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ABSTRACT
This work builds on the synergetic triad Soft Computing – Internet – Multi Agent Systems in developing technologies for remote diagnosis, prediction and ubiquitous healthcare. Our approach 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. Our approach exploits the triad’s synergy twofold. On one side we use soft computing to enhance to power of the Internet by a fuzzy-evolutionary approach enabling emergence of virtual communities in Cyberspace. On the other side we use the Internet to empower soft computing both as enabler for the powerful integration of several soft computing strategies into a unified diagnosis and prediction methodology and as enhancer of learning neuro-fuzzy diagnostic rules and knowledge base refinement through a remote database creation and exploitation mechanism. A case study in glaucoma progression monitoring illustrates the benefits of our approach.
Keywords: Soft Computing, Multi-Agent Systems, Evolutionary, Self-Organizing Cyberspace, Emergent Virtual Organizations, Neuro-Fuzzy Diagnosis and Prediction, Web-Centric Database Management, Medical Holarchy. 
1. INTRODUCTION: EMERGENT HOLARCHIES IN CYBERSPACE
1.1. The Holonic Enterprise: A Model for Internet-Enabled Workflow Management in Virtual Organizations
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 [1], which necessitates that strategies and relationships evolve over time, changing with the dynamic business environment. In today’s open environment connected via the dynamic Web, the HE paradigm provides a framework for information and resource management in global virtual organizations by modeling enterprise entities as software agents linked through the internet [3]. Building on the triad: Internet-MAS-Soft Computing we recently developed a model for the HE that endows virtual communities/societies with proactive self-organizing properties [2]. 

[image: image1]A HE, Fig. 1 is a holarchy of collaborative entities (here generically coined as ‘enterprises’), where each entity is regarded as a holon and is modeled by a software agent with holonic properties [4], (that is: the software agent may be composed of other agents that behave in a similar way but perform different functions at lower levels of resolution.) 
Fig. 1. Holonic Enterprise Model
The flow of information and matter across the HE defines three levels of granularity: 

· The inter-enterprise level. At this level (Fig. 1), several holon-enterprises cluster into a collaborative holarchy to produce products or services. The clustering criteria support maximal synergy and efficiency. 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. 

· 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 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, Fig. 2 [3]. 
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Fig. 2. Mapping Agents to Holons via Mediator

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 [5].  The architectural structure in such holarchies follows the design principles for metamorphic architectures, Fig. 3. 
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Fig. 3. Mediator-Centric Architecture
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. Backed by the recent advances in wireless and communications technologies 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 resources, Fig. 4. 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.).
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Fig. 4. Task Distribution Mechanism (Intra-Enterprise Level)
1.2. Soft Computing for the HE: Enabling the Evolutionary, Self-Organizing 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.
The fuzzy-evolutionary approach introduced in [2] 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. 

We present the key points of this emergence mechanism in the next two Subsections.

1.2.1. Self-Organization: Emergence of the Holonic Structure 
The essence of the approach stems from encapsulation into the mediator of a dynamic virtual clustering mechanism that optimizes the information and resource management across the HE to fulfill in the most efficient way the goal of the holarchy. The main idea is to minimize the entropy in the information spread across the VE (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 VE in a holarchy (which defines a HE).
We regard a MAS (denoted here by 
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 agents) as a dynamical system in which agents exchange information and organize it through reasoning into knowledge about the assigned goal [6]. Once a goal is assigned for the MAS agents may cluster in various ways to work cooperatively towards the goal’s accomplishment. We define a source-plan as a collection of 
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 different clustering configurations in which the agents team-up to accomplish the holarchy goal: 
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 is the degree of occurrence associated to each of its clustering configurations (Fig. 3), 
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Optimal knowledge at the holarchy’s highest level of resolution (inter-enterprise level) corresponds to an optimal level of information organization and distribution among the agents within all levels of the holarchy. We consider the entropy as a measure of the degree of order in the information spread across the multi-agent system modeling the holarchy. One can envision the agents in the MAS as being under the influence of an information “field” which drives the agent interactions towards achieving “equilibrium” with other agents with respect to this entropy
. This information is usually uncertain, requiring several ways of modeling to cope with the different aspects of the uncertainty. Fuzzy set theory offers an adequate framework for dealing with this uncertainty [8].
We model agent interactions through fuzzy relations considering that two agents are in relation if they exchange information. As two agents exchanging information are as well in the same cluster one can describe the clustering configurations by means of these fuzzy relations. The family of fuzzy relations,
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We use the generalized fuzzy entropy [9] to measure the degree of order in the information spread across the holarchy:
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(2)
The generalized fuzzy entropy is the measure of the “potential” of this information field and equilibrium for the agents under this influence corresponds to an optimal organization of the information across the MAS with respect to the assigned goal’s achievement [6]. When the circumstances change across the holarchy (due to unexpected events, such as need to change a partner that went out of business, machine break-down, raw materials unavailable, etc.) the equilibrium point changes as well inducing a new re-distribution of information among the agents with new emerging agent interactions. 
The optimal source plan:
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defines the most efficient clustering of resources across the holarchy relative to the goal achievement. 
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 is the least fuzzy (minimally fuzzy), i.e. the least uncertain source-plan. The fuzzy relation encoding the agent clustering to fulfill the VE goal according to this optimal plan, 
[image: image24.wmf]0

k

R

defines two types of source plans that can emerge:
· When 
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 is a similarity relation, then clusters are associated in order to form new clusters, and a nested hierarchy emerges that organizes the MAS modeling the VE into a holarchy (that is a HE emerges from the VE
).  
· When 
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 is only a proximity relation, tolerance (compatibility) classes can be constructed as collections of eventually overlapping clusters (covers). This time, the fact that clusters could be overlapping (i.e. one or more agents can belong to different clusters simultaneously) reveals the capacity of some agents to play multiple roles by being involved in several tasks at the same time while the holonic properties of the organization are still preserved.
This procedure endows the VE with self-organizing properties that ensure emergence of the optimal holonic structure once the resources are known (that is once the distributed partners have committed to the common goal and allocated the resources they want to put in to accomplish it.) Thus the above procedure ensures emergence of an optimal HE from any virtual organization with predefined resources.
1.2.2. Evolution Towards the Best Structure
In the open environment created by the dynamic Web opportunities for improvement of an existing virtual organization arise continuously. New partners and customers alike come into the virtual game bidding their capabilities and money to get the best deal. Staying competitive in this high dynamics requires openness and ability to accommodate change rapidly through a flexible strategy enabling re-configuration of the organization to be able to respond to new market demands as well as to opportunities (e.g. in playing with a better partner when needed.)  In response to this need we have designed an evolutionary search strategy that enables the virtual organization to continuously find better partners fitting the dynamics of its goals as they change according to the market dynamics.
We regard ‘the living Web’ as a genetic evolutionary system. The selection of the agents (partners) that best fit the holarchy’s objective is done in a similar way to the natural selection by ‘survival of the fittest’ through which the agents/partners that best suit the HE with respect to the goal accomplishment are chosen from the offers available on the Web. In this search model the mutation and crossover operators (pm and  pc) represent probabilities of finding ‘keywords’ (describing the attributes required from the new partners searched for) inside the search domain considered. Our construction is based on the observation that the search process on an agent domain
 [10] containing information about a set of agents that ‘live’ on the Web (e.g. a directory ‘look-up’-like table of ‘yellow page’ agents describing the services that the possible partners offer [11]) is analogous to the genetic selection of the most suitable ones in a population of agents meant to ‘fit’ the virtual organizations’ goals.

The main idea is to express the fitness function (measuring how well the new agent fits the holarchy’s goal) in terms of the fuzzy entropy (2):

F = 
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With this, minimizing the entropy across the extended MAS (which includes the agents from the search domain) according to HE goal-reach optimization equates optimizing the fitness function which naturally selects the best agents fitting the optimal organizational structure of the HE. In the sequel we present the mathematical formalism for this evolutionary search.
According to (3) it results that minimizing 
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 leads to a fuzzy relation that encodes the best clustering configuration for the HE. This fuzzy relation being either a proximity or a similarity measure it is intuitive to consider it as a good measure for the relevancy R of the new agents to the HE goal-reach:

R = 
[image: image29.wmf])

(

min

arg

,

1

0

k

K

k

k

S

R

R

m

Î

=

                                                (5)    
Defining for example the fuzzy relation 
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 in (2) as a preference relation encoding, e.g. the desire of agents to work cooperatively, gives a relevancy measure that perfectly fits the purpose of the search for better partners.  That is – when agents are found for which the preference is higher then for the existing ones, they should replace the old ones. This increases the membership values of the preference relationship, which indicates that the relevance relative to our search is higher. The algorithm that searches for better partners in Cyberspace is presented in Fig. 5.
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Fig. 5: Evolutionary Search in Cyberspace

We initialize the search process as follows:

· The initial population (phenotype) consists of the existing agents in the HE before the search.

· Calculate R for the phenotype

· Rank the preferences and determine the optimal source plan (3) by computing the corresponding 
[image: image32.wmf]a

-cuts.

· The preferences for the optimal source plan (represented as binary strings) constitute the genotype. They encode all the relevant information needed to evolve the HE towards a better structure by selecting better agents while searching on an expanded domain. 

· The phenotype evolves by reproduction according to how the probabilities of mutation and crossover (pm and pc) affect the genotype [12]. Each chromosome of the population (in the genotype) will be randomly affected.

The essence of this evolutionary search process stems from the recursive modification of the chromosomes in the genotype in each generation while monitoring the fitness function (4). At each iteration (that is whenever a new agent domain s searched) all members of the current generation (that is the existing agents in the holarchy and the new ones searched for) are compared with each other in terms of the preference measures. The ones with highest preferences are placed at the top and the worst are replaced with the new agents. The subsequent iteration resumes this process on the partially renewed population. In this way the openness to new opportunities for continuous improvement in the HE constituency is achieved and with this the emergence of an optimal structure for the holarchy. Embedding this strategy in the mediator (Fig. 3) endows the HE with the capability to continuously evolve towards a better and better structure by bringing to the table better and better partners as they are found.
The proposed emergence mechanism empowers the HE with self-adapting properties and moreover enables it to evolve like a social organism in Cyberspace, by mating its components with new partners as they are discovered in a continuous incremental improvement search process.

2. ON MEDICAL HOLARCHIES: PARTICULARITIES AND CHALLENGES
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.) 
2.1. Particularities of Medical Holarchies

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. Like any HE, medical holarchies are as well customer centric, the customer being (in most cases) – the patient.
 The elements defining the levels of a medical HE are:
· Inter-Enterprise: Hospitals, Pharmacies, Medical Clinics/Laboratories
· Intra-Enterprise: Sections/Units/ Departments of the each medical enterprise    
· Resource Level: Machines for medical tests, medical monitoring devices, information processing resources (medical files, computers, databases, decision support systems), physicians, medical personnel (technicians, assistants, etc.)
When combined with the latest advances in communication technologies (supporting access to/from anywhere/anytime via wireless and other advanced mobile means, Fig. 6) medical holarchies ensure ubiquitous ad-hoc healthcare [13] by 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 that enables workflow management throughout the levels [3] 
· Patient-centric management of medical data (enabling system’s configuration and re-organization for use to the patient’s benefit)
· Cooperative medical decision-making and management of conflicting requirements in multiple disease condition [14]
· Patient condition monitoring with alerting the medical personnel in case of emergency [15]
· Medical emergency logistics with patient information retrieval and heterogeneous transaction workflow management throughout the medical holarchy. 

[image: image33]
Fig. 6. IT enablers for emergent medical holarchies
From a software engineering perspective [16] the logical view on a medical holarchy (at the intra-enterprise level) involves the domain actors
 (Fig. 7, Table 1) and the objects/agents – as domain entities
 (Fig. 8, Table 2). 
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Fig. 7. Domain Actors in a medical holarchy
Table 1. Responsibilities of Domain Actors
	ID
	Actor
	Description

	1.
	Diagnosis Producer
	Performs Diagnoses.

	2.
	Diagnosis Consumer
	Has an interest and a use for a Diagnosis

	3.
	Knowledge Provider
	Contributes to the body of knowledge that supports diagnosis

	4.
	Physician
	Primary medical contact and a Diagnosis Consumer, Diagnosis Producer, and Knowledge Provider.

	5.
	Patient
	The person with the health care concern.  The Patient is also a Diagnosis Consumer.

	6.
	Protocol Runner
	Runs diagnostic tests in order to observe and measure relevant health care characteristics.
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Fig. 8. Domain Entities (business documents)
Table 2. Description of Domain Entities
	Domain Entity
	Description

	Protocol
	Represents the set of steps that a Protocol Runner takes in order to collect the diagnostic measurements.  This ensures that the data is collected in a controlled and measured fashion.  The protocol has revisions in order to support continual improvement.  The Diagnosis Producer will not make diagnoses if the diagnostic measures were not collected with an appropriate revision.

	Procedure
	Represents a diagnostic test or procedure.

	Patient Health Record
	Represents the sum of all health-related information about the Patient

	Observation
	Represents an observation that contributes to a Diagnosis Producer making a diagnosis.


Across the holarchy actors and domain entities collaborate to best serve the patient’s need
.

Actors are cloned as software agents that interact with the domain entities and other agent-actors to achieve the goal of the holarchy. Each actor has defined a subgoal that it has to achieve to support the overall achievement of the holarchy’s goal.  The holarchy self-organizes in a way that ensures its goal’s achievement optimally through the synergetic interaction of all actors. This ensures optimal goal achievement for all actors that collaborate towards the holarchic goal achievement. The individual goals of the domain actors in a medical holarchy are generically described in Table 3.
Table 3. Collaborations emerging around actors’ goals in a medical holarchy
	Actor
	Goal Identifier
	Goal Description
	Collaborations defining Holons

	Diagnosis Consumer
	GS-001
	To obtain a diagnosis
	Physician, Patient, Pharmacist

	Diagnosis Producer
	GS-101
	To assess the risk of a Patient having a designated condition
	Physician, Expert Software, Patient 

	
	GS-102
	To predict the Patient’s progress during treatment or recovery
	

	
	GS-103
	To assess the efficacy of treatment alternatives
	

	
	GS-104
	To interpret the measurements and observations that arise from diagnostic tests
	

	Knowledge Provider
	GS-201
	To map domain expertise to shareable rules
	Physician, Expert Software 

	
	GS-202
	To share domain expertise
	

	
	GS-203
	To improve the protocols for conducting test procedures
	

	Protocol Runner
	GS-301
	To observe the clinical status of a Patient
	Physician, Medical Assistant / Technician, Test Machines

	
	GS-302
	To perform diagnostic tests and publish the measurements
	


	Patient
	GS-401
	To know the results of diagnostic procedures
	Patient (basic holon)

	
	GS-402
	To minimize the number of tests required
	

	Physician
	GS-501
	To maximize their capacity for treating Patients
	Physician (basic holon)

	
	GS-502
	To assist and guide the Patient to better health
	


Usually the goal of the medical holarchy is set by a need (around which the holarchy actually emerges!). The holarchic goal is always to satisfy that particular need optimally. The interaction between different actors collaborating to achieve the holarchic (global) goal defines a dynamic network of subgoals (local goals/individual goals of each agent – Table 3) Fig. 4 from which the configuration of the holarchy emerges. Such collaborations define holons clustering the entities of the holarchy that work together to fulfill the goal. Thus the holarchy self-organizes in a way that ensures the most efficient interaction of holons at all levels – which in turn defines priorities for the goals of each individual holon.
A need around which a holarchy emerges is homonymous to a use case in software development [16]. The use case diagram in Fig. 9 identifies typical needs around which medical holarchies emerge
.
The goals/needs can be identified with the various functions that the holarchy can undertake, functions that are distributed across the holons according to their responsibilities/roles/capabilities
. A description of such functions and the holons emerging from the collaborations needed to fulfill each function is presented in Table 4.  
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Fig. 9. Goals/Needs that a Medical Holarchy can achieve (a subset)
Table 4. Examples of Goal/Need/Function in a Medical Holarchy and the Emerging Collaborations
	Actor (Holon)
	Domain Function
	Description
	Collaborative entities

	1. Diagnosis Producer
	Perform Diagnosis
	Assess risks, determine progress in treatment, or evaluate alternative treatments
	Physician, Expert Software

	4. Physician
	Establish Treatment Regimen
	Initiate long-term care plan for the Patient
	Physician

	6. Protocol Runner 
	Observe Patient
	Make qualitative observations of the Patient’s condition
	Physician, Medical Assistant/Technician, Test Machines, Database (electronic files)

	
	
	Table 4. (cont.)
	

	
	Perform Test Procedure
	Make quantitative observations of the Patient’s condition
	Physician, Medical Assistant/Technician, Test Machines,

	
	Publish Observations
	Make the results of observations available
	Physician, Medical Assistant/Technician, Test Machines, Database (electronic files)

	
	Refine Protocol
	Adapt the test procedure protocol to meet new requirements
	Physician, Medical Assistant/Technician, Test Machines, Database (electronic files), Expert Software


2.2. Agents vs. Web Services in Medical Holarchies Implementation
2.2.1. Web-Centric Implementation of Medical Holarchies

For distribution across the web, when implementing medical holarchies each domain actor maps to a web service with a specific set of functional responsibilities.  The domain functions listed in Table 4 map to individual methods on the designated web services.  The domain entities (Table 2) map to regular objects implemented in the language of choice.  The result is a set of loosely coupled functional components that interact as required to carry out the requested diagnosis.  The role of mediator agent (Fig. 3) in such a medical holarchy is played by a centralized workflow manager that coordinates the requests for diagnosis and gets the responses back to the originator, Fig. 10.  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. 10. Sample Medical Holarchy with Workflow Manager as Mediator (Web-Centric implementation)
The mappings of architectural elements that define the medical holarchy – into web services is presented in Table 5.

Table 5..Mapping of Holarchic Architectural Elements to Web Services

	Generic Architecture Element
	Mapping

	Abstract Domain Actor
	Interface

	Concrete Domain Actor
	Web Service

	Goal
	Web Service Method

	Domain Entity
	Class Module, XML Document


2.2.2. Multi-Agent System Implementation of Medical Holarchies

In Fig. 11, the domain actors map to agents and their functions/goals map to tasks (Table 6). The concrete domain actors (and the mediator) are implemented directly as agents.  In the case of FIPA-OS
, for example, this means that they would extend the FIPAOSAgent class
. 
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Fig. 11. Medical Holarchy (FIPA-OS implementation)
Table 6. Mapping of Holarchic Architectural Elements to FIPA-OS implementation

	Generic Architecture Element
	Mapping

	Abstract Domain Actor
	Interface, Listener Task

	Concrete Domain Actor
	Agent

	Goal
	Task

	Domain Entity
	Class Module, XML Document


In order to provide the appropriate abstract behavior, the goals and functions/responsibilities (Tables 3 and 4) of the abstract domain actors are implemented as Java interfaces (e.g. DiagnosisProducerAbility and DiagnosisConsumerAbility in Fig. 11), but also as descendents of the Task class (Fig. 12).  This duality is only necessary to coordinate the entities collaborating to achieve the goal. In FIPA-OS this is done via a mechanism allowing/requiring the agents to “listen” for incoming performatives from other agents.   
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Fig. 12. Implementing goals as tasks in medical holarchy deployment

Both a web services perspective and an agent perspective require fundamentally the same domain analysis.  The analysis of the roles (actors) and their goals/responsibilities provide an adequate basis for implementing the solution in either technique, although a hybrid solution where some domain actors are web services (the ones that don’t interact other than to respond to requests) and other actors are agents (the ones that respond and initiate domain activity), may in some particular applications be more suitable.  The greatest difference lies in the existence (or non-existence) of an object that handles the workflow vs. a mediator agent. In an agent-based system, the interoperability and interactions between agents and tasks is well-founded and easy to implement.  In a web services solution, however, this interoperability must be moderated by an additional workflow manager type of web service.  The need to program this service makes the solution more static and less dynamic and as well adds more code to the implementation.  The industry tendency to promote web services as remote procedure calls, however, weakens their usefulness.  The metaphor suggested here by to mapping a web service to a domain actor (Table 5) as opposed to a function library makes our approach more suitable to e-Health applications [16]. 
2.3. Challenges in Implementing  Medical Holarchies

Besides the challenges involved in the development and deployment of any internet-enabled agent-based system medical holarchies imply particular challenges brought by the specifics of the healthcare system [17]. A major issue is reconciliation of the various standards of care across the continents. Especially security and privacy of electronic medical records is of major significance and has proven to be the major brake that slowed down the adoption of e-Health by major clinics around the world but especially in the North Americas [15]. A solution to both issues (that seems truly viable) is the electronic institution [18] -  a normative framework which emulates regulatory mechanisms in real life social institutions. Such institutions define and police norms that guide individual agents collaborating in a medical holarchy. These norms set acceptable actions that each agent can perform in connection to the role(s) it plays and clearly specifies access restrictions on data according to these roles.
Another important issue pertains to the development, dissemination and utilization of common communication standards, vocabularies and ontologies [15]. The EU’s CEN/TC 251 aim is to achieve compatibility and interoperability between independent systems, to support clinical and administrative procedures, technical methods to support interoperable systems as well as requirements regarding safety, security and quality. The US standardization bodies, the American Society for Testing and Materials’ Committee on Healthcare Informatics (ASTM E31) [19] and Health Level Seven [20] are involved in similar work. ASTM E31 is developing standards related to the architecture, content, storage, security, confidentiality, functionality, and communication of information while HL7 is mainly concerned with protocol specifications for application level communications among health data acquisition, processing, and handling systems.

Bioinformatics and health care informatics are fields that already have active communities developing ontologies, yet the application of such ontologies as OpenGALEN [21], Unified Medical Language System (UMLS) [22], Systematized Nomenclature of Human and Veterinary Medicine (SNOMED) [23], has lagged behind their potential, despite the huge drive by health care professionals to bring bioinformatics and health care information into clinical workstations and onto the Internet.

The main reason appears to be that these existing ontologies are being developed to meet different needs, each with its own representation of the world, suitable to the purpose it has been developed for. There is as yet no common ontology. Of those that are being developed, OpenGALEN provides a common terminology that is currently of limited scope, while UMLS lacks a strong organizational structure, and SNOMED provides only diagnosis nomenclature and codification.

Besides the social acceptance of medical holarchies, professional acceptance – that is by the medical doctors is a major issue. 
Health care professionals are quite reluctant to accept and use new technologies. In the first place, they usually have a very busy schedule, so they lack the time to be aware of the latest advances in technologies and how they could be used to reduce their workload [24]. They refuse to use new tools if they are not integrated smoothly into their daily workflow. They also often mention the lack of time and personnel to convert all the required medical data into an electronic format, so that it can be easily accessed and managed
. Some doctors also mention the "hype" built around Artificial Intelligence and, especially, expert systems, twenty years ago, which did not live up to their expectations, and they may reasonably argue that the "intelligent autonomous agent" paradigm, so fashionable today, may also fail to deliver real world results.
Despite the inherent challenges undertaken when developing a medical holarchy, the advantage of responding to the needs and requirements of today’s healthcare system, especially to the need for ubiquitous access  to healthcare services and ease of workflow management throughout the medical system, is worth the effort and associated risk. The major advantages that come with the adoption of Internet-enabled holarchies in medicine lay in the fulfillment of the following healthcare requirements [13]:

· Health service providers:

— two-phase production of health services requiring the explicit (often: active) integration of the patient as so-called external factor of production,

— process management support,

— re-integration of small pieces of processes ( process fractals ) to complete processes

— activity and process coordination,

— identification, and elimination of institutional, organizational, media related breaks,

— thoroughly consistent, integrated, adequate and reliable information dissemination,
patient-centric knowledge processing

· Health service customers (patients):

— health services are inherently individualized,

— demand for health services is inherently mobile (at work, at home, sports, leisure),

— mobility-related demand remains to be analyzed, quantified — and satisfied,

— single patients can easily be grouped by their diseases (or disease profiles) which makes it relatively easy to estimate the market volume.
· Relevance of Internet-enabled technologies and mobile communication:

— potential for high to very high numbers of users,

— in more or less all areas of private and work life,

— on all levels of public, and private health systems,

— relevant to all parts of healthcare value chains,

— key factor for customer contact / patient relationship management,

— extremely broad variety of mobile devices (which often require small bandwidths only), Fig. 6 provides for a lot of different mobile healthcare services, and

— significant relevance of B2B commerce practices for the whole healthcare sector.

In the sequel we will illustrate the impact that medical holarchies can have to improve diagnosis and prediction on a case study in glaucoma monitoring and diagnosis. In developing the system we worked closely with a renowned glaucoma specialist. 
3. A CASE STUDY: REMOTE GLAUCOMA PROGRESSION MONITORING AND DIAGNOSIS
As a medical activity, diagnosis aims to determine if a patient suffers of a specific disease, and if the answer is yes, to provide a specific treatment [25]. In the particular case of glaucoma the main challenge for the ophthalmologist is not as much the diagnosis itself but rather the evaluation of the risk for its occurrence and the prediction of disease progression to establish a suitable follow up and treatment accordingly.  
Glaucoma is a progressive eye disease that damages the optic nerve, usually associated with increased intraocular pressure (IOP). If left untreated, it can lead to blindness, being a leading cause of blindness. Glaucoma is affecting some 67 million people all over the world. In Canada there are about 200,000 glaucoma cases [3]. 
3.1. The Glaucoma Holarchy – Inter-enterprise level
A medical holarchy (inter-enterprise level) enabling progression monitoring of glaucoma patients is presented in Fig. 13.  In the sequel we will illustrate on a simple example how soft computing can enhance the power of diagnosis and monitoring the progression of this fatal disease, working throughout the layers of the  medical holarchy. At this highest level (Fig. 13) the mediator clusters all the resources involved in diagnosis, prediction and progression monitoring of the disease and manages the flow of information and interactions throughout the holarchy according to the particular need to be dealt with. 
A typical scenario can be envisioned as follows. A patient complains of dizziness and headaches to the family doctor and is sent to an ophthalmologist (after the doctor determines that apparently there are no other causes that could explain the hoecake). The ophthalmologist diagnoses myopia and prescribes a set of glasses. After a few month the patient’s vision further deteriorates considerably  and the ophthalmologist (after administering a typical test) decides to send him to a glaucoma specialist.  The specialist prescribes a certain treatment (sends the prescription to the pharmacy) and sets a follow up date after two month. When the patient returns (after having followed the treatment as prescribed) – the IOP test indicates high damage of the optic nerve and the specialist decides that surgery is the only way to stop progression of the disease. The patient enters the hospital (surgery department) immediately. In preparation for surgery a very high amount of information about the patient has to be gathered at short notice: medical history, related diseases and particular conditions (e.g. a history of strokes, etc.) that may influence the surgery outcome and/or require particular conditions for the surgery to be successfully performed. For this the patient’s family doctor is contacted (who will provide the medical history) as well as the specialist monitoring the patient’s special conditions. 
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Fig. 13. Medical holarchy for progression monitoring of glaucoma patients
One can easily see from this scenario how all the medical holons in the holarchy (Fig. 13) collaborate to ensure a successful diagnosis and treatment. Even in the simplest case a lot of factors have to be considered when making a decision for surgery and the necessary information is difficult to find without strong informational support.
3.2. The Glaucoma Clinic Holarchy (Intra-enterprise level)

Zooming into the glaucoma clinic holon (intra-enterprise level, Fig. 14) one finds a collaborative holarchy specialized in progression monitoring of glaucoma. Table 7 maps the elements of this holarchy to the entities of the generic medical holarchy presented in Fig. 7/Table 1. To accomplish its goal each actor has to collaborate with other entities of the holarchy. Such collaborations define holons clustering the elements fulfilling these goals, as already presented in Tables 3 and 4 for a generic medical holarchy. In Table 7 each holon in the glaucoma holarchy consists of a set of collaborative agents and is viewed as an actor. 

Table 7 The glaucoma holarhy
	Actor (from Fig. 7)
	Holon (from Fig. 14)

	1. Diagnosis Producer
	Physician, Prediction Expert System, Test Machines

	2. Diagnosis Consumer
	Patient, Pharmacy, Physician

	3. Knowledge Provider
	Physician, Patient, Expert System, Patient Database, Test Machines

	6. Protocol Runner
	Medical Assistant, Test Machines, Expert System, Physician 


The patient (eventually via his personal assistant – a software agent) registers with the medical clinic to schedule a visit (including the preliminary tests that have to be taken) while providing preliminary information for the patient’s file. (This information can be taken by contacting the mediator at the inter-enterprise level who coordinates gathering of the necessary data from the various entities – Fig. 13). During visit the medical doctor assesses the tests and the patient’s medical history and checks the eye’s condition in attempting to make a decision regarding the risk of damage progression. For this the medical specialist relies on his experience. 
In about 70% of the cases the diagnosis of glaucoma is pretty evident for ophthalmologists. There are some cases however (at least one a day) where a specialist cannot determine the patient’s condition (if the patient has glaucoma or not, if the disease will progress in a fatal way or not, etc.).  To support the medical doctor in assessing such difficult cases we have developed an integrated diagnosis and prediction methodology [27] that uses several soft computing techniques embedded into an expert machine (Prediction Expert System in Fig. 14)  processing patient data and test machine measurements all gathered into a database (fig. 15) as it will be further explained.

Such a system relies on a strong electronic data infrastructure supporting patient’s records and collection of information from the expert machines.  The outline of this infrastructure is presented in Fig. 16 and will be detailed in the next section together with the automatic diagnostic and prediction methodology embedded in the expert system.
[image: image45.wmf]Task Decomposition

Sub

-

Task

Sub

-

Task

Sub

-

Task

Task

Virtual 

Cluster 1

Virtual 

Cluster 2

Partial Cloning

Machine 1

Machine 2

Tool 1

Tool 2


Fig. 14. Glaucoma Clinic Holarchy (intra-enterprise level).
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Fig. 15. Physical Resource (Machine) Level in the Glaucoma Clinic Holarchy
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Fig. 16.  Internet-enabled infrastructure supporting the soft computing diagnostic system
3.3. The Diagnosis Holarchy: Physical Resource Level 
In this section we will zoom into the expert machine located at the physical resource level of the holarchy. 
A standard investigation procedure [28] consists of several ophthalmic measurements done with various test machines measuring parameters relevant for the disease assessment, as presented in Fig. 15. The test data collected for each patient is stored in a database (on the same machine as the expert system, Fig. 15). Each new set of test parameters collected from the various ophthalmic devices) is run through the expert system, (eventually together with the medical expert opinion and subjective evaluations) and as result the ‘assessment of the patent status’ is obtained. The expert system has been designed around the software suite developed by Transfertech GmbH Germany [29], Fig. 17, by integrating several of their packages. 

3.4. Internet-enabled soft computing methodology for glaucoma progression monitoring (Physical resource level)

The integrated diagnostic and prediction methodology (Fig. 17) aims on one side to emulate the assessment done by the expert physician, while at the same time it collects data relevant for predicting the disease progression. 
To cover both these goals two fuzzy inference engines are run in parallel (Diagnosis Engine and respectively Prediction Engine in Fig. 17).  The double function of the ‘expert machine’ is ensured by first running the diagnosis engine which emulates a standard diagnosis procedure made by the expert physician, and then running through the prediction engine the assessment obtained using the diagnosis engine together with the prescribed treatment and follow-up time interval determined by the medical doctor.

The output of the diagnostic engine evaluates the ‘disease assessment’ via the fuzzy variable Risk with three terms: Low, Moderate and High. The risk factors are mapped to the disease assessment via fuzzy if-then rules such as:

IF Myopia is High and IOP is High THEN Risk is High

IF Hands/Feet Temp is Cold and Hypertension is Present THEN Risk is 
Moderate

IF Myopia is High and Age is Old THEN Risk is High

IF Hypertension is Present and Diabetes is High THEN Risk is Moderate
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For details regarding development of the fuzzy knowledge base see [24].
Fig. 17. Integrated Diagnostic and Prediction Methodology
For the prediction stage a continuous evaluation of the prediction rule base is done by assessing the accuracy of the previous prediction comparatively to the ‘disease assessment’ obtained at the follow-up (determined by running the prediction engine at the previous visit.) Based on the assumption that a database with sufficient patient information is already available
  the Prediction Engine is developed in a three step learning process, Fig. 18.  
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Fig. 18. Integrated Soft Computing Techniques for the Development of the Prediction Engine
The main idea is to compare the prediction made by the system at the previous visit with the assessment made at the current visit and depending on the result, that particular dataset is ‘marked’ in the database as either ‘learning relevant’ (if the predicted status was similar to the doctor evaluation), or as ‘learning irrelevant’ otherwise. 

The marking of relevant data is made by using Clustering Analysis Manager (CAM) in combination with the Fuzzy Control Manager (FCM) developed by Transfertech, GmbH Germany [29], Fig. 18. If a ‘basic’ rule set is not available to support initial learning (by the Neuro-Com software
) for the diagnosis engine (which was our case in the beginning when all the information available was handwritten patient files) - then an initial step is required to create this basic fuzzy rule base. 

For this (Step 1 in Fig. 18), first an initial database needs to be created in electronic form from patient files, containing information as previously explained. This data will be exported to the CAM
 which will create based on it an initial fuzzy rule base (CAM-Fuzzy Project). Based on this initial fuzzy rule base a ‘marking’ rule base will be designed in the generic form: 

IF {conditions} THEN {marking value}

where the {conditions} part contains the data fields to be evaluated for learning at Step 2 of the procedure in Fig. 18.  Once this ‘marking rule base’ is determined the Fuzzy Control Manager can be run to determine the marking values for the database (Step 2 in Fig. 18)
.

Now the database is prepared for the learning stage, which involves Transfertech’s evolutionary optimizer (EVO), as illustrated in Step 3 of Fig. 18. The data marked as ‘learning relevant’ in the database will be processed by the EVO as follows: 

· Set the optimization parameters (fitness function, etc.)

· Load the initial data (that is the rule base of the Prediction Engine in Fig. 17 – named ‘old fuzzy engine’ in Fig. 18, Step 3) and the learning data.

· The EVO (see footnote 14) will process this initial data and deliver a new fuzzy rule base containing the updated rules for the prediction (Updated Fuzzy Engine in Fig. 18).

As it results from Fig. 15 all the data involved in the diagnosis and prediction process is centralized in a database located on a server together with the fuzzy inference (diagnosis and respectively prediction) machines. This leads naturally to the idea of extending the learning capability of the diagnostic system by enabling data from several clinics to contribute to the knowledge refinement process, Fig. 16 [30].

The prediction system to be updated periodically using the EVO as explained in the previous Section is placed on a central server together with the central database (storing patient data from all the clinics involved in the diagnosis network). The central database will be updated periodically from each clinic. A copy of the diagnosis and prediction engines will function in each clinic and will be updated after the learning process is done on the central ‘master’ copy. This will be done at regular intervals, ranging between one week and one month, depending on the amount of new learning data marked from the patient examinations submitted by each clinic.  To connect the local engines from each clinic to the ‘master’ engines located on the central server a secure and reliable connection has to be established, as patient data is sensitive. 
It is remarkable how the Internet enables integration of several soft computing techniques and information systems for the refinement of the knowledge base of an expert system for diagnosis and prediction (Fig. 16).  In the next Section we will emphasize on the other side how  soft computing enables the power of the internet as infrastructure for the emergence of a medical holarchy that  responds to an emergency case in glaucoma diagnosis. 
3.5. Soft Computing for the Internet: Emergence of a Glaucoma Holarchy

In this Section we present (on a simple example) how a medical holarchy backed by the Internet in achieving the self-organizing, evolutionary properties presented in Section 1, can enable collaboration between the medical entities involved through a consistent workflow management across all levels,  as well as by the remote ubiquitous access of the holarchy.

Suppose a glaucoma patient has an accident while on travel in a foreign country. From the PDA or cellular phone (Fig. 6) 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 serving the particular patient. The patient’s personal assistant is immediately alerted and contacts the mediator associated with the patient’s medical history (Fig. 13). 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 (provided by the personal assistant of the emergency doctor). Remote and immediate access to the relevant medical files and data is achieved by the workflow coordination and agent interactions throughout the holarchy. Suppose the medical specialist that usually treats the patient is on holidays. In this case the evolutionary search strategy embedded within the mediator will enable discovery of the next best specialist who will be contacted for advice by the mediator. The medical specialist will receive all the information (files, images, machine tests, etc.) needed to make a quick assessment of the situation. By taking into account  the patient’s multifactorial complex condition (available thanks to the enabled access to information within the holarchy) the specialist will be in a position to suggest immediate action and as well to receive feedback from the expert system (Fig. 14) and/or other specialists contacted by his personal assistant (agent) [14].  
Now suppose that the patient is in stable condition but needs strict continuous monitoring to avoid any risk of recession. The holarchy (Fig. 14) will enable the patient to leave the hospital while being under continuous contact wit the specialist to report any abnormal condition that may develop. Pharmacies (Fig. 13) will as well be remotely contacted by the medical specialist so the prescription drugs can be provided on immediate need. The patient will be able to access the expert system to obtain on one side assessment of her/his condition as the symptoms will start to develop and on the other side a prognosis of the evolution of  his/her condition that will enable a decision regarding possibility to travel back home or not. 
4. CONCLUSIONS

Based on recently reached theoretical results inducing emergence in virtual organizations we proposed a methodology for the design and implementation of medical holarchies linking distributed medical entities into a collaborative environment. Despite the challenges in implementing and deploying medical holarchies  the advantages of ubiquitous healthcare enabled by our holarchic model for the soft computing endowed Cyberspace are to be acknowledged not only in the particular case of glaucoma diagnosis presented here.  
The strength of our approach as it relates to medicine consists in its dual character emerging from the synergetic interaction between soft computing techniques and the Internet. On one side soft computing is an enabler for the Internet by endowing it with self-organizing, evolutionary properties similar to those of living systems. From this perspective, r 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.
On the other side we have emphasized how the Internet itself can be an enabler for the power of soft computing by supporting integration of several soft computing techniques as well as the creation f databases that enable the soft computing technologies to work optimally.
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.)  as well as to technical problems such as fault tracking in circuit board manufacturing (jabil.com) and remote diagnosis of gas turbines. 
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� The information ‘field’ acts upon the agents much in the same manner as the gravitational and electromagnetic fields act upon physical and electrical entities respectively.  


� A (unique) similarity relation can be constructed starting from the proximity relation �EMBED Equation.3���, by computing its transitive closure. Thus, the potential holonic structure of MAS can be revealed, even when it seems to evolve in a non-holonic manner. 


� See the FIPA architecture standard at www.fipa.org


� In some medical holarchies the physician can be a customer (e.g. when the holarchy is used to retrieve information about a certain disease, or patient – for the physician’s interests.)


� An interesting observation about this abstraction of the roles in the diagnosis domain is that we have avoided making assumptions about the number of instances of these roles in the domain.  An implementation of this model in any architecture could have, for example, many Diagnosis Producers, each one having acquired slightly different specializations


� a domain document (entity) is a characterization of the information that the domain actors exchange and act upon as they carry out their responsibilities


� It is interesting to observe that all the actors in the medical holarchy act at the physical resource level, except the patient – who can access the resource level and by this shortcutting throughout the holarchy. This is a particularity of HE in the medical domain. In other areas (e.g. manufacturing holarchies, having the customer the trigger of the supply chain [3]) customers do not have direct access to the resources at the physical level within the HE.


� Here we assume that an individual test or even treatment regimen is only a part of a long-term care plan that the Physician establishes and administers.  This distinguishes the role of a Physician from that of a Diagnosis Producer, but recognizes that in many cases an individual person fulfills both of these roles.


� Some actors are higher level holons, consisting of clusters of other agents that collaborate to achieve the respective function. Other actors (such as #4 – Physician) are simply basic holons (singletons).


� See www.fipa.org


� In FIPA-OS, an agent can optionally have a listener class that receives the message and initiates the response.


� Medical records are usually hand written and distributed in different departments of a medical centre.


� The design of the database itself was a challenging process, mainly because very few patient data was available in electronic form. We had to input most of the data from the patient files that were handwritten by the medical specialist. The database was organized by storing the measured parameters, the ‘disease assessment’ (made by the medical doctor at the investigation time during that particular patient visit) as well as the treatment and time interval decided by the medical expert for scheduling the next visit (patient’s follow-up date) as well as the result of running the prediction engine [31].


� See: www.transfertech.de


� NOTE. An alternative to the use of the CAM to mark the learning data from the data base is the use of the Learning Data Generator (LDG) provided by Transfertech. This tool reads the input-output data set from a previous run of the diagnosis engine and provides a file containing the previous inputs together with the ‘expected output’ of the diagnosis engine. This would enable complete automation of the diagnosis procedure as there will be no more need for the ‘doctor’s decision’ step in Fig. 17. However the disadvantage consists in this case in the requirement for more optimization rules to be ‘crunched’ by the EVO. The main advantage of using the LDG consists in that it enables evaluation of the accuracy of the prediction, giving very useful feedback for learning. We are in the process of experimenting with this tool.


� Due to nondisclosure agreements with Transfertech we cannot give more details regarding this procedure
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