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Abstract
A novel formalism based on functional systems concepts is adopted in this work as an integrated approach to better address the issue of abnormal condition management (ACM). The formalism specifically considers the interconnected components of process plant, people and procedures. Components possess specific capabilities which being linked into a structure delivers functionality to meet stated system goals. This provides a firm theoretical basis for developing blended hazard identification (HAZID) methods. These facilitate better approaches to ACM. Formal HAZID language developments captured in system ontologies provides structured outcomes from these new methods. This generates reusable knowledge bases (KBs) for subsequent inferencing and development of semi-automated diagnostic systems. These KBs help in the design of multiagent systems and the development of ecological interfaces for process operators.  Concepts and methods are illustrated via a preliminary, simple case study. 
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1. Introduction

Abnormal condition management (ACM) in the process industries still remains a major challenge for designers and operators. Over $20 billion per year in the USA alone is lost through ACM (ASM 2006).  Continuing major industrial accidents and significant losses show this to be the case.  Holistic, integrated approaches that consider Plant, Procedures and People need development to effectively address the problem.  Of prime consideration is the issue of hazard identification (HAZID), knowledge generation and effective reuse of the knowledge in the design and deployment of diagnostic systems (Venkatasubramanian 2003).  This work uses a functional systems perspective combined with structured and blended hazard identification methods to generate knowledge bases for complete diagnostic system design.  The knowledge base relies on structured approaches represented by ontologies for major system components and analysis methods.  The following sections describe key concepts and a case study shows the application of the approach.

2. Functional Systems Framework (FSF)

Figure 1 shows the functional systems framework developed for this work.  The outer border represents the overall system (S), containing a set of states (x) and parameters (p) as well as the vectors u, y and d representing inputs, outputs and disturbances.. Importantly, in the internal representation there are three classes of interacting components: Plant, Procedures and People, each with their own capabilities. Together they form a structure that generates system functionality that meets stated system goals. Note that states x can refer to process variables such as temperatures, pressures and holdups but also extends to people and procedures, such as level of competence, alertness for people and completeness, relevance and correctness for procedures.
It is this comprehensive systems perspective that forms the basis for the development of blended hazard identification methods and advanced diagnostic tools. Using such an explicit formalism is a new approach to this problem.
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Figure 1 – Functional Systems Framework
3. Hazard Identification Procedures: Structured Approaches
In terms of the FSF, a HAZOP analysis begins with goals (or “intentions”) and drives back to determine which function or component failures cause deviations.  Failure mode effect analysis (FMEA) drives from component failures to effects on system functions and goals.  Hence, there are essentially two major classes of HAZID methods: goal driven and component driven. Using a blended HAZID method, such as blending HAZOP and FMEA, a greater coverage of process and operational hazards can be achieved and a more comprehensive approach is available for root cause analysis and diagnosis.
A rudimentary printing press solvent delivery system was used as a case study for testing the structured and blended HAZID approach.  Figure 2 shows the printing press solvent delivery system.  Table 1 shows a ‘goal driven’ excerpt of a HAZID analysis of this system. The complementary ‘component driven’ approach was also undertaken.
In developing these blended approaches, the usability needs of industry were foremost, ensuring that the approach was acceptable to practicing engineers, extensible and amenable to routine use. Early industrial trials of the method have led to revisions of the initial concepts. 
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Figure 2 – Printing Press Solvent Delivery System
Table 1 – Simple Structured Language HAZID Method: Extract from delivery system analysis
	Deviation
	Possible Causes
	Consequences

	<No> <Flow to TA>
	<VD> <Is> <Fail to open>
	<Lower> <Level of TA>

	
	<VE> <Is> <Fail to open>
	

	
	<PB> <Has> <Failed>
	

	<More> <Flow to TB>
	<VA> <Is> <Fail to close>
	<Higher> <Level of TB>

	<No> <Flow to TB>
	<VA> <Is> <Fail to open>
	<Lower> <Level of TB>

	
	<VB> <Is> <Fail to open>
	

	
	<PA> <Has> <Failed>
	

	
	<L> <Has> <Rupture>
	


In addressing knowledge re-use issues, a structured language as represented formally in  ontologies allows for subsequent inferencing and the development of semi-automated diagnostic systems. The type of syntax adopted in this work is seen in Table 1, where the syntax is derived from principal concepts within the FSF. Hence such language structures as:
<guideword><process state> or
<system component><conjunction><failure mode>
occur in the analysis table. Using this approach, it is possible to concatenate consequences and deviations to trace initial propagation of deviations in the system with inferencing tools. Similar techniques apply to component driven approaches (FMEA).
4. Ontologies and their use for blended HAZID methods
As previously mentioned, ontologies (Jennings and Wooldridge, 1998) have been selected as formal tools for describing the knowledge about a process system and HAZID analyses that can be used for diagnosis. For the sake of modularity, two related ontologies are developed in Protégé (2004):  the plant and the analysis ontology. 
4.1 Plant ontology. The Plant ontology captures the attributes, instances of and relationships between the components of the process system, similar to that in the OntoCape system (Yang et al., 2003). The elements in the Plant ontology related to the diagnostic procedure are the ProcessingUnit corresponding to each of the atomic components (such as instruments, pipes valves tanks, etc) and the ProcessState that corresponds to the variables (such as level, pressure, temperature, etc). The detailed attributes and semantics of the ProcessingUnit and ProcessState knowledge elements are also available in the ontology.
4.2 Analysis ontology. The Analysis ontology describes the results of the blended HAZOP-FMEA analysis, where the main structural elements have already been introduced in Table 1. The details of the HAZOP and FMEA knowledge elements and their relationships relevant to the printing press solvent delivery system can be seen in Figure 3.  It is important to observe that the structure of the knowledge items PossibleCauses and Consequences is exactly the same: they refer to Failure-s of different types, that can be 
· ComponentFailure with the syntax referring to the Plant ontology, in the form of <SystemComponent><Conjunction><FailureMode>
· FunctionFailure that also refers to the Plant ontology in the form of
<GuideWord><ProcessState>
Details of the blended HAZOP-FMEA ontology structure are in Cameron et al (2007). 
4.3 Knowledge elicitation. With the above ontology structures fixed, we have developed semi-automatic knowledge elicitation tools to prepare the full knowledge base of an application, which include:
· the automatic generation of the Plant ontology instances from P&ID diagrams contained in commercial tools such as AutoCAD®,
· an intelligent HAZOP-FMEA editor implemented in JAVA 
These tools facilitate the HAZID development by semi-automation of the processes to generate the outcomes of the HAZID procedure. In particular, the tools do not attempt to automate the HAZID process apart from the analysis team, but provide facilities to build the KBs in a structured language form that can then be used for formal analysis. Some semi-automation can take place, such as auto-population of failure modes for specific plant components.
4.4 Integration with the diagnostic reasoning procedures. The above developed Plant and Analysis ontologies of our case studies serve as the knowledge base of our agent-based diagnostic system implemented in JESS/JADE environment (Lakner et al, 2006). The structured KBs provide the basis for inferencing about root causes of abnormal conditions from the monitoring of real-time plant data. A simple example on how the diagnostic reasoning works on the blended HAZOP-FMEA structure is reported in Cameron et al, 2007. 
4.5 Extension of ontologies for comprehensive analysis into people and procedures
The plant and analysis ontologies are but several of a comprehensive suite of ontologies needed for a comprehensive HAZID system. Two other key areas are being addressed that consider ‘people’ and ‘procedure’ components of the FSF. These ontologies and their application are constructed in conjunction with engineering specialists in the supporting companies as well as cognitive psychologist working in industrial applications. Similar ‘goal’ and ‘component’ driven methods can be adopted for these component types. These developments will permit a comprehensive representation of the HAZID status of the process under investigation. 
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Figure 3. Details of the HAZOP-FMEA ontology (classes, relationships and attributes)
The integrated system of HAZID analysis that is prototyped here builds on well-recognized knowledge representation and management concepts. It provides a very useful base on which to build advanced diagnostic tools, operator guidance systems that are coupled with novel screen designs based on ecological principles. It captures the HAZID outcomes for effective reuse. This is a situation that is rare in current practice within the process and related industries.

5. Conclusions

The functional systems framework proposed in this work provides a basis to comprehensively address issues of abnormal condition management and diagnostic system design and operation. The framework specifically accounts for the major components of plant, people and procedures that combine to deliver system functionality. The formal development of ontological knowledge representations gives both syntactical and semantic dimensions to the system analysis. This work has 

concentrated on the issue of plant components and has shown that the approach has much to offer industrial operators in addressing ACM issues. The challenge now is to test the ideas in industrial environments with process engineers, to prove that the ideas deliver demonstrable outcomes. This is currently being done with two industry partners. The utility of the proposed approach is that it captures the important HAZID analysis outcomes in a form that is easily analyzed and then utilized for design of the diagnostic system that incorporates multiagent technology as well as ecological interface designs.
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