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Abstract

   We propose an e-business model, the Holonic Enterprise (HE) which integrates several paradigms (Holonics, MAS, Virtual Enterprise, Web-Centric and Co-opetition) that have emerged as a result of the tremendous shift in the business dynamics on the global market enabled by the Internet and communication network technologies. The fundamental differences between holons and agents are addressed and the main challenges of the HE model implementation briefly stated, as they are commonly addressed by several collaborative research consortia. An innovative solution to automatic clustering of MAS into holarchies by fuzzy entropy minimization and our efforts to integrate it with an evolutionary search for the best partners concludes the paper. 
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1. Introduction

The quick pace of technological change in the networked economy necessitates that strategies and relationships evolve over time, changing with the dynamic business environment. Following the web-centric paradigm shift enabling the sharing of information, services and applications among suppliers, employees, partners and customers, an international effort referred to as the Global Dynamic Service Environment (Global DSE)
, was initiated
 to provide an integrated information framework for inter-enterprise collaboration. This international effort is being conducted in Europe
, Canada
, USA
, Japan, Australia and New Zealand to create an environment by which enterprises can connect to create strategic partnerships in the global networked economy to deploy and exchange services as well as create new, compound services. The value of such a web-enabling environment connecting organizations worldwide (value which can be maximized mainly in an international context) extends across many domains, encompassing e-Business and e-Commerce; Internet-enabled services to society (such as e-Health, e-Education); security and global communications; distributed manufacturing
 and robotics.
In the Web-Centric Economy the DSE information infrastructure supports production, binds organizations together and reflects in all other organizational aspects. Specifically, production processes are information rich and the dynamics of the information infrastructure is the tool for carrying it out both at individual locales and across the global environment. The electronic linking implies that work matter (or critical parts of it) is being transferred across virtual enterprises locales via the DSE which supports organizational information that in turn can mirror social organization. In this paper we present the concept of holonic enterprise
 [1] [2] as a paradigm of paradigms which enables global collaboration in the networked economy. First we present the holonics and MAS paradigms while underlining their distinctive parts and commonalities. 
2. On Holons and Agents: Differences and Similarities
The debate on clarifying the difference between holons and agents is an ongoing issue in the research communities using these paradigms. Given the essentially different path on which each concept was developed the question itself is inappropriate. Holarchies [3] have been envisioned as models for the Universe’s self-organizing structure, extrapolated on the empirical observation that, from the Solar System to the Atom the Universe is organized into self-replicating structures of nested hierarchies intrinsically embedded in the functionality of natural systems. On the other side, agents have been envisioned as a software paradigm aiming to expand the limitations of the static object model with proactive capabilities of autonomy and environmental awareness, the emphasis being on the interaction between software components rather then on their structure. In the sequel we briefly present the main characteristics of the holonic and MAS paradigms.

2.1. The Universes’ Self-Organizing Structure: Holonics Paradigm. 
In his attempt to create a model for self-organization in biological systems, Koestler [3] has identified structural patterns – namely that they form nested hierarchies of self-replicating structures, named holarchies. Holons at several levels of resolution in the holarchy behave as autonomous wholes and yet as cooperative parts for achieving the goal of the holarchy. From a software engineering perspective a holon, as a unit of composition retaining characteristic attributes of the whole system (holarchy), can be viewed as a class. Thus the object-oriented paradigm seemed
 suitable for modeling holarchies as software systems.

Within a holarchy, holons can belong to different clusters simultaneously, displaying rule-governed behavior. The rules define a system as a holon with an individuality of its own; they determine its invariant properties, its structural configuration and functional pattern. The duality autonomy-cooperation as main contradictory forces within a holarchy is balanced by the rules that define the functionality of such a system of semi-autonomous holons [4], [5]. 

2.2. The Universe Encapsulated in Software: Multi-Agent Paradigm
In response to the need for modeling the complexity of interactions in large scale distributed systems, agent technology has emerged as a paradigm for structuring, designing and building software systems that require complex interactions between autonomous distributed (software) components. While the object-oriented paradigm models systems focusing on the structural, static characteristics of their parts which are defined through encapsulation and inheritance, the agent paradigm models systems focusing on the underlining dynamics defined by the interactions between their parts. In contrast to the passive way in which objects communicate by invoking methods in one another in a way controlled externally by the user (e.g., from a ‘main’ program), agents are capable to initiate communication and decide (like a human) when and how to respond to external stimuli (e.g.,, manifested upon them as requests from other agents). From this perspective the agent paradigm extends the object paradigm in that agents can be regarded as proactive objects [6] that have an internal mechanism which governs their behavior enabling them to initiate action as well as to respond to the outside environment in an autonomous way. With this in mind one can define:

· an intelligent agent as a software entity which exhibits, in some significant measure, autonomy, intelligence, and environmental awareness, and which interacts with its environment to achieve internal goals;

· a multi-agent system (MAS) as a software system in which program modules (the individual agents) are given autonomy and intelligence and an underlining coordination mechanism (implementing rules for collaboration, like for holarchies) which enables collaboration between such modules (agents) to attain system objectives

2.3. Multi-Agent Systems as Software Representations of  Holarchies
A software representation of a holarchy thus appears natural as MAS, consisting of autonomous yet cooperative agents. From this perspective a MAS is regarded as a system of agents (software holons) which can cooperate to achieve a goal or objective. The MAS (software holarchy) defines the basic rules for cooperation of the agents (software holons) and thereby limits their autonomy. In this context autonomy is defined as the capability of an entity (agent/holon) to create and control the execution of its own plans and/or strategies while cooperation - as a process whereby a set of entities (agents/holons) develop mutually acceptable plans and execute them.
Thus, holonics is an organizational paradigm (inspired by the self-organizing properties of natural systems) which models social organizations as nested clusters (holons) of sub-organizations (sub-holons) driven towards a common purpose by collaborative rules. The rules act as forces that coordinate interactions between sub-holons working together towards to common purpose. MAS is a software paradigm which aims to represent dynamical systems in software by focusing on the interactions between their parts (modeled as software agents). 
The common denominator between holonics and MAS as paradigms is obviously the focus on the dynamics of the interactions, however in a MAS there is no pre-assigned condition that the interactions should be driven by cooperative forces, while in a holonic system this is a precondition for the existence of the holarchy per se (the glue that binds the holarchy together driving it towards the common goal.) It is this ‘team-spirit’ that characterizes a holarchy, in that all its component parts at all levels of resolution work together towards achieving the goal in an optimal manner. This ‘togetherness’ drives the self-organizing power that configures all the sub-holons to optimize the interactions within the holarchy to reach the common goal with maximum efficiency. On the other side in a MAS agents may interact based on competitive rather than cooperative rules (e.g. electronic markets or other competitive/conflicting environments such as military scenarios; competing over resources or societal/political disputes, etc.) – which is excluded as a possibility in a holarchy.
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Organizational hoarchies are real-world entities (such as for example Canada as a confederation is a political holarchy; a global enterprise is a collaborative purpose-driven/market-driven holarchy; a distributed manufacturing system is a production-driven holarchy.) As elements of such organizational holarchies, holons per se are by no means software entities. Thus a ‘comparison’ with agents does not really make sense. In the manufacturing domain however holons have been considered to be software and physical entities alike, in a co-habitation nature-software expressed through the concept of ‘partial cloning’ of a physical entity as software entity which encapsulates those characteristics abstracted from the real entity, which are needed in the particular collaborative context of the holarchy. Thus one distinguishes two ontological levels in a manufacturing holarchy, Fig. 1 [2]: a physical one (humans and machines cooperating to fulfill the production needs optimally) and a logical (software) one, which emulates the physical one through software entities (objects or agents) to enable the coordination of production through intelligent control procedures [7]. The software representation of the manufacturing holarchy enables emulation of production with distribution of the scheduled tasks o the various software agents ‘cloning’ the physical machines and once an optimal configuration solution has been reached the appropriate control law is deployed from the software agent on the appropriate physical machine at the appropriate time [8]. An intrinsic issue in manufacturing holarchies is thus co-habitation physical holons – software agents. In such a manufacturing co-habitation context the concepts of holon and agent merge and software agents are regarded as holons (but not vice versa, o course). From this perspective, as a software paradigm MAS appears to be an excellent tool for emulating holarchies as software systems. A MAS which emulates a holonic systems will consists of agents driven by a coordination mechanism designed according to the rules for cooperation of the respective holarchy. With this in mind it is easy to point that software holarchies are specialized MAS that define the interaction between their agents based on the underlining cooperative holonic model. Such software ‘holons’ appear to be specialized agents which have a particular structure and holonic properties, that is they are decomposable into sub-agents which work cooperatively towards a common goal of the holarchy. In conclusion the issue is not ‘convergence’ of the two paradigms but rather implementing an organizational holarchy (real life system) into software using the MAS paradigm.

3. The Web as a Living Organism: Global Enterprises as Holarchies

The tremendous progress of information and communication technologies has transformed our World to an extent to which real-life entities virtually ‘exist’ in a parallel Universe of information. The World Wide Web connects by invisible links these entities through their virtual ‘clones’ forming ‘societies’ in which the virtual entities (mostly modeled as software agents) have their own ‘life’ interacting with an autonomy of their own. When such societies are driven towards a common purpose they self-organize themselves into holarchies [14]. In such holarchies enterprises can be partially ‘cloned’ as agents to interact and form global virtual organizations. Two main paradigms have emerged supported by this technological development.
3.1. The Web-Centric Paradigm: Glue in Virtual
 Organizations
The use of the World Wide Web in business has radically altered expectations regarding the appropriate infrastructure for enterprise systems. The Web-Centric Enterprise [9] is a novel business model that provides a foundation on which companies can build processes and procedures to create products for their customers within the context of today's market dynamics in which systems need to be able to accommodate unique customer requirements, both upon initial implementation and over time. Unlike existing point solutions that focus on a single-department or activity product, such as data management or product-design-and-manufacturing, the Web-Centric model addresses product and process life cycle management across the extended enterprise regarded as a global organization. At the core of the Web-Centric Enterprise model is a breakthrough in information technology (IT) infrastructure conceptualization, namely the internet-enabled software infrastructure acting as a worldwide open Dynamic Service Environment (DSE) mentioned in the Introduction (footnote 1). Such an integrated framework enables sharing of information, services and applications among suppliers, employees, partners and customers via: 

· Deployment of automated, intelligent software services (e.g., internet-enabled negotiations, financial transactions, advertising and bidding; order placement/delivery, etc.) 

· Complex interactions between such services (e.g., compliance policies; argumentation and persuasion via complex conversation protocols, etc.); 

· Dynamic discovery and composition of services to create new compound value added services (e.g., dynamic virtual clustering of synergetic partnerships of collaborative organizations aiming to achieve a common goal). 
3.2. Bringing The World Together: The Virtual Enterprise (VE) Paradigm
A virtual organization or company is one whose members are geographically apart, usually working by electronic linking via computers while appearing to others to be a single, unified organization with a real physical location. Within a virtual organization work cannot be completed without support of an information technology infrastructure in linking the parts.

The Virtual Enterprise (VE) paradigm differs from the Web-centric paradigm in that a VE is a distinct organizational form, not just a property of any organization. Thus, Web-centric organizations that can use communications extensively, but not in a way critical in fulfilling the goal of the organization (e.g., a multinational corporation with dispersed parts being on the same satellite network whose use, however, is not critical for completing the production process) are not VE. In today’s global economy in which enterprises put together their competitive advantage to leverage a higher purpose otherwise impossible to achieve the VE is an appropriate model for strategic partnerships. Such a strategic partnership model calls for new perspectives on competition in the global open internet-enabled economy. 

4. Balancing Autonomy and Cooperation in the Networked Economy: The Co-opetition Paradigm. 
The new economy mandates the shift from industrial age, “brick and mortar” strategic thinking to an emphasis on new alliances and a rethinking of traditional partnerships. Alliances and partnerships can be formed in ways that increase value for all players. The concept of co-opetition [10] builds on the duality inherent in all relationships with respect to win-win and win-lose interactions. The success of most businesses is dependent on the success of others, yet they must compete to capture value created in the market and protect their own interests. The main issues to be addressed when developing a business strategy based on co-opetition are: 

· Who are the players in the network and how can they collaborate to maximize value? 

· Which relationships are complementary in nature -- which companies can add value to what they provide?

· Which players are competitors, and are there mutually beneficial ways to create value? 

· What can they do to sustain their competitive advantage over time?

From this perspective we can regard the global enterprise as a holarchy whose holons interact according to co-opetition rules implemented as strategies for negotiation, collaboration, cooperation and other coordination mechanisms.

5. The Holonic Enterprise as an Information Ecosystem
Considering virtual enterprises as holarchies of web-centric enterprises, which are modeled as multi-agent systems naturally leads to the concept of the holonic enterprise, Fig. 2. A holonic enterprise is a holarchy of collaborative enterprises, where each enterprise is regarded as a holon and is modeled by a software agent with holonic properties, so that the software agent may be composed of other agents that behave in a similar way but perform different functions at lower levels of resolution. There are three levels of resolution within the HE holarchy [11]: 

1. Inter-enterprise, global collaboration level. At this level several holon-enterprises cluster into a collaborative holarchy to produce a product or service. The clustering criteria support maximal synergy and efficiency. Traditionally this level was regarded as a mostly static chain of customers and suppliers through which the workflow and information was moving from the end customer that required the product to the end supplier that delivered it. In the holonic enterprise the supply chain paradigm is replaced by the collaborative holarchy paradigm. With each collaborative partner modeled as an agent that encapsulates those abstractions relevant to the particular cooperation, a dynamic virtual cluster emerges that can be configured on-line according to the collaborative goals. 

2. Intra-enterprise level. Once each enterprise has undertaken responsibility for the assigned part of the work, it has to organize in turn its own internal resources to deliver on time according to the coordination requirements of the collaborative cluster. Planning and dynamic scheduling of resources at this level enable functional reconfiguration and flexibility via (re)selecting functional units, (re)assigning their locations, and (re)defining their interconnections (e.g., rerouting around a broken machine, changing the functions of a multi-functional machine). This is achieved through a replication of the dynamic virtual clustering mechanism having now each resource within the enterprise cloned as an agent that abstracts those functional characteristics relevant to the specific task assigned by the collaborative holarchy to the partner. 

3. Basic resource level. To enable the resource management through the DSE each resource (machine; human; information entity) is cloned as an agent that abstracts those parameters needed for the configuration of the holonic production system.
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Fig. 2: Dynamic Virtual Clustering               Pattern in a Holonic Enterprise  

           

 

Thus the HE paradigm links the three levels of a global collaborative organization to build a web-centric ecosystem partnering in which the workflow is harmoniously managed.
6. Emergence of the Optimal Enterprise Structure:

 The Natural Order is Holonic

The coordination backbone for a holonic enterprise is based on common mechanisms [12] that characterize the collaborative information ecosystem created by the three levels of a holonic enterprise, named generically ‘patterns of holonic collaboration. Among them the dynamic virtual clustering pattern plays a crucial role in that it embeds the self-organizing properties of a holonic enterprise. The main responsibility of this pattern is to configure the enterprise to minimize cost enabling for flexible, re-configurable structures. At all levels of the holonic enterprise, task propagation occurs by a process of virtual cluster (or holarchy) formation. This pattern is facilitated by the general layered architecture of the holonic enterprise. It is debatable if this pattern should be implemented by mutual adjustment mechanisms (in a totally decentralized manner which would leave room for maximum autonomy in the holarchy) or via a mediator, as suggested in [13] (this implementation placing the control of the holarchy into a mediator agent and by this reducing the degree of autonomy in the HE.) 
For the total decentralized (mediator-free) case we have developed a methodology that naturally clusters the entities of a HE into an optimal structure configured dynamically to reach the holarchy’s goal optimally. We have proven mathematically [14], using fuzzy entropy minimization, that the optimal organizational structure for distributed partners that form a virtual enterprise – is a holarchy. The main idea is to minimize the entropy in the information spread across the virtual enterprise (modeled as a multi-agent system) – such that each holon maximizes its knowledge of the task it is assigned, in order to best accomplish it. This naturally leads to the (self)organization of the virtual enterprise in a holarchy.
6. Dynamic Evolution Towards the Best 
Structure

Moreover we have extended the fuzzy model of the holarchy with an evolutionary search for the best partners over the internet [15] which enables dynamic, continuous evolution/expansion of the virtual enterprise by continuously finding collaborative partners to join in. In this approach we regard the ‘living web’ as an evolutionary system in which selection of the most suitable agents for achieving the purpose of the collaborative holarchy is done similar to selection for ‘the best’ in natural evolution.. The methodology uses isomorphic the genetic operators of mutation and crossover to model the probability of finding ‘keywords’ inside the partial domain (agent domain) considered at each iteration. This naturally leads the fuzzy holarchy to evolve towards the best structure in a natural selection way. 
9. Future Work
The above mentioned approaches are currently integrated into a unified fuzzy-evolutionary approach that optimally clusters the best partners into an emergent virtual organization [16]. We are in the process of implementing these dynamic holarchic models using the latest FIPA standards.
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Fig. 1: Logical and Physical Levels in a Manufacturing Holarchy
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� See: www.agentcities.org


� First Meeting of the Agentcities Task Force Initiative, Palo Alto, CA, October 2002.


� Agentcities.RTD and Agentcities.NET EU 5th Framework Program Projects


� Canadian GAIN (Global Agents Integration Network), see http://isg.enme.ucalgary.ca/People/Ulieru/Default.htm


� Agentcities US


� IMS – HMS (Holonic Manufacturing Systems) Consortium (http://hms.ifw.uni-hannover.de/) and IMS – PABADIS (Plant Automation Based on Distributed Systems) Consortium (www.pabadis.org)


� FIPA-Enabled Holonic Enterprise is an international initiative involving the joint efforts of several international consortia to develop standards for global collaborative enterprises (www.fipa.org)


� HMS – Strategies, Vol. 1 (Deliverable of WP6, March 1994 – Confidential).
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