REF].

The complexity of global manufacturing can be understood from two dimensions. First, there is a complex network of inter-relationships between different activities. Second, these activities take place in a set of contexts including the strategic (e.g. management and leadership style, business ethics), organisational (e.g. structure, ownership and size) and environmental (e.g. economy, the state, culture difference) contexts [START_REF] Needle | Business in context: an introduction to business and its environment[END_REF]. There are complex interactions between the activities and the context where they take place [START_REF] Kazmer | Analysis of design for global manufacturing guidelines[END_REF]. Furthermore, it is also believed that the relationship between the global manufacturing activities and the contexts is not static but dynamic [START_REF] Liu | Utilizing information and knowledge models to support global manufacturing co-ordination decisions[END_REF][START_REF] Meixell | Global supply chain design: a literature review and critique[END_REF].

Uncertainty of global manufacturing has been well acknowledged from the supply chain perspective, i.e. uncertainty from both demand and supply side [START_REF] Kazmer | Analysis of design for global manufacturing guidelines[END_REF]. For example, [START_REF] Verdouw | Mastering demand and supply uncertainty with combined product and process configuration[END_REF] explored how to master demand and supply uncertainty with combined product and process configuration. Exchange-rate uncertainty and its impact on price setting are discussed in [START_REF] Kazaz | Global production planning under exchangerate uncertainty[END_REF]. In [START_REF] Acar | A decision framework for global supply chain management modelling: an assessment of the impact of demand, supply and lead-time uncertainties on performance[END_REF] the relative impact of three sources of uncertainties (supply, demand, and lead-time uncertainties) on cost and service performance is studied using mathematical models. Furthermore, factors such as regional, national and international economic (e.g. inflation, recession) and political instability, as well as the regulatory environment can raise extra challenges to the global manufacturing co-ordination.

Depending on the modes of entry, there are various degrees of risk in relation to global manufacturing. Among the six common modes of entry, exporting, licensing and franchising are considered as relatively low risk, while wholly-owned subsidiary (also known as FDI), international joint venture and off-shore outsourcing are considered as high risk [START_REF] Lowe | Screening location strategies to reduce exchange rate risk[END_REF]. There are many causes for the high risks, which are usually summarised as the "4Cs" -capability, compatibility, commitment and control. Capability risk is a main cause for delays of end product and service delivery due to the inability of suppliers to produce on time and to the required quality [START_REF] Canbolat | Combining decision tree and MAUT for selecting a country for a global manufacturing facility[END_REF]. Compatibility risks arise in working together and often do not emerge until the implementation phase. Such risks can arise as a result of differences in culture, management style, personality, and administrative and accounting procedures [START_REF] Rudberg | Global operations strategy: co-ordinating manufacturing networks[END_REF]. Many alliances fail through a lack of staying power because partners are not willing to continue the commitment in resources and effort. Control risk is normally high for weaker partner(s) in a joint venture or strategic alliance. When one partner is dominant, then the weaker partner(s) may risk having its (or their) core competencies reduced or eliminated [START_REF] Nagurney | Global supply chain network dynamics with multicriteria decision making under risk and uncertainty[END_REF].

In today's highly competitive, fast paced global business environment, there is no room for error in making global co-ordination decisions. Companies' success (or survival) depends on the manufacturing managers' capability in making consistent, rational, optimal decisions. In order to succeed in such an unforgiving environment, manufacturing managers need efficient and effective support that can provide an appropriate level of decision analysis and assessment through using a wide range of models, along with data and information sources available to them. The paper is organised as follows: Section 2 reviews work in relation to decision making and support in global manufacturing. Then an integrated decision support system is proposed to support the decision making in Section 3. Section 4 discusses the issues related to integration and the system implementation. The evaluation of the decision support system is discussed in Section 5 before conclusions are drawn in Section 6.

Literature review

Decisions in global manufacturing can be classified into two types of structures: centralised and decentralised [START_REF] Canbolat | Combining decision tree and MAUT for selecting a country for a global manufacturing facility[END_REF]. Within a decentralised decision structure, local decision makers can make decisions based on their own goals and preferences, without constraints from their suppliers, consumers or partners. In fact, in this case the coordination effect along the manufacturing network at global level is minimal. One severe consequence of decentralised decision making is that it can lead to a loss of control for the upper-level managers in the OEMs, Systems Integrators and Global Standardisers. As a result, the OEMs will not be able to deliver the products and services to customers to meet the specified performance criteria. Therefore, many argue that co-ordination decisions need to be centralised so that decisions across different functions and locations in the whole manufacturing network are well co-ordinated [START_REF] Acar | A decision framework for global supply chain management modelling: an assessment of the impact of demand, supply and lead-time uncertainties on performance[END_REF]. Research has shown that centrally co-ordinated decisions are more advantageous. Within the centralised decision structure, decision makers at different organisational levels aim to resolve conflicting interests and work towards one common goal, i.e. to meet the global manufacturing network overall performance objective. Upper-level managers at OEMs, Systems Integrators and Global Standardisers can interfere with lower level decisions when needed (usually only in "exceptional" circumstances) [START_REF] Kouvelis | The newsvendor problem in global market: optimal centralised and decentralised control policies for a two-market stochastic inventory system[END_REF]. There are, however, implementing and control difficulties associated with central co-ordination which needs more investigation. For example, the decision dependencies within the whole decision network can become really complex. Therefore, decision management such as decision propagation path and decision change has to be well addressed. This paper attempts to address the issues concerning the centralised decision structure, and explores how this type of decision can be supported through advanced ICT technologies and systems. [START_REF] Keen | Decision support systems: an organisational perspective[END_REF]. A DSS is defined as an interactive computer-based system that is designed to support solutions to decision problems [START_REF] Bhatt | The enabling role of decision support systems in organisational learning[END_REF][START_REF] Shim | Past, present and future of decision support technology[END_REF]. DSS research and its applications evolved significantly over time. DSS's power in handling large amount of information with speed and accuracy together with its capability of computing for complex analysis has made it an idea aid for decision makers. In global manufacturing, diverse DSS have been developed to support various types of decisions, including systems that could support facility location [START_REF] Canbolat | Combining decision tree and MAUT for selecting a country for a global manufacturing facility[END_REF], supply network planning and control [START_REF] Leu | Advantage analysis of the global supply network configuration using air-cargo logistics centre in the free trade zone[END_REF][START_REF] Dreyer | Global supply chain control -a conceptual framework for the global control centre[END_REF], multi-site capacity planning and control, demand management, outsourcing decisions [START_REF] Loebbecke | Development of a model-based netsourcing decision support system using a five-stage methodology[END_REF], simulation and optimisation [START_REF] Tyagi | GE plastics optimises the twoechelon global fulfilment network at its high performance polymers division[END_REF].

A closer look into the literature on DSS for global manufacturing reveals that most DSS can be classified as data-based. Data-based DSS argue for the utilisation of ICT as enablers for immediate access to information/ knowledge and thus reduce response time and increase flexibility (Guerra-Zubiaga and [START_REF] Guerra-Zubiaga | A manufacturing model to enable knowledge maintenance in decision support systems[END_REF][START_REF] Young | Manufacturing knowledge sharing in PLM: a progression towards the use of heavy weight ontologies[END_REF][START_REF] Dreyer | Global supply chain control -a conceptual framework for the global control centre[END_REF]. For example, a DSS utilising distributed artificial intelligence techniques (mobile agents in particular) is developed for the transfer of product design and manufacturing information throughout the global manufacturing network [START_REF] Nassehi | Application of mobile agents in interoperable STEP-NC compliant manufacturing[END_REF][START_REF] Newman | Strategic advantages of interoperability for global manufacturing using CNC technology[END_REF].

With the support from the intelligent DSS, distributed decision makers can make the right decisions on the manufacturing resources and process plans to achieve interoperability between disparate manufacturing venues.

Provision of the right information and knowledge is important to decision makers. However, model-based DSS has gone one step further in supporting decision making. Along with the access to data and information resources at various internal and external repositories, model-based DSS can also provide the capability of decision analysis and evaluation based on a wide range of qualitative and quantitative models [START_REF] Narasihan | Decision models in global supply chain management[END_REF][START_REF] Phillips-Wren | An integrative evaluation framework for intelligent decision support systems[END_REF]. Therefore, model-based DSS are advantageous over data-based DSS in terms of informing decision makers about the consequences of each decision alternative. There have been vast amount of interests and development recently in modelbased DSS for global manufacturing. [START_REF] Leu | Advantage analysis of the global supply network configuration using air-cargo logistics centre in the free trade zone[END_REF] presented a DSS for global supply network configuration based on Linear Programming optimisation models. In [START_REF] Canbolat | Combining decision tree and MAUT for selecting a country for a global manufacturing facility[END_REF], an integrated modelling approach brought together a decision tree and multi attribute utility theory for global manufacturing facility location decisions. A DSS using mathematical programming models for global network optimisation is discussed by [START_REF] Tyagi | GE plastics optimises the twoechelon global fulfilment network at its high performance polymers division[END_REF].

Despite its wide application, existing model-based DSS have been heavily criticised. Some most commonly pronounced shortcomings include lack of model reusability (for single purpose, throwaway efforts), lack of integration of models to the real world (isolation from the environment that they represent), and lack of model utility/accessibility (not available to non-modelling specialists and therefore with limited usage and value) [START_REF] Delen | An integrated and intelligent DSS for manufacturing systems[END_REF]. To address the issues related to model integration and model utility/accessibility, first, this paper has developed the concepts of a Global Context Modeller and a Multi-Criteria Scoring Modeller to adequately reflect the complexity, uncertainty and risks of a real-world global manufacturing environment. Second, the paper implements the models within an Integrated DSS (IDSS) based on a standard integration platform, where nonmodelling specialists can conveniently access the models through the platform's professional, user-friendly interface. The IDSS is designed and developed to support the decision making in global manufacturing co-ordination (i.e. management of the dependencies) across multiple business functions (manufacturing, transportation and 

Key components of the IDSS

Figure 2 shows the architecture of the integrated decision support system (IDSS). The architecture comprises three basic components inherited from traditional DSS and four new key components defined in this paper especially for global manufacturing co-ordination. DBMS (database management subsystem), MBMS (model base management subsystem) and UI (user interaction management subsystem) are considered as the three basic components for a traditional DSS [START_REF] Hopple | The State of the art in decision support systems[END_REF]. The IDSS takes the concept of these three components and instantiates them in the scenario of global manufacturing. The main functions of the three basic components remain the same as in traditional DSS, i.e. to manage data, models and interaction with users, which have been well discussed in the literature [START_REF] Carlsson | DSS: directions for the next decade[END_REF]. This section focuses on the four key components (proposed in this paper), i.e. a Global Context Modeller (GCM), a Multi-Criteria Scoring Modeller, a Configurator, and a Co-ordinator.

Global Context Modeller (GCM)

The purpose of defining the Global Context Modeller (GCM) is to provide the decision makers with an appreciation for the complexity, uncertainty and risks of the global business environment at which co-ordination decisions are situated. The global manufacturing context can be identified from different perspectives, for example, from strategic, organisational and environmental perspectives. To manage the characteristics of a global manufacturing context, the GCM captures the information of the identified factors, and classifies them in three main categories. Figure 3 Attributes have been specified for all classes to capture further details of the factors. For example, important attributes of the State and Politics class include: membership of a free trade agreement (such as NATO, EU, NAFTA), investment incentives (regarding taxes, energy etc.), demand (sales market), and infrastructure. The stability of the State and Politics can be considered as either stable, disturbance likely (e.g. occasional violence) or not stable (e.g. regular war zone). The whole point of capturing global manufacturing context information through the classes and attributes is to allow the decision makers to use the right information to gauge the likely level of uncertainty and risks of the business, to appreciate the complexity and dynamics of environment, and make informed decisions.

To assess specific characteristics of global manufacturing, managers need to find all necessary information by searching through a series of classes modelled in the GCM. Table 1 gives examples of information captured in relevant classes and attributes that can be used to assess the characteristics of uncertainty and risk (the definitions of the characteristics have been discussed in Section 1). As Table 1 shows, to assess uncertainty, information from Economy (Exchange rate attribute), Supply Networks (both Supply Side and Demand Side), and Technology (affecting lead-time). To estimate different aspects of the risks, information from the following classes and attributes can be used. For capability assessment, users can use Technology, Size, Infrastructure and Labour Market. Similarly, for compatibility assessment, classes of Technology, Social and Cultural Differences, Management and Leadership Style, and Business Ethics, can be used. Ownership can be used to assess control factor, and Goals class can help assess commitment aspect. The impact of uncertainty to decision making is that decisions will be made on inaccurate information if uncertainty is not anticipated, for example if the fluctuation of demand is not considered, then manufacturers may either have insufficient capacity to deal with extra demand, or have excess capacity and waste resources when the demand is actually lower. Lack of information about risks in the "4Cs" (not able to fulfil the Capability, Compatability, Commitment and Control as defined in Section 1), decision makers could make wrong decisions. For example, when decision makers are not informed of manufacturing networked resources and their capabilities, it is impossible for them to formulate potential alternatives and make rational choices.

Based on the information captured and organised in the global manufacturing context, GCM can then provide a qualitative assessment of the factors for each facility involved in the global manufacturing network, quantifiy the attributes through weighting according to the manufacturing manager's domain knowledge and the decision maker's preferences, calculate the aggregated value of the factors, and estimate the potential uncertainty and risk level for the partnerships.

Multi-Criteria Scoring Modeller (MCSM)

Decision criteria for global manufacturing depend on the metrics adopted for the measurement of manufacturing network performance. The definition of manufacturing network performance has been broad because a company's mission, strategy and objectives can vary considerably based on the value of the products offered to the customers [START_REF] Meixell | Global supply chain design: a literature review and critique[END_REF]. Although real world manufacturing networks emphasise a variety of performance measures in practice, many argue that commonality does exist and fundamental measures can be identified. For example, the five performance objectives proposed in [START_REF] Slack | Operations management[END_REF]) are widely accepted. They are cost, quality, speed, dependability and flexibility. Earlier, the Supply Chain Council (2003) identified five performance metrics as cost, assets, reliability, flexibility and responsiveness. Under globalisation, some researchers also recognise access to new technologies and broadened supply base as benefits [START_REF] Needle | Business in context: an introduction to business and its environment[END_REF]. The sharp economic downturn in recent years has led to an increased emphasis on cost reduction. This paper takes the view that no single performance metric can sufficiently represent the complexity of global manufacturing, and therefore treats the global manufacturing co-ordination as a multi-criteria decision problem. Subsequently a Multi-Criteria Scoring Modeller (MCSM) is proposed to address the decision problem.

For decision makers, a multi-criteria decision problem that requires a trade-off among the several criteria is difficult to solve [START_REF] Nagurney | Global supply chain network dynamics with multicriteria decision making under risk and uncertainty[END_REF]. In this section, an MCSM is defined to assist in analysing the global manufacturing co-ordination problem and help identify the preferred decision alternative. The MCSM has the following five functions: Function 1. Develop a list of the criteria to be considered. For the global manufacturing coordination decision problem, five criteria have been considered based on the recommendations from [START_REF] Slack | Operations management[END_REF] and the Supply Chain Council (2003): cost, quality, reliability, flexibility and responsiveness (speed). Function 2. Assign a weight to each criterion that describes the criterion's relative importance. In the IDSS, w i represents the weight for criterion i. Function 3. Assign a rating for each criterion that shows how well each decision alternative satisfies the criterion. In the IDSS, r ij is used to represent the rating for criterion i and decision alternative j. Function 4. Calculate the score for each decision alternative. In the IDSS, S j represents the score for alternative j. The equation used to compute S j for each alternative is S j = w 1 r 1j + w 2 r 2j + w 3 r 3j + w 4 r 4j +w 5 r 5j Function 5. Order the decision alternatives from the highest score to the lowest score to provide the MCSM's ranking of the decision alternatives.

To realise Function 2, i.e. assign a weight to each criterion to indicate the criterion's relative importance perceived by decision makers in a specific decision making process, a five-point scale is specified in which a five means very important and 1 unimportant. By repeating this question for each of the five criteria, the MCSM can capture the weightings assigned by decision makers and record them in the database for later calculation of W i .

To realise Function 3, i.e. rate each decision alternative in terms of how well it satisfies each criterion, a nine-point scale system specified by [START_REF] Saaty | Theory and Applications of the Analytic Network Process: Decision Making With Benefits, Opportunities, Costs, and Risks[END_REF] is employed.

The scoring process must be completed for each combination of decision alternatives and decision criterion. Assuming the number of decision alternatives is N, and because five decision criteria must be considered, then a total of 5xN ratings must be provided and captured in the MCSM. When N is big such as over a hundred, without support from computer systems it is impossible for human decision makers to comprehend the appropriateness of all the decision alternatives against decision criteria, in which case the benefit of having the MCSM is considerable. The results of Function 2 (weighting the decision criteria) and 3 (rating decision alternative against each decision criterion) will enable Function 4 to calculate the overall satisfaction of decision alternatives based on the aggregated weight of all decision criteria.

It should be noted that quantitative measures have been used for the cost criterion, in which aggregated cost has been considered [START_REF] Newnes | Predicting the whole-life cost of a product at the conceptual design stage[END_REF]. The mathematical model for the aggregated cost calculation (so far information about four types of cost elements is collected and captured in the IDSS) is formulated as: Aggregated cost = ∑C p + ∑C i + ∑C e + ∑C t Where C p : production cost incurred for a particular component; C i : inventory cost incurred for a particular storage location or warehouse; C e: currency exchange cost incurred for a particular transaction; C t : transportation cost incurred for a particular movement of products.

To sum up, the MCSM utilises a combination of quantitative (for cost criterion) and qualitative (for other criteria) assessment to provide analysis of the decision alternatives. 

Configurator

The Configurator provides the IDSS with the capability of organising the facilities into a manufacturing network. The key for the Configurator to generate a manufacturing network is to understand the organisational structures such as the flat structure shown in the Figure 1. Each facility's function and characterisation (as OEM, System Integrator, Global Standadiser, System Manufacturer, Component Specialist, or Raw Material Supplier) should be identified and the information needs to be stored in the system database in advance, and ready for the Configurator to query.

Co-ordinator

The Co-ordinator is designed to manage decision hierarchies and dependencies among the OEM, Systems Integrators, Global Standardisers, Systems Manufacturers, Component Specialists and Raw Material Suppliers in a manufacturing network if a flat structure is configured by the Configurator. Alternatives of co-ordination strategy and mechanism are also provided.

Integration and system implementation

Relationships between the four key components

While the four components have their distinguishing roles and functions, the specification of the relationships between the components holds the key for integration. Integration was and remains to be one of the most often used words, yet poorly defined notions [START_REF] Ding | Annotation of Lightweight Formats for Long-term Product Representations[END_REF][START_REF] Liu | Integration of decision support systems to improve decision support performance[END_REF]. However, it is widely accepted that integration is a property of component (in the form of models, services, tools, methods, systems, or subsystems) interrelations. Therefore, it is believed that the key notion is the relationships and the nature of these relationships. In the context of IDSS, integration means sharing of consistent and current information, sharing of model analysis functions (through remote service calls), and sharing a common decision making process through co-ordinated activities (triggered at the right time for the right decision makers in the right order). This section discusses the modelling of the relationships with SysML (Systems Modelling Language). SysML is a visual modelling language and an evolution of UML (Unified Modelling Language). SysML aims to support the audience in Systems Engineering, particularly to allow them to address the integration of systems [START_REF] Neaga | An enterprise modelling and integration framework based on knowledge discovery and data mining[END_REF][START_REF] Weilkiens | Systems engineering with SysML/UML: modelling, analysis and design[END_REF]. The main reasons to choose SysML for modelling IDSS is that, with SysML, the complex relationships between the four key components, i.e. the GCM, the MCSM, the Configurator and the Co-ordinator can be better represented, communicated and understood. Furthermore, SysML tools provide the mechanism for the models to be transformed into programming languages such as Java, which could save the system developers considerable time and effort in code generation.

Key relationships between the four key components in the IDSS have been defined and represented using SysML component models, as shown in Figure 4. In SysML, component diagrams define how components/ subsystems are collected into a high level system, and interfaces (through ports) and connections between them. As shown in Figure 4, between the four key components, communication of the messages are directed through twelve dedicated pairs of ports. The nature of the relationships is attached as labels on each connection. For example, the key information provided to other modules by the Global Context Modeller is global manufacturing context (discussed in Section 3.1). Information provided by the Configurator includes all configuration types for the manufacturing network. The Multi-Criteria Scoring Modeller provides decision evaluation results against decision performance metrics. Finally, the Co-ordinator provides the information about decision dependency and propagation path. The ports will be mapped to the computer network within the IDSS. By understanding the relationships between the four key components and how the information and functions can be efficiently and effectively communicated through dedicated interacting points (i.e. the port-pairs), it ensures that the right information and functions are available at the right time in the right place for the right decision makers.

The Integration platform

The IDSS is implemented by adopting a professional integration platform, namely the SAP ERP NetWeaver, which is provided by SAP (one of the world's leading companies in professional software). SAP ERP NetWeaver supports enterprise management using Web Services Technology. Since the 1970s there have been major technology waves in software solutions: from the mainframe computing to client and server architecture, and now to service-oriented networks [START_REF] Ng | The strategic design and development of ERP and RTMS[END_REF]. The services provided by the SAP ERP NetWeaver platform utilise the portal's capabilities, making use of the SAP Business Information Warehouse and the Strategic Enterprise Management functions such as balanced scorecard and management cockpit [START_REF] Malik | Enterprise dashboards: design and best practices for IT[END_REF]. SAP ERP Netweaver is an open platform. The four key components discussed in Section 3 are firstly developed as independent modules using Java programming (facilitated by an automatic code generation function provided by the SysML software Enterprise Architect ®). The individual modules then undergo Unit Test. When the functions of each module are texted to be valid, all four modules are then integrated using the SAP ERP Netweaver adaptors, which allows users' own modules and tools to be plugged-in and play. Altogether, the newly developed modules and the ERP Netweaver platform form the IDSS. Technical details of the system implementation based on SysML modelling, Java programming and integration platform have been discussed in authors' previous publication [START_REF] Liu | Towards the realisation of an integrated decision support environment for organisational decision making[END_REF]. Equipped with the IDSS, decision makers can use the various functions from the four key components to produce multiple dimensional analysis. Decision makers can also use the functions embedded within the Netweaver, such as the visualised decision dashboards (a screenshot is shown in Figure 5), to inform their decision making process. The evaluation of the IDSS with a case study in the automotive sector is discussed in the next section.

Evaluation of the IDSS through a decision case

This case study is based on the information collected from Aeolus Automotive Corporation (AAC), currently ranked the second largest in the automotive industry in China. Its main foreign joint investors include French Citroen, Japanese Honda and Korean Kia. Back in 1999, AAC was able to produce a total number of 257,000 vehicles, with production mainly focusing on heavy-duty, medium-sized, and light-duty trucks. The joint investment with Citroen enabled them to produce Fukang sedans. As a benefit of the joint ventures from Japan and Korea, AAC now also produces Forte (Kia), Bluebird, Nissan GT-R and Honda Teana sedans. Today, their products cover different ranges of final products, systems, subsystems, and components for trucks, cars and coaches, which have a substantial market share in China and Asia, and are accessing American and African markets. As of 2007, AAC produced an output of over 1.1 million vehicles. The whole manufacturing network of AAC is complex and truly global.

The key co-ordination issues encountered by AAC/Honda Teana is the management of a mixture of two types of dependencies, i.e. type one dependency -between different activities (production, inventory and distribution), and type two dependency -between comparable activities in different geographical locations (across nations, regions, continents and free trade zones). The illustration of the application of the IDSS to the AAC case uses three key assumptions. The first assumption is: to take one product type, i.e. the Honda Teana sedan, out of all product ranges as an example. Assumption 2: the discussion limits the customers to Asian and American markets only. The third assumption is: three main functions along the manufacturing network are considered -production, inventory and transportation.

Experimental design and data collection

Based on the above three assumptions, a simplified mini manufacturing network for the Honda Teana -the CRV model -sedan (as shown in Figure 6) is formulated. The network includes: Two markets -Asian market (India, Pakistan and Tailand) and American market (Brazil and Argentina); the Production network is represented by an OEM, one Systems Integrator, one Global Standardiser, two Systems Manufacturers, two Component Specialists, and one Raw Material Supplier. For most of them, there are choices of several potential suppliers. Specifically: The OEM -AAC HQ (China, Wuhan, short for CHN-WH); Systems Integrator -Chassis Integrator (CHN-WH or CHN-XF); Global Standadizer -Honda HQ (Japan-H); Systems Manufacturers -lighting system (CHN-GZ or Malaysia-L) and cooling system (CHN-XF or Singapore-L); Component Specialists -engines (Japan-H) and gear boxes (CHN-SY or CHN-XF or CHN-LZ); Raw Material Suppliers -steel (CHN-DB or CHN-HB or CHN-HN). Data collected from the company's manufacturing specialists include: product order history spanning twelve months in 2007 for the Honda CRV model sedan, production costs (of raw materials, components, systems, and assembly), transportation costs (domestic and international), inventory costs, and import tariffs for the countries involved. Context data of potential facilities, given by the manufacturing specialists in AAC on selected environmental and organisational factors, are summarised in Table 2. These data are captured in the GCM, populated and stored in the IDSS database in advance of the experiment.

The decision procedure

Figure 7 outlines the decision procedure for the decision case by linking the listed activities in the boxes. The Figure also illustrates the order in which the four key components participate in the decision procedure. The direction of arrows shows the information flow between the activities. The nature of the information flowing through the components is labelled on the arrows. As can be seen from the Figure, GCM retrieves the context information for facilities, quantifies the data, and generates an aggregated value for all the context factors. The outputs from the GCM should enable manufacturing managers to have an appreciation of the uncertainty and risks that might exist. The uncertainty and risks are 13 calculated based on the value of the attributes of relevant classes. Based on the calculation, facilities with high uncertainty and risks will be distinguished from those with low uncertainty and risks. The ones with high uncertainty and risks will be eliminated and the ones with low uncertainty and risks will remain as potential candidates, which will be saved into the IDSS database and to be used at a later stage for network configuration. The MCSM then takes all the configuration alternatives formulated by the Configurator for multicriteria analysis. The configurations with the lowest overall performance assessed by MCSM will be eliminated at this stage. Configuration alternatives with higher overall performance assessed by the MCSM are kept as feasible configurations, and are saved into the database for later use by the Co-ordinator. The Co-ordinator then defines dependencies between the facilities in the configuration, quantifies the dependency complexity, and identifies coordination strategies and mechanisms. In the end, the IDSS produces the combined results of a holistic analysis, which takes into account all three dimensions: the global manufacturing context dimension supported by the GCM, the multi-criteria dimension supported by the MCSM, and the co-ordination complexity dimension supported by the Coordinator. The outputs of the holistic analysis will be the optimal configuration and coordination choice.

Experimental results

Based on the context information shown in the Table 2, IDSS assesses the uncertainty and risks of each potential facility in the Honda CRV case. The following Figure 8 shows the analysed results of the global context of the facilities, in a bar chart format. The results from Figure 8 show that all facilities have a relatively high value of the aggregated context stability, which means that the uncertainty and risks can be considered as relatively low. Therefore, all the facilities can be entered into the Configurator as potential candidates for consideration in the next stage.

Using the known information from Section 5.1, the Configurator can quickly identify the roles for all candidate facilities as OEM, Systems Integrators, Global Standardisers, System Manufacturers, Component Specialists, or Raw Material Suppliers. The Configurator then searches the IDSS database for the product structure, in this case the BOM (Bill of Material) for the Honda CRV sedan, which has been stored in the system beforehand. Because product distribution will closely depend on where customers are located, it is essential that markets are included in the configuration. The outputs of the Configurator execution will be all configuration alternatives for the manufacturing network under consideration. In this case, there are 360 in total (calculated based on the combination of the numbers of potential candidate facilities, i.e. 3x3x4x1x2x1x5). Ten out of the 360 configurations have been extracted and shown in Table 3, just to illustrate what the mini manufacturing networks look like. The large number of configuration alternatives implies the complexity of the co-ordination. Obviously it is not practical for the company to explore all of the alternatives (otherwise, the resources will be stretched very far and wide). How can the manufacturing managers identify good configurations that can best achieve the performance objectives? The MCSM will be able to better support the decision. The above configuration alternatives are then taken as inputs to the MCSM for multi-criteria decision analysis. Subsequently, the MCSM assigns a weighting and rating for each criterion and configuration alternative, and computes the aggregated value of each configuration's overall performance against the multiple criteria. Figure 9 shows the analysis results of the 10 configurations. Based on the analysis from the MCSM, those configurations with the overall lowest scores will be eliminated at this stage. For example, configurations 3 and 7 both have very low overall scores, and therefore will not be taken to the next stage for further consideration. The other eight with higher overall scores are considered as feasible configurations, and will enter to the next stage.

Next, the Co-ordinator defines the dependencies between the facilities for the remaining eight configuration alternatives, quantifies the dependencies, and identifies the appropriate co-ordination strategies and mechanisms for the configurations. Table 4 illustrates the dependency and co-ordination requirements for the eight configurations. The complexity and difficulty of co-ordination is quantified based on the two types of the dependencies shown in columns 2 and 3. A similar scoring system as used for MCSM is employed in the Co-ordinator. The aggregated results of the co-ordination complexity and difficulty for the eight remaining configurations are shown in the last column in the Table 4.

Finally, the IDSS holistically examines the results of the eight remaining configurations with respect to all three key dimensions (i.e. the environmental context, the overall performance against the multi-criteria, and the co-ordination complexity), then makes final recommendations based on the combined results. This is done through data visualisation, by generating Bubble Charts and displaying them on the system user interface, so that decision makers can have a quick glance to get an overall picture of the configurations. In the Bubble Chart, as shown in Figure 10, the context dimension is illustrated on the horizontal axis, which means that the configurations further away to the right have lower uncertainty and risks. The multi-criteria dimension is expressed on the vertical axis, which means the configurations further away on the top have higher overall performance. The coordination complexity is represented by the size of the bubbles, i.e. the configurations with smaller sizes need less co-ordination efforts and therefore should be preferred. Based on this final holistic assessment, it is clear that configuration 10 has high overall performance, with relatively low uncertainty and risk from the business environment, but with considerable complexity of the dependency. Comparatively, configuration 4 has similar context uncertainty and risks, and co-ordination complexity, but with lower overall performance; Configuration 5 has the same level of overall performance as alternative 10, but with much higher instability from the environment. Therefore, configuration 10 would be the favourable choice to decision makers. However, configuration 10 has quite a big bubble size which indicates that a high level of complexity exists between business activities and geographical locations along the manufacturing network, and therefore a tight coordination strategy will be needed to manage the dependencies.

Conclusion and future work

This paper proposed an IDSS for global manufacturing co-ordination. The Integrated Decision Support System (IDSS) integrates four key components to capture information and to provide decision analysis that are crucial to global manufacturing decision making. A combination of qualitative and quantitative methods has been explored for the decision evaluation and analysis. Decision makers can use the evaluation and analysis results to improve their judgement on the decision problems, and reach more rational and consistent decisions.

One of the key contributions from this paper is the definition of a Global Context Modeller (GCM) and a Multi-Criteria Scoring Modeller (MCSM). The GCM helps manufacturing managers to better understand the key characteristics of global manufacturing. The context information captured in and provided by the GCM can help decision makers to assess the uncertainty and risks in a global context. The MCSM addresses the multiple criteria typical for global manufacturing. The five criteria cost, quality, reliability, flexibility and responsiveness (speed) are concurrently considered in the MCSM. The integration approach demonstrated by the IDSS facilitates current and consistent information sharing, function sharing, and process synchronisation across activities and geographical areas throughout the global manufacturing network. The information and evaluation capability provided by the four key modules in the IDSS (i.e. the GCM, the Configurator, MCSM and the Coordinator), can support global manufacturing managers to make more rationalised and informed co-ordination decisions. The decisions are aligned with the firm's business environments (through appreciation of global context) and its business performance (through aggregation of multi-criteria).

The IDSS was evaluated with a case study from the automotive industry. Both GCM and MCSM are generic to global manufacturing context and multi-criteria decision making. The configuration rules specified within the Configurator and the dependencies specified within the Co-ordinator can be modified and re-populated for other applications where the manufacturing networks have similar organisational structure.

Further research has been identified as exploring the IDSS application to other industries, such as electronics. A focus for future work will be on the study of the flexibility of the four modules, i.e. how much changes (if any) to the modules are needed for a new application and how much effort will be required for the changes. Future work will also seek to consolidate the scoring system for uncertainty and risk in the GCM. Quantitative methods will be explored for other decision criteria apart from the cost criterion in the MCSM. It is also the authors' intention to explore the multi-criteria decision making module with more advanced Analytic Network Processes instead of the currently used Analytic Hierarchy Process, in order to accommodate the interdependencies between the decision factors. 
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This paper is concerned with integrated decision support for global manufacturing coordination across multiple functions and multiple (international) locations. A Global Context Modeller is defined to address the dynamics, complexity, uncertainty and risks of the business environment. Global manufacturing performance measurements are captured through a

Table 1

 1 Relevant information in GCM that can be used to assess uncertainty and risks

	Representative indicators of the	Classes and attributes that captured relevant information in
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	Lead time uncertainty	State and Politics, Technology, Infrastructure