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Abstract
The manufacturing industry is entering a phase of change which is being spurred on by the quality and cost demands of the end-user because the marketplace is constantly demanding improvements. Modern manufacturing systems must have sufficient responsiveness to adapt their behaviors efficiently to a wide range of circumstances. 
World wide competition among enterprises leads to the need for new systems to perform the design and control of manufacturing systems, through the integration of information systems and self-organization features. 
The process of integration generally requires long trained experts for operations and high investment, which is unaffordable especially by small and medium size enterprises (SMEs).
This paper presents an agent-based integrated methodology, with the aid of Virtual Reality (VR), for design and operations of agile manufacturing systems, suitable for SMEs.
The methodology makes use of two main components: VR simulations and agent-based holonic control in an information system framework for design and operations of agile manufacturing systems using limited expertise and minimum costs.  The multi-agent systems (MASs), function blocks and VR simulation techniques are addressed in the development of the components.
An implementation of the methodology has been performed to demonstrate the outcome of integration of holonic control into the VR environment.
Keywords: Virtual Reality, Agent-Based Systems, Holonic Manufacturing, Computer Integrated Manufacturing, Function Blocks, Agile Manufacturing Systems.
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1. Introduction
Manufacturing industry may well be on the verge of a major paradigm shift. This shift is likely to take us away from mass production, way beyond lean manufacturing, into a world of agile manufacturing.  The agile manufacturing can be defined as the capability of surviving and prospering in a competitive environment of continuous and unpredictable change by reacting quickly and electively to changing markets, driven by customer-designed products and services  [1-2]. 
The manufacturing enterprises require emerging technologies in order to achieve ‘agility’. So that, the manufacturing equipment, information system and manufacturing control architecture of an agile manufacturing enterprise, are highly desired to be responsive to the physical and logical disturbances [3].
Several technologies have been developed for realization of the agility in manufacturing enterprises. These include; flexible manufacturing systems (FMS) and computer integrated manufacturing (CIM) systems. Such systems consist of various flexible, programmable manufacturing hardware and information system components and hierarchical control architectures. They have been especially useful in improving manufacturing design and cooperation, supporting changes in the production schedules, various manufacturing and assembly operations, enhancing product service and repair and providing vehicles for manufacturing training and research [4].
However, it is often difficult for traditional centralized control architectures to cope with different information, expertise and decision-making in the increasingly competitive global market [5]. Due to the centralized control, many conventional CIM systems suffer from the limitations of scalability, robustness and re-configurability, which are the key parameters of an agile enterprise. 

Hence the researches apply methods in order to be able to implement evolution in manufacturing control systems. One such method is Holonic manufacturing system (HMS), as a new intelligent manufacturing paradigm, to organize manufacturing activities and meet the agile, scalable and fault tolerant requirements [6]. The HMS overcomes many difficulties faced by existing conventional, rigid CIM systems.
The design and implementation of such systems require risky, careful decisions to ensure that the highly automated manufacturing system will successfully satisfy the demands of an ever-changing market.  Therefore, the companies need methods and tools for designing their manufacturing systems. in a quick, cost-effective, error and risk free way.  There are various simulation methods and commercial applications available for design and analysis of integrated manufacturing systems. But they generally do not fully cover the aspects related to HMS and de-centralized control. In addition, the commercial software packages require long trained experts for operations and the high purchase costs, which are not affordable especially by SMEs [9].
It is a challenge to build a system based on virtual manufacturing simulations, which is able to provide an efficient and effective way to facilitate holonic design and simulate holonic operations so as to make the techniques ready for an industrial agile manufacturing application.
This paper presents an integrated methodology, with the aid of Virtual Reality (VR), for design and operations of agile manufacturing systems suitable for SMEs, using limited expertise and minimum costs.  The main concepts of integrating VR based simulations into the design and testing of modular, scalable, re-configurable manufacturing control architectures has been studied and experimented. 

The methodology makes use of two major components: VR simulations and holonic control in an information system framework for design and operation of agile manufacturing systems. The components are developed using MASs, function blocks and VR simulation techniques.

At the high level, the holonic design and control environment is established based on the multi-agent systems for autonomous and cooperative decision making activities. At the low-level, the function blocks of IEC 61499 standards are employed for low level holonic control of manufacturing equipment.  The VR simulation environment provides a 3-D modeling and visualization platform of the overall system. Such that, the designers can experience holonic integrated manufacturing system operations in a ‘realistic environment’.
The overall methodology has been implemented in an easy-to-use, cost effective information system framework, which can be applicable to SMEs. 
Several tests have been carried out in a prototype CIM system laboratory for the effectiveness of developed holonic VR system over the real industrial applications. However, an industrial case study has been performed in a firm in die casting industry [7].
The rest of this paper is organized as follows: section 2 describes the background of the VR research activities and analyzes the requirements for the proposed methodology.
Section 3 briefly presents the characteristics and structure of HMSs based on MASs and IEC 61499 function block standards. Section 4 outlines the methodology and the system framework. Finally the conclusions are drawn in section 5. 
2. The Virtual Worlds in Manufacturing  
Towards the aim of developing agile manufacturing systems, the concept of virtual worlds is considered as a solution for representing the manufacturing activities, as the user and the information support elements are put in direct relation with the operation of the system in a realistic environment. 
The VR technology is used for realizing the ‘virtual worlds’ or ‘virtual environments’ since it provides a sense of reality and an impression of ‘being there’. 

In general, the VR is often referred to as a knowledge and computer-based system that integrates the real world activities with virtual models and simulations. It has been increasingly employed in various applications of design and manufacturing. The ‘well-known’ applications of VR in manufacturing include computer-aided design, product -process planning, tele-robotics, assembly planning, manufacturing system visualization and simulation [8]. These applications have a significant role in bringing systems into operation more rapidly and more reliably because more testing and verification can be done earlier in the life cycle and in a safe environment.  
By simulating the production in ‘virtual environments’, the enterprises can evaluate multiple products and shop floor system designs before investing in a prototype—leading to the development of production facilities and processes in a much faster, more efficient, cost effective and error free way [8].
VR holds a great potential in design and analysis of CIM systems [9-10]. The design activities and simulations in ‘virtual worlds’, provide company managers and system analysts with an environment to understand the statistical outcome of the design with realistic modeling of CIM implementation. Various problems in manufacturing applications can be detected and solved before being employed in practical manufacturing, thereby, preventing costly mistakes [11]. Although, VR has been employed for design and development of integrated manufacturing and control systems, there are few applications regarding to modeling and simulations of the HMSs. The VR-based methodology proposed in this paper, takes into account the identification, implementation and simulation of holonic control, within virtually modeled manufacturing systems.  So that the virtual worlds are used to test the operational behavior of the HMS components integrated to agile manufacturing system being designed.
3. Holonic Manufacturing Systems: An Overview 
To meet the requirements of agile manufacturing, research in the area of manufacturing systems control has moved away from traditional centralized approaches and has focused on the development of a spectrum of distributed control architectures that range from hierarchical structures to non-hierarchical or heterarchical structures [12]. Based on the principle of distributed control of manufacturing systems, much architecture has been developed. 

The HMS has been suggested as a concept for these future manufacturing systems, which is based on the combination of hierarchical and heterarchical control structures by means of cooperating holons [6]. The term holon, in the sense which it is currently used in the manufacturing area, was firstly used by A. Koestler [13] who studied a dichotomy of wholeness and partness in living organisms and social organizations. He stated that – in principle – wholes and parts in the absolute sense do not exist anywhere. To emphasise this point,he suggested a new term holon as a fusion of the Greek word holos meaning the “whole” and the suffix “on” denoting a particle. A very important feature of holons resulting from their definition is their recursion. A holon, unlike an agent, can contain other holons of the same architecture or structure. The cooperation capability enables a holon to co-operate with other holons in order to achieve a common goal or objective. Holons are aggregated into holarchies. A holarchy is a holon within itself. The holarchies describe the dynamic hierarchies of a Holonic System and throughout the life cycle of a Holonic System these dynamical hierarchies will be created and deleted on a regular basis as a response to the current situation.
This is especially true in the tasks of (ontology) knowledge representation, communication architecture, negotiation, coordination and cooperation principles and algorithms as well as in the corresponding standardization. In contrast to traditional CIM approaches, a holonic manufacturing system is constructed in a bottom-up fashion by integrating holons in such a way that they collaborate to provide an array of system-wide characteristics. These behavioral attributes include flexibility, robustness, self-similarity, openness and so forth. The appearance and the whole existence of holons are tightly connected with the requirement of system re-configurability to support the manufacturing agility, and holons are considered as the lowest level of granularity in the reconfiguration tasks. 

The holonic ideas and considerations have led to the more generic visions of a ‘holonic factory’. Here all operations starting from product ordering, planning, scheduling and manufacturing till invoicing the customer are based upon the holonic principles. Entirely all entitles at all levels of information processing are holons, whether representing a physical manufacturing device, a particular product, an order, an external supplier, a customer etc. At least three separate levels of information processing within the holonic factory can be distinguished.
· Real time control, which is tightly connected with the physical manufacturing equipment.

· Production planning and scheduling, both on the workshop and the factory level and,

· Supply chain management, integrating a particular plant with external entities (such as suppliers, customers, cooperators, sales network etc.)
To meet the critical requirements for openness, it is proposed that these domains be characterized principally in terms of two sets of standards: 
· The IEC (International Electrotechnical Commission) 61499 series of standards [14, 15, and 16] for the use of function blocks in distributed industrial automation and control systems.

· The FIPA (Foundation for Intelligent Physical Agents) architectural standard for software agent systems [17].

At the real time (RT) control level, the main characteristics of holons is their linkage to the physical manufacturing devices – these holons read data from sensors and send control signals to actuators. The IEC 61499 standard known as function blocks fits well these RT-control purposes.

The function blocks based on IEC 61499 standards provide modern software engineering facilities to encapsulate, execute and reuse software within a decentralized architecture. Moreover, function blocks can be aggregated in many ways to form agile applications. 
However, the function blocks do not address the higher level aspects of holons acting as cooperative entities capable of communication, negotiation and high-level decision making. It is obvious that this is the field where the techniques of MAS have to be applied.
Thus a general architecture combining function blocks with agents has been presented in [18].

The most popular new holon model encapsulates one or more function block oriented devices into a wrapper containing a higher-level software agent component, as shown in Figure 1.
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Figure 1: Holonic agent; combination of software agent and low-level control application.
Physical holons are thus indispensable parts of all HMS. The physical holons shown in Figure 2 consists of production equipment capable of performing manufacturing tasks and one or more associated holonic control devices with the following functions:

Inter-holon communication to negotiate and coordinate the execution of processing plans (sequences of manufacturing tasks) and recovery from abnormal operations;

Real-time control functions that implement and monitor the required sequences of operations as well as detecting and diagnosing malfunctions;

Physical interfaces between the control functions and the sensors and actuators of the physical processing equipment [19].
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Figure 2: Physical holons and holonic control devices

4.
VR Based Holonic Design and Operations Environment: The Overall Methodology
The proposed approach looks to exploit simulation in a much wider range of applications with significant benefits in the design and development of agile manufacturing systems. To this end a number of integration mechanisms are facilitated in supporting processes in a typical design and development life cycle. 
These include: 
(i) Creating VR manufacturing environments based on the functional and holonic control requirements, 
(ii) Identification of holons and holarchies for modeling holonic control architectures by utilizing IEC 61499 function blocks and MASs in a wrapper model shown in figure 1. Exchanging the control requirement/design information between VR simulation and the holonic operations environment; 
(iii) Performing distributed control of manufacturing devices and execution of control functions in VR operations environment with holonic architectures with runtime support application verification..
The overall methodology, shown in Figure 3, is built upon design and integration two major environments; these are namely, holonic control and VR operations environments. A common design platform based on object oriented design and programming is employed for modeling the two environments and the interactions between them.
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Figure 3: The VR-based holonic design and operations environment 

4.1 Design Environments
The integrated design environments focus on building a ‘virtual factory’, based on two main types of models namely; VR model and holonic control model.  The VR model represents the 3-D nature of the manufacturing system for simulations in the virtual world. Various manufacturing and assembly operations are simulated throughout the movements and interactions of the 3-D graphical VR objects. The graphical rendering of VR environment is created by OpenGL, implemented in C++ object oriented programming language.
Object oriented modeling of the manufacturing in the VR enterprise modeling system is useful in simplifying the complex manufacturing systems. Hence, VR objects are constructed based on object oriented structures. The interactions within the virtual world occur, due to the event and information flow between the objects. The object structure of virtual environments is modeled through Unified Modeling Language (UML). 

UML is a well-known and widely used language for specifying, visualizing, constructing and documenting the artifacts of software systems [20]. The object oriented approach of modeling is helpful also in the integration of VR environments to agent-based holonic control systems since the major structural components of HMSs are object-oriented i.e. MAS and function blocks.
The holonic control model involves agents and function blocks representing basic manufacturing and material handling components as for instance a manufacturing cell, a conveyor belt, an AGV, etc. 
The design environment makes use of a function block editor FB editor for graphical modeling of distributed control systems. The FB editor provides graphical tools and functions for converting the function block models into XML or Java codes.  The generated function blocks act as integral part of the VR environment by means of event and data communications.
The first point to consider in designing and developing the MAS is FIPA compatibility due to standardization efforts {MAST Paper}. Another reason is the consistence of a wide range of open-source, free agent development platforms that are compliant with FIPA specifications. 

The well-known of them are JADE [21], FIPA-OS [22] and ZEUS [23]. For the implementation of the proposed methodology, the JADE platform has been used due to its several advantages mentioned in [24]. Agents, as intelligent decision making components of VR environment objects, are designed in JADE platform based on the FIPA interaction protocols. The JADE, which is an open source agent platform, provides a library of JAVA classes that allow creating agents with application-specific attributes and behavior with capabilities to send and receive FIPA messages. The important part of the agent platform is that it provides a ‘runtime platform’ for the agents to ‘live’. This includes white page services registering existing agents and their contact addresses, yellow pages services used to register and locate services and finally the message dispatching mechanism ensuring the inter-agent communication within the platform as well as hosted by different platforms.
4.2 VR Operations Environment
The VR operations environment consists of an interactive VR container platform with a GUI for receiving the user requests upon several manufacturing operations, editing parameters of production processes and viewing the HMS operations in virtual environment.
The objects of VR environment communicate with the holonic control function blocks through ‘sockets’ which are modular and re-configurable interfaces for data transfer between software platforms based.
The function blocks designed for control of the virtual manufacturing system is directly connected to the VR objects in order to trigger the events of operations in VR environment.

Each holon is autonomous and has the responsibility of maintaining its local knowledge and keeping its neighbor holons informed once something changed. None of the individual holons has the knowledge about the whole system.
The VR operations environment constitutes a human system interface through which human users can feel free to add or delete any type of system entities. Once a system entity is added to the system, a new holonic agent is automatically created and registered to the cooperation domain. The relationship between the new added holon with other holons (i.e. inputs and outputs relations) will be updated into its knowledge base. 
Through the dynamic information exchange among holonic agents, the transport network of the entire system is stored in each individual holon and any change of the system layout can be detected and captured.  The integration of holonic agent control system with the VR simulations forms a design and operations environment for various HMS operations, i.e. material handling, assembly, manufacturing. 
The human system interface of the platform is used to let user interactively change the system configuration and communicate with other holonic agents to adapt to the changing environment. 
In addition, the user can simulate several failures of system components and trace the reaction of holonic control for finding delivery routes, repairing workstations and dynamically updating the production schedules.

The initial VR, function and control logic models of the virtual factory under study are evaluated, re-generated and instantly implemented into an already running system. The resulting model, which is iteratively upgraded, is verified in VR simulation environment and used to analyze the performance and agility of the desired manufacturing system.
5.
System Framework and Implementation
The proposed methodology has been implemented with a prototype software tool VCIMLAB [7] into a FMS laboratory, Eastern Mediterranean University/ Northern Cyprus, where the authors carry out the research activities. 

The system under study includes a CNC milling machine, quality control equipment, assembly devices and two robot arms and for various material handling and assembly operations. VR-based holonic design and operations environment has been employed in a typical task allocation problem of robot arms within the cell for various disturbances in the orders and cell configurations.  
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Figure 4: Experimental FMS cell; real & VR models.

In the on-going system development project, the virtual models of the each entity of prototype FMS has been modeled in VR environment according to the real-scales.  Figure 4 shows the real & virtual models of the system under study. 

For holonic control, each manufacturing entity within the virtual model is implemented as an agent that integrates with the virtual entities in the simulation environment to form a holon.
In order to meet the main requirements of HMS, five different kinds of entities were designed and implemented in the prototype system: such as order, product, two robots and CNC machine. The number of each instance of entity appearing in the system is arbitrary and the layout can be dynamically changed so that the perturbation and open attributes of a HMS can be achieved. 
Through a number of tests and evaluations, it has been experienced that, the users can arbitrarily introduce new manufacturing tasks, design the system layout or change system configurations without any change to the implementation of the holonic control environment.  Therefore, the system is open, robust and flexible as of the requirements of agile manufacturing systems.  Each holon runs autonomously and makes decisions independently; they dynamically cooperate and coordinate with each other, and the optimal solution can be achieved through individual decisions based on the current local and global situation. The 3-D GUI interface shown in Figure 4 illustrates the arbitrarily user designed system layouts and varying task assignments where the user can feel free to add/delete any of the system entities even while the system is running
6.
Conclusions
A VR-based methodology for design of holonic-agile manufacturing systems has been presented. The methodology uses VR for modeling, simulation and monitoring holonic manufacturing control systems and their operations. VR technology allows the users to interact intuitively with the manufacturing environments and its objects, as if they were real, by immersing them in a highly realistic 3-D environment. 
Two major components are proposed and developed as building environments of the methodology. These are namely; holonic control and VR operations environments. 
MASs integrated to IEC 61499 function blocks have been used for design of holonic control environments, involving autonomous, cooperative holons, providing quick response to the perturbations in the system. 

The object oriented modeling and programming techniques are proposed for the development of VR environments and their interaction to the holonic control environments.

 A prototype test implementation has been performed in a FMS for demonstrating the various aspects of the holonic system.
As the earlier step of developing and implementing the VR-based holonic design and operations of agile manufacturing systems, the concept and technologies were validated; the original objective was achieved, thus, paving the way for further development and application. 
However, this is an on-going work and therefore only preliminary results are presented.
The overall holonic system framework has been also applied to an industrial case study in a die-casting manufacturing factory with another on-going study for solving various production planning, scheduling and process control issues in SMEs.
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