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ABSTRACT.
This paper extends the holonic enterprise paradigm to the medical domain. A medical holarchy is a system of collaborative medical entities (patients, physicians, medical devices, etc.) that work together to provide a needed medical service for the benefit of the patient. Representing holons as software agents enables the development of e-health environments as web-centric medical holarchies with a wide area of application in telemedicine. The back-up of latest wireless and advanced communication technologies enables emergence of medical holarchies for ubiquitous healthcare. A case study in glaucoma progression monitoring illustrates the benefits of our approach. 
1. INTRODUCTION: ON EMERGENT HOLARCHIES IN CYBERSPACE
As result of the process of evolution driven by the law of synergy, emergence endows the dynamics of composite systems with properties unidentifiable in their individual parts. The phenomenon of emergence involves:

· self-organization of the dynamical systems such that the synergetic effects can occur;

· interaction with other systems from which the synergetic properties can evolve in a new context.

Multi-agent Systems enable cloning of real-life systems into autonomous software entities with a ‘life’ of their own in the dynamic information environment offered by today’s Cyberspace.  The Holonic Enterprise (HE) has emerged as a business paradigm from the need for flexible open reconfigurable models able to emulate the market dynamics in the networked economy (McHugh et al., 1995), which necessitates that strategies and relationships evolve over time, changing with the dynamic business environment. Building on the MAS-Internet-Soft Computing triad to create a web-centric model endowing virtual communities/societies (generically coined as ‘enterprises’) with proactive self-organizing properties in an open environment connected via the dynamic Web, the HE paradigm provides a framework for information and resource management in global virtual organizations (Ulieru 2002a). A HE [Ulieru, et.al. 2002] 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. The flow of information and matter across the HE defines three levels of granularity: 
· the inter-enterprise level. At this level, several holon-enterprises cluster into a collaborative holarchy to produce products or services.

· the 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.

· the machine (physical resource) level - this level is concerned with the coordination of the distributed physical resources that actually perform the work. Each resource is cloned as an agent, which abstracts those parameters needed for the configuration of the holarchy at the physical level.

How does one build agents and groups of agents which fulfill the holonic philosophy?  If a one-to-one mapping of holon to agent is performed, it is much more difficult to practically implement an agent (than it is to conceptualize a holon) which is itself a component of a higher level agent and which also contains lower level agents.  Here, the concept of a mediator agent comes into play.  The mediator will fulfill two main functions.  First, it acts as the interface between the agents in the holon and between the agents outside the holon (i.e. acts as a type of facilitator); conceptually, it can be thought of as the agent that represents the holon.  Second, it may broker and/or supervise the interactions between the sub-holons of that holon; this also allows the system architect to implement (and later update) a variety of forms of interaction easily and effectively, thereby fulfilling the need for flexibility and reconfigurability. The mediator encapsulates the mechanism that clusters the holons into collaborative groups (Maturana and Norrie, 1996).  The architectural structure in such holarchies follows the design principles for metamorphic architectures. With each collaborative partner modeled as an agent that encapsulates those abstractions relevant to the particular cooperation, a dynamic virtual cluster emerges which can be configured on-line according to the collaborative goals. Such a dynamic collaborative holarchy can cope with unexpected disturbances (e.g. replace a collaborative partner who breaks commitments) through on-line reconfiguration of the open system it represents. It provides on-line task distribution across the available partners as well as deployment mechanisms that ensure real-time error reporting and on-demand workflow/information tracking (e.g. fault tracking in distributed discrete manufacturing, etc.)
In [Ulieru 2002a] we introduce a fuzzy-evolutionary approach which mimics emergence in Cyberspace as follows:

· it induces self-organizing properties by minimizing the entropy measuring the information spread across the virtual system/organization (holarchy) such that equilibrium is reached in an optimal interaction between the system’s parts to reach the system’s objectives most efficiently;

·  it enables system’s evolution into a better one by enabling interaction with external systems found via genetic search strategies (mimicking mating with most fit partners in natural evolution) such that the new system’s optimal organizational structure (reached by minimizing the entropy) is better than the one before evolution. 

Applying this approach to the virtual societies ‘living’ on the dynamic Web endows them with behavioral properties characteristic to natural systems. In this parallel universe of information, enterprises enabled with the proposed emergence mechanism can evolve towards better and better structures while at the same time self-organizing their resources to optimally accomplish the desired objectives. Once a goal is set (by a customer) a HE emerges clustering available resources (modeled as software agents) to meet the need optimally (e.g. with minimal cost.) 
2. MEDICAL HOLARCHIES

In a medical context the elements of a HE are (with the customer being the patient):
· Inter-Enterprise Level: Hospitals, Pharmacies, Medical Clinics/Laboratories
· Intra-Enterprise Level: Sections/Units/ Departments of the enterprise level entities    
· Resource Level: Machines for medical tests, information processing resources (medical files, computers, databases, decision support systems), physicians, technical medical personnel, medical assistants, etc.
When combined with the latest advances in communication technologies (enabling access to/from anywhere/anytime via wireless and other advanced mobile means, Fig. 1 medical holarchies ensure ubiquitous ad-hoc healthcare enabling:

· Emergence of a medical holarchy around patient’s need. Search for the most suitable medical entities able to cooperate and organize their interaction to provide the desired services optimally.

· Disease history tracking / disease progression monitoring through the integrated information model defining the emergent medical holarchy

· Patient-centered management of medical data

· Cooperative medical decision-making and management of conflicting requirements in multiple disease condition

· Patient condition monitoring with alerting the medical personnel in case of emergency

· Medical emergency logistics with patient information retrieval and heterogeneous transaction workflow management throughout the medical holarchy. 
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Fig. 1: IT enablers for emergent medical holarchies

From a software engineering perspective (see Geras 2002 for details) the logical view on a medical holarchy (at the intra-enterprise level) involves the actors (Fig. 2) and the objects/agents – as domain entities (Fig. 3). 
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Fig. 2: Domain Actors in a medical holarchy (inter-enterprise level)
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Fig. 3: Domain Entities (business documents)
In medical holarchies the role of mediator agent (Fig. 4) is played by a centralized workflow manager that coordinates the requests for diagnosis and gets the responses back to the originator.  Implementing the domain model in this fashion permits easy distribution across the web since implementers could deploy individual web services on different machines in different locations as required.  In addition, the implementers could also deploy infrastructure services such as database management as web services.
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Fig. 4: Medical Holarchy with Workflow Manager as Mediator (Web-Centric implementation)
In Fig. 5, the domain actors map to agents and their responsibilities map to tasks. The concrete domain actors are implemented directly as agents in the development agent framework.  In the case of FIPA-OS
, for example, this means that they would extend the FIPAOSAgent class.  In order to provide the appropriate abstract behavior, the responsibilities and goals of the abstract domain actors are implemented as Java interfaces.  
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Fig. 5: e-Health Holarchy (FIPA-OS implementation)
3. A CASE STUDY IN GLAUCOMA PROGRESSION MONITORING 

A medical holarchy enabling progression monitoring of glaucoma patients is presented in Fig. 6. 

[image: image1.wmf]WIRED/WIRELESS

WIRED/WIRELESS

WIRED/WIRELESS

Static Environment


Fig. 6: Medical holarchy for progression monitoring of glaucoma patients
Suppose a glaucoma patient has an accident while on travel in a foreign country. From the PDA or cellular phone (Fig. 1) the intensive care doctor sets the goal for the holarchy via his personal assistant (interface) agent who initiates the request for creation of a medical holarchy (Fig. 6). All the hospitals/clinics associated with the patient are contacted and the workflow manager (mediator) structures the holarchy in a manner that enables access to the most relevant information related to patient’s condition determined by the accident. Fig. 7 illustrates the inter-enterprise level for the glaucoma clinic holarchy.
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Fig. 7: Glaucoma Clinic Holarchy (intra-enterprise level).

The connection between several medical offices is secured by a central database (Fig. 8) server which stores data relevant for learning to refine the knowledge of the ‘master’ decision support system (FCM in Fig. 8) assisting the specialists in the prognosis. More details about the system can be found in Ulieru and Pogzreba (2002) and Varachiu et. Al. 2002. The central database is updated periodically from each clinic/hospital/medical office. A copy of the diagnosis and prediction engines functions in each clinic and is updated after the learning process is done on the central ‘master’ copy. The local engines from each clinic are connected to the ‘master’ engines located on the central server via a secure and reliable connection [Wittenberger, 2002] as patient data is sensitive. 
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Fig. 8: Web-Centric implementation of the Resource Level for the glaucoma holarchy
Within each medical office the physical machines (HFA, HRT in Fig. 7) are connected via a database that centralizes for each patient all the relevant test information to be processed by the decision support system (FCM). The flow of information within the holarchy is done according to the generic example in Fig. 4.
4. CONCLUSIONS

Regarded as holonic enterprise medical holarchy emerges in Cyberspace around patents’ need clustering the resources available to optimally fulfill it. We have illustrated on a glaucoma progression monitoring example how emergent medical holarchies enable patient information retrieval and (inter/intra)-hospital workflow management, disease progression tracking/monitoring and remote access to patient information for multifactorial decision making in case of emergency. Our current work is directed towards the extension of these results to other e-Health and ubiquitous healthcare applications (such as: tracking and monitoring of diabetes and/or cancer patients, assistance of elderly patients, etc.) 
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