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1. Introduction

This white paper attempts to anticipate the direction in which manufacturing business operations are developing
and relate this to emergent technological opportunities in the areas of software and (particularly) simulation, as
well as define a research agenda for the problem area. The intention is to review the opportunities for European
business advantage and identify the technological and methodological development routes required over the next
five years. Although the short term horizon is influenced by technological developments, the long term
development requires identification of fundamental research issues. An attempt to identify such issues is also
made here.

In seeking to achieve value for money investments the focus of this paper is on manufacturing in the sense of the
total business enterprise, including all those activities (eg. marketing, product development, customer relations,
planning and scheduling, etc.) that surround the production operation itself. A business driven and structured
approach is required in this complex arena and in particular top-down solutions, driven by the needs of the
business are much preferred to technologically driven approaches often lacking in business relevance. The
adoption of the top down approach has itself a number of fundamental conceptual and methodological issues,
which are identified in the latter part of the paper as a long term research agenda. The format below reflects this
emphasis on business relevance. In this paper we first summarize the fundamentals of the PRIMA framework and
then try to identify the open research issues in the area.

2. The PRIMA framework
Top-Down System Design

The essential starting point is to understand the business imperatives across the whole of the enterprise and
form an overall view of the total shape and specification of an effective information and knowledge system,
capable of underpinning these needs. This analysis may be expected to lead to a structured plan of investment
whereby compatible systems — embodying an essential range of system models and simulation packages —
may be progressively installed across the total enterprise over a period of time. The overall approach is of the
top-down type and has been developed by the PRIMA project (PROCESS INDUSTRIES MANUFACTURING
ADVANTAGE (1995-1998).

The top-down approach assumes a hierarchical organization and has important conceptual and methodological
issues associated with it. In moving towards this top-down philosophy a number of sequential steps have been
identified and supporting information bases are required. The essential steps are depicted are shown in Figure 1.
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Figure 1
Business Drivers Analysis

Based on previous work in the EU Prima Project [28] and developed in conjunction with IMD this concept is
designed to bring senior managers directly into the process of determining the nature of information and
knowledge systems required to support their future business operations. By implication, this definition will also
identify necessary simulation and modeling applications required in support.

The business drivers analysis is represented in figure 2 and is ideally worked through by the executive team for a
business. The team establishes the dominant internal and external imperatives surrounding the business.
Working along structured lines they can then drive the businesses key information and knowledge requirements
on a 5 year time-frame and determine the associated management activities that must be undertaken.
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Business Process Analysis

The above analysis is a starting point for providing the executive team with new insights into the business
processes which will need to be changed or streamlined in order to meet future business imperatives.
Understanding these key business processes is a pre-requisite for identifying underpinning technological
innovation, notably in the area of simulation and modeling.

Experience suggests that at the highest level, there are 6 dominant business processes which must be addressed
in order to satisfy the business drivers analysis. These are shown in figure 3 and provide the basis for
understanding how and where information and knowledge needs to flow within individual business processes and
— often equally importantly — between these processes. These key connectivities must be fully understood and
completely satisfied in any information and knowledge systems subsequently installed. Obviously any supporting
and simulation packages will need to be harmonized. An essential activity here is the development of a modelling
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framework that starts from the problem conceptualisation and then proceeds to the development of quantitative
models that can provide the means for simulation studies that may enable testing of alternative scenarios and the
undertaking of redesign, if this is required.
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System Reference Model

In assembling total solutions for manufacturing enterprises, there will be a need for integration of supporting sub-
systems in a common framework. The need is to provide applications functionality in support of all business
processes in play in an open environment with full compatibility of knowledge and information flows. Figure 4
below provides an insight into a structured reference framework which could be built to ensure this level of
transparency. Although progress is already being made in this direction, there remains a considerable amount of
work to be done in order to formalize the approach and ensure full business relevance in systems deployed.
Moving from the conceptualisation of the problem stage to one where alternative scenarios may be tested,
requires the development of advanced modelling tools, which are different to those used in the lower layers of the
production hierarchy.
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The full potential of modeling and simulation in support of business activities is still a long way from being
practically achieved. It would seem that most applications to date have been restricted to supporting technical
aspects of manufacturing processes where the scope and the success criteria are relatively easy to identify in
guantitative terms. So for example, model based predictive control is now the accepted norm for technical
operation of complex process plants; however, so far, there has been very little attempt to scientifically control the
business surrounding such manufacturing operations at peak profitability; rather, this area is still regarded by

many as one in which black-art is performed by executive managers.
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Six Business Processes

The processes are:
1. Manage Markets

Manage Customers
Manage Competition

2. Manage Product Portfolio
Development of new products &
services
Improve existing products &
services

3. Manage Finance

Develop & maintain business control
Manage financial resources & risk

4. Manage Business Portfolio
Develop & maintain portfolio
strategy
Develop & maintain organisation

5. Manage Extended Supply Chain

Develop Supply chain strategy
Produce/process/make

6. Manage assets (people, plant, equipment,
property, customer base, knowledge)

Develop asset portfolio strategy

Manage existing assets _
Figure 5

In this section we attempt to identify several levels
of business operation at which modeling and
simulation needs to contribute. Figure 5 provides
a highly simplistic insight into the activities
surrounding a manufacturing business and serves
as an introduction to a brief review of application
aspects:

On-Plant Manufacturing

This area has perhaps received most attention to
the present time with the advance control,
knowledge and information systems now well
established as integral parts of manufacturing
operations. Never-the-less, such support
systems are hierarchical and whilst lower level
elements such as data collection, local
processing and advance control are well
established, the need now is to focus on higher
level systems where total performance may be
optimised — in particular in terms of profitability
rather than conventional technical performance.

Virtual Manufacturing

Forms a natural extension embracing the total
supply chain and aimed at delivering service,
quality, cost and variability to the customer. The
modeling and simulation challenge in this area
may be similar to that for stand-alone
manufacturing but the complexity and
optimisation challenge is of a higher degree of
magnitude.

Supply Chain

In moving to virtual manufacturing one of the
business drivers is to take unnecessary cost out
of the system and lean manufacturing algorithms
are now finding much favour. One of the
challenges arising is to establish modeling and
simulation techniques capable of accurately
representing the supply chain and ensuring that
no links within it are disadvantaged in achieving
overall lean manufacturing performance. In
other words such performance improvements

must provide business advantage to all within the chain and not unnecessarily favour dominant and larger

partners.

Scheduling and Planning

A critical aspect of many manufacturing businesses and one which impacts on stock investment levels is that of
scheduling and planning. Depending on complexity of product range and number/type of customers, high-level
performance in this area may provide a profound contribution to profitability. Simulation and optimisation are the corner
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stones from which excellence may be achieved. Whilst many conventional systems focus on plant capabilities in
isolation, truly effective systems need to relate to the overall business performance and in-coming customer orders on an
on-going basis.

Enterprise Resource Planning

ERP systems are now a well established aspect of manufacturing operations but for truly effective results such packages
need to interact directly with manufacturing and supply chain activities as shown in Figure 5. Whilst suppliers of such
systems are strong on claims that this is achieved already, practical evidence suggests otherwise.

Optimisation of Overall Systems

The above descriptions provide only a limited insight into the complexities of manufacturing business operations and a full
analysis would reveal many other interrelated aspects. The challenge now is to develop a capability for accurate
representation of such total systems as a basis for operational control at optimum performance. The need is not only to
model and simulate at such levels of complexity, but also provide fast acting optimisation on the basis of achieving
maximum profitability rather than secondary technological parameters.

4. General Issues for Analysis of Behaviour of Business Processes

The study of business processes from the top level of industrial hierarchies is complex and demands a multidisciplinary
approach that cuts across the boundaries of management and information technology. The distinguishing feature of
industrial processes is the need to interpret and propagate policies through different layers of the operational hierarchy
and to deliver feasible production strategies. The multidisciplinary approach is required in order to provide diagnostics and
decision rules at all levels. Tools and models for such integrated approaches remain underdeveloped. An overview of the
problem under study is given in Figure (6), where the identified generic blocks associated with a given Business Process
are:

Q) Process Measurements

(i) Data Modelling and Data Management

(i) IT applications and Simulation

(iv) Generic Modelling and Support Methodologies

(V) Management, Knowledge Management and Decision Making.

Process Measurements are essential as the basis of the information system (data base), and for the extraction of
knowledge required in modelling the information system, and the modelling ,management and decision making. Data and
IT applications form the two parts of the information system that supports the monitoring and the Management, Decision
making of Business processes.

The analysis of the properties-behaviour of the Business process is supported by the Generic Modelling methodologies,
which in turn provide also the means for developing tools, techniques for Management and Decision making. The
emphasis in this work is on the modelling requirements of the information system and of the dynamic behaviour of the
process. We examine two types of problems: Generic modelling methodologies and specification of Generic Systems and
Modelling type problems stemming from natural embedding of subprocesses and definition of specific tasks.
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The distinguishing feature of the current study is that we consider those Business Processes which are based on
industrial manufacturing systems; for such systems the need to integrate Business level issues with global operations and
eventually industrial system design is of paramount importance. The fact that industrial enterprises nowadays operate in a
global market environment, implies that requirements of higher product quality, higher efficiency, greater flexibility in
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production, rapid development of new products, while at the same time operating under stricter environmental and safety
regulations become more prominent. Such set of frequently conflicting and stricter requirements can be met, as long as
the fundamental aspects of the enterprise activities are integrated. In fact, business level requirements have to be readily
translated to production performance criteria and the latter to design, or redesign requirements of process units, or plants.
Conversely, technical issues of design and operational aspects have always to be interpreted at the business level and
their role in the business level performance indices has to be established. A simple illustration of the overall Industrial
Enterprise level activity is given in Figure (7), where the following main areas are distinguished.

€)) Business Level Activities

(b) Production Related Operations
(c) Overall Systems Design

(d) Vertical Activities

The diagram indicates a natural nesting of problem areas, where design issues provide the core, linked with the formation
of the physical process that realises production

BUSINESS LEVEL ACTIVITIES

OPERATIONAL ACTIVITIES

OVERALL
SYSTEM DESIGN VERTICAL ACTIVITIES

Figure 7

Production level activities take place on a given system, they are mostly organised in a hierarchical manner and they
realise the higher level strategies decided at the business level. Vertical activities are issues going through the Business-
Operations-Design hierarchy and they have different interpretation at the corresponding level. The problem of integration
of Business level, Operation Issues and Design aspects is a multidisciplinary problem, which is recognised as one of the
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major technological challenges. Understanding the relationships between problems on a horizontal (same level), as well
as vertical (going through different levels) directions, implies an ability to describe the link between models associated
with the particular problems, as well as capability to translate issues, requirements from one set up to another. Typical
problems in each of the areas of the nested diagram are:

€)) Business Level Activities: Here we include issues such as Enterprise strategy, new products and
processes, Investments, Improvements etc.

(b) Operational Level Activities: Typical issues here, related to production are Logistics, Desired Operations,
Process Optimisation, Process Control and Supervision.

(c) Overall System Design: Issues included here are Process Synthesis, Global Process Instrumentation,
Control Systems Design, Systems Redesign, Real Time Issues and implementation.

(d) Vertical Activities: General nature activities such as Maintenance, Reliability, Quality assurance, Software
system support etc. are issues which naturally touch all different layers and may thus be referred to as vertical activities.

It is the purpose of this research to develop a top-down approach that aims at: (I) providing a conceptual framework that
explains the interrelationships between the different aspects - problems of the integrated Business-Operational hierarchy.
(ii) Select the appropriate modelling tools that describe the particular problems and provide qualitative and quantitative
means enabling the understanding of hierarchical nesting and system properties emerging at different levels. (iii) Study
control, optimisation and state assessment problems in the integrated business-operations set up (top down set up) using
the extended business - operations modelling tools previously defined. (iv) The generic methodology is then to be
specialised in a selected specific problem involving the link of business process and operational issues. The emphasis in
this work is in the development of a generic system based methodology that can be used for all such problems.

5. Modelling Tools for the Business Problem.

Developing a business information and decision making system is a complex design task in which the final specifications
cannot be known in advance. Requirements modelling and analysis are characterised by informality and uncertainty,
whereas the modelling of dynamic behavior of different types of business processes is underdeveloped and decision
making is mostly of heuristic nature. The quality of a conceptual scheme describing the overall process and ultimately that
of the information system and the decision making tools based on that, depends largely on the ability of a developer to
extract, understand and manipulate knowledge about the modelled domain. The main obstacle in the modelling effort is
that knowledge is possessed by a diverse end-user population and it, is embedded partly in formal structures of existing
information systems. The methodologies available for describing the dynamic aspects of behaviour come from many and
diverse areas. The nature of the final system largely depends on the original specifications.

The modelling of the enterprise is clearly a multidisciplinary tasks. Two of the key aspects in this activity are: (I) the
process of capturing large bodies of knowledge about the enterprise and (ii) the subsequent manipulation and abstraction
of such a knowledge into a “formal” description. The first activity is known as Conceptual Modelling and it is a prerequisite
for the development of subsequent formal models. An abstraction of the process of developing an information and
decision making system that recognises the importance of first developing models that are oriented towards the
understanding of the particular process is shown in Figure (8). The development of formal models is considered as a
following step that is achieved through a series of transformations and it is guided by design, implementation
considerations, as well as the objectives of the decision making problem.
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Figure (3) is based on the diagram describing the role of conceptual modelling in the development of software systems
[23].; the new edition here is the part referring to the specification of the Decision Making Engine, which is viewed as the
new important task, in addition to that concerned with the information system. The Decision Making Engine (DME) is
based on the Process Information system and uses a variety of models for the description of behavioural aspects, as
well as diagnostics and algorithmic procedures which enable the decision making . As such DME is considered as the
stage of system development beyond that of the information system; clearly, DME has its own software development
requirements, which have to be linked to those of the information system. The purpose of modelling of the DME is to
embody knowledge of the dynamic behaviour of the process and represent it in such a way so as to enable a decision
maker to reason about this knowledge, to communicate his or her understanding to others, test the feasibility and
modify the model accordingly. The essential elements of the DME are: (i) The Process Information System, (ii) Dynamic
Behavioural Models, (iii) Behavioural Diagnostics and (iv) Decision Making Tools and Algorithms.

Formal models are concerned with the abstraction, structure and representation of the observed process in a way that
enables the reasoning about the system. The specification of the model context of DME requires a classification of
formal models and such a classification is given below.
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This diagram [25] classifies the different types of diagnostic reasoning and represents five levels of knowledge
representation and families of formal modes. These are analytical, dynamical, structural, behavioural, functional
and pattern matching. From each knowledge representation we are able to derive the next higher level of
representation. The additional layer introduced here is the first corresponding to analytical dynamics and contains
a family of models of detailed dynamical description; such models are based on identification, or detailed
modelling of basic subprocesses. The layers above correspond to families of reasoning (deep and shallow) type
models. The scheme based on reasoning models has been proposed [25] as a basis for diagnostic analysis.
However, the expanded scheme proposed here may also be used as a basis for a Decision, Management
System, as long as the analytical tools that can be based on such models are fully explored. It is possible to build
a DME based on knowledge models, which has been input at any level and stop at any output level of
representation and produce a DME.

Following the above outline, we have five levels of classes of representation and models which may be used for a
DME. At the lowest level we have analytical dynamics. Next is structural or connectivity information Next is
functional information. Next is functional information. Finally, we have compiled information suitable for pattern
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matching. Every level contains a family of alternative models. The fact that knowledge at a given level may be
deduced from knowledge at a lower level, implies that models are related in terms if projections; however, such
mechanisms are not yet well understood. The latter properties imply some “nesting” of models, which is defined
by appropriate projections. A list of the types of model we can consider is given in the final section of this paper.

6. Modelling Aspects for Business Processes: Towards a formal framework

The economic activity of industrial enterprises fits the general input, output business process model, but the
internal process mechanism is much more complex than the pure commercial, economic and market aspects of
commercial enterprises. This is due to the fact that the economic performance is based on production of goods
and thus it is linked strongly to operational and eventually design issues [6] of the production unit. The general
approach is based on developing a strategy for inductive modelling that on the one hand allows the construction
of models in a completely inductive manner, but also allows us to incorporate in our model any
physical/operational insight that we possess about the functioning of the process under study.

r : Operational Objectives
di . . . dq c : Constraints
| I v v
U1 - . >
Business
Process
Up ——p —> VYm
V4
Figure 10

Input-Output Models

We adopt an input - output description for the business process with an internal state expressing the variables
linking the economic activity to production. Such a model is illustrated below.

where uy,...u, denote independent manipulated variables of the business model, called system inputs; y,,...ym are
the independent controlled variables that can be measured and they are called the system outputs; d,,...,dq are
the exogenous variables which cannot be manipulated, but they express the influence of economic environment
on the business process and they are called disturbances. A model based solely on relationships between the
vectors u, d, y, is described in an explicit form as
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y=H(u;d) 1)
where H expresses a relationship between the relevant variables, is called a black box, or input - output model.
The construction of such a model is a major problem and involves a number of issues which may be classified as

(i) Given a set of business drives F = {...,f,...}, define a set of input and output independent variables, which are
essential for the specification of business drives and are adequate for the control and measurement tasks, seen
on this system.

(ii) Define the vector of internal variables z associated with a given problem and determine its relationships to
input, output vectors by using any physical insight that we may possess about the functioning of the internal
mechanism.

(iii) Establish the relationships that exist between the alternative vector z associated with problems of the
operational hierarchy.

(iv) Specify the appropriate inductive and/or deductive modelling methodologies that may be used to describe the
different modelling problems associated with the above issues.

We view the set of business drives F = {f,,....f, }, as performance indices associated with the process, which are
understood by the top management and used in the development of business strategy and policy. Some of the
business drives, may appear as outputs and appropriate internal variables. These functions are not necessarily
independent and the achievement of certain values may lead to conflicting requirements. The selection of inputs
and outputs depends on the given set of Business drives f, as well as the type of problem we are interested,
which in turn specifies the internal vector z. The selection of inputs, outputs is crucial, since problems of overall
control, optimisation and state assessment of the process depend on such selection. The central issues in
modelling, when the vectors u, y, d, z have been specified is the establishment of relationships between them
which may be written in implicit and explicit forms.

F(z,u,d)=0 (2)
M (u,y, d; 2)
y=G (z,u,d) 3)

Internal Models

The definition of the internal variables vector z and thus the assignment of some orientation to implicit (internal
variables) always express our desire to study higher level control and observation problems in relation to a given
operational stage problem. The selection of the operational stage (i.e., logistics, scheduling, steady state
optimisation, quality control, dynamic process control, state assessment, maintenance, etc.) determines the
nature of the internal vector z and thus also of the corresponding z-stage model. It is worth pointing out that if we
are interested in dynamics of the process, then z is a large dimension vector which is considered as the
composite vector of inputs, states, outputs of the dynamic process and it is thus the process implicit vector. If,
however, we go higher in the hierarchy and progressively consider issues of steady state optimisation, scheduling
etc. then the corresponding implicit vector (composite vector of local inputs, internal variables, outputs) it has
reduced dimensions. The dimensionality and nature of z depends on the problem under study. Describing the
relationship between different stages internal vectors is an important problem and it is closely related to the
hierarchical nesting of process operations. In a bottom up approach this relationship is expressed as a sequence
of projections, whereas in the current top-down is equivalent to a problem of realising high level objectives in the
context of lower level in the hierarchy problems. The characteristic of the top-down approach is that the
relationships are one to many and thus issues of realisation of objectives through solutions feasible at all levels
are of great importance.
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There is a large number and variety of modelling and analysis methodologies, which may be relevant to the study
of the overall business - operations set-up. Examining them and specifiying exactly what is the relevance of each
particular methodology for the overall problems and how different approaches can integrate to provide
methodologies which cover the needs of larger integrated parts, is a major challenge. the basis of the integrations
is the realisation that the overall process is hierarchically organised in a manner, such that higher order internal
vectors z provide the external inputs for lower stage operations and thus they create an operational dependency,
but also provide an isolation between the different stages. It is the latter which make the possibility of using mixed
models quite attractive.

The nesting of models in a hierarchy

The interdependence of the difference operational stages/problems is demonstrated by the following diagram:

u _ Yi
i-stage
' Model
Zj
, risi= (zi)
fi+l 1 1 i+1
Uj+1 (i+1)-stage Yi+1
—_— —
Model
Zi+1

Figure 11

where the vector r;,; of operational objectives of the (i+1)- stage is defined as a function of the ith-stage internal
vector z;.. Performing the tasks set up above, is clearly an immense problem that requires considerable effort and
it has a long term research character.
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7. Generic Modeling Methods and Tools Relevant to Business Studies and Problems

The derivation of models describing the different aspects of the overall Business - Process and operational
hierarchy is an issue that requires a lot of effort and many different approaches have to be investigated. Note that
deductive modelling methodologies are more relevant at the lower operational stages, whereas as we go up the
hierarchy inductive methodologies play a more important role. It should be pointed out, however, that in many
cases a combination of alternative modelling tools may be required to produce a model that covers all aspects of
system behaviour. The tasks set here by the top-down approach imply that a variety of modelling methodologies
have to be investigated and possibly hybrids to be developed, if we are to handle the general problems posed
above. The review should consider a number of methodologies which seem relevant. Amongst the areas of
interest we distinguish:

(M.1) Conceptual Modelling [23, 24]: This is an activity for formally describing some aspects of the physical and
social world for purposes of understanding and communication. Such descriptions are often referred to as
conceptual schemata, require the adoption of a formal notation, which is frequently called a conceptual model.
Conceptual modelling has an advantage over natural language, or diagrammatic notations in that it is based on a
formal notation which allows one to “capture the semantics of the application”. It also has an advantage over other
formal (or mathematical) notations because it supports structuring and inferential facilities that are useful for
human communications. The development of conceptual models has benefited from contributions from fields such
as Databases, Artificial Intelligence, Programming Languages, Software Engineering [23] and Chemical
Engineering [27]. Much of the work in these field has progressed almost in an independent way, but many
similarities exist amongst these models.

(M.2) Soft Systems Theory: A number of efforts to extend classical notions of system theory to non-engineering
problems have been made. The different approaches [1] - [4] in this area are closer to the problem formulation,
but lack mathematical rigour and analytical capabilities. They have to be considered since they are significant for
the conceptual level of modelling.

(M.3) System Dynamics Approaches: To model systems with totally unknown meta-laws methodologies have
been developed that allow the incorporation in the model of any physical insight that we possess about the
functioning of the process. The class of methods here, which is referred to as “Systems Dynamics” includes
methods such as influence, or Casual Loop diagrams [5], structure Diagrams [6] etc. These approaches create
rather quickly semi formal models of “soft” systems and allow us to blend deductive with inductive modelling
techniques.

(M.4) System Engineering Approaches: Approaches of the general system type have been developed for the
derivation of models and designs of large-scale, complex systems consisting of personnel, machines and
software. These approaches [7], [8] are close to both engineering and management issues, they are closely
related to system specifications, and they are linked to the development of software. The basic modelling of
subproceses is based on traditional deductive approaches, but notions of generalised behaviour are used which
provide an enhanced qualitative understanding of system performance. The significance of such approaches, is
that they are linked to software development, but certain aspects of the methodology may be transferred to other
areas.

(M.5.) Structural Methodologies: One of the simplest types of models, which carry the most basic form of
knowledge, are those expressing physical, or information connectivity. Essentially, they are models expressing
topology, but many variations exist which combine topological together with some other additional properties.
Linear graphs are the most common models, but the class is much larger and contains models such as Bayesian
networks, cause and effect diagrams, Petri nets, Bond graphs etc. Structural modelling is well developed and it is
assisted by the powerful tools of graph theory. Such modelling is significant even for other forms of modelling
based on behaviour

(M.6.) Qualitative Physics: Qualitative physics aims to understand how humans model the behaviour of physical
systems and thus seeks to automate human reasoning about the physical world. The approach for analysing the
system behaviour is based on a coarse, qualitative, structural description of the real physical system. Recent work
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focuses on expert reasoning about scientific and engineering domains and a good account of its status may be
found in [9], [10]. The area uses Al concepts and has been deployed in the study of problems of process
engineering [11]. The derivation of qualitative models from models based on numerical data is an important issue.
This translation between numerical and qualitative data is equivalent to a data reduction procedure. This area is
primarily a topic within Al and contains important techniques known as qualitative simulation.

(M.7) Eunctional Modelling: Given the ability to generate behavioural sequences for various subsystems and
knowing the connectivities (structure), it is often possible to put together an account of the function of subsystems
and their relationship to the system structure. This leads to functional modelling; note that although the behaviour
can be the function, generally, functional specification involve teleology, i.e., an account of the intentions for which
the process is used [25]. The derivation of functional models may require the abstraction of behaviour to a level
higher than that at which the subprocesses is specified. This abstraction process often involves a hierarchical
organisation of representation of the relation between function and structure. In the area of Process control, a
method referred to an Multilevel Flow Modelling [26] has been developed which aims to handle issues of
representation of goals and functions of complex industrial plants. The main idea behind this methodology is the
use of functional concepts to represent a plant at multiple interrelated levels of abstractions. The mainstream
development come however from the area of Al and software engineering.

(M.8) Inductive Reasoning: An alternative approach to the ways humans mostly assess the behaviour of a
system has emerged which is different to that based on qualitative physical considerations. It has been argued
that analogies with similar processes, the operation of which has been previously observed is crucial, and thus
pattern recognition methodologies to analyse system behaviour are very important [13]. A number of pattern
recognition techniques have been used for qualitative analysis, or forecasting of system behaviour (this area
included methods such as optimal mask analysis, optimal structure analysis etc.). Such techniques can be useful
as means to identify important factors that are related to a particular event.

(M.9) Fuzzy Set Theory: This field had attracted a lot of interest as a modelling tool and it is used in many
application areas. A proper evaluation of its role in the integrated process operations and business problem is
however needed. This area is well developed and the emphasis has to be in exploring its role in high level
modelling issues.

(M.10) Abstract System Theory: A more mathematical and axiomatic method for development of the
fundamentals of the systems theory, using abstract algebra and mathematical logic has been presented in [14],
[15]. This approach may be used as a unifier for the other approaches mentioned above. Within the same area
we also include the theory of algebraic automata [16] and systems over finite fields [17].

(M.11) Symbolic Dynamics: This is a new rapidly growing area within the general area of dynamical systems
where both time and space are discretized. There are links to Qualitative methods, as far as objectives, but the
machinery used is more analytic and algebraic nature. A good account of the field is given in [18]. The potential of
this area for general modelling is very significant, since it allows the study of behaviour based on both signals and
symbols. Its significance as a modelling and analysis tools in areas such as coding for data transmission, etc. has
been established and it is worth examining its potential for our problem.

(M.12) Information Communications and Signal Theory: These well developed areas have an important role
to play in the integrated operation-business modelling problem. One viewpoint of the problem under study is to
consider the system as a hierarchical organisation of information machines (having as function the acquisition,
processing, outputting and effectuation of the system as the organisation of physical processes, computers and
communication networks, interlinked with appropriate field devices. Signal theory is instrumental in modelling and
identification, recently developed methodologies such as wavelets theory have the potential of leading to the
derivation of special purpose behavioural models. The latter is an important area for work.

(M.13) Econometrics and Business Modelling: The specialised techniques of econometric modelling have to
be examined within the more general scheme of a process linked to production. It seems that the fact that
business drives involve variables on top of those related to finance implies that some new thinking is needed in
the modelling process involving these methods.

17

WWW.SIim-serv.com



(M.14) Statistical Methods: This is a well developed area with important methods for both modelling and
analysis which have been used in problems such as Quality control, Reliability and maintenance, Data mining, as
well as the general problem of model identification and state estimation. Their role for large dimension composite
problems involving aggregation and hierarchical organisation is worth exploring, as well as their link to other
modelling tools.

(M.15) Operational Research methods: Such methodologies are traditionally linked with the different aspects of
higher level operations (logistics, scheduling etc.). Amongst the methods, which have taken much attention
recently, are those dealing with Discrete Event Dynamic systems for which a variety of techniques based on
computer science and algebraic methodologies have been developed. Such methods provide the means, not only
for modelling, but also for study of dynamic behaviour of such systems. The significance of these, rather new
approaches, is reinforced by the fact that they play on increasingly significant role in the real time problems.

(M.16) Hybrid Modelling and Systems: A natural consequence of the hierarchy of process operations is that we
deal with different families of model, describing aspects of the overall problem. The interfacing of such models
leads to the emergence of hybrid dynamics. This area seems to be of crucial importance for the task of integrating
business and operational issues and apart from modelling, also allows the formulation and study of control
problems. Many different approaches have been developed (Formal specification methods [19], Viability set
theory [20], Petri nets [21] etc.), but the field is still in its early stages of development.

(M.17) Data Management Methodologies: Industrial Environments generate and use great amounts of data.
While much information is encapsulated in these data, typically only a small portion is utilised or searched for.
These primary data appropriately organised and classified may provide a very primitive form of model for the
integrated system. Novel artificial intelligence, statistical and data base management techniques can be used to
extract information from seemingly unrelated information sources. These techniques, collectively known as data
management, include data mining and data warehousing and provide important input to all other

(M.18) Compiled Knowledge Models: Such models lack structural information and are often referred to as
“shallow” knowledge systems. They are essentially rule-based systems and the rules are based either on shallow
assertions and some pattern matcher, or we enter a feature space mappings through the pattern matcher and get
what it is normally called an experience - based system. Such models are used for diagnostics and they provide
the basis for expert systems. In this class we may include Neural Networks, Genetic algorithms, as well as Fuzzy
Systems and combinations of them. Such tools seem to be useful for modelling supervisory functions, as well as
processes where alternative models cannot be found.

8. CONCLUSIONS

The work described above provides a preliminary approach to the problem of specifying the system and modelling
requirements of the Integrated Business and Overall operations problem. Amongst the issues which are under
current study are:

(i) Further development of the conceptual framework of the overall problem by specifying its exact system
context.

(ii) Evaluate the alternative modelling and simulation tools and specify their relevance to the different
subproblems.

(iii) Specify a family of concrete modelling and system type problems which have to be tackled, if an integrated
business and operations framework is to emerge.

(iv) Specify the software requirements for an integrated Business - Operations type system.

An integrated approach that covers the overall modelling, analysis, decision making and software requirements
for this problem is currently missing and it is one of the major challenges.

18

WWW.SIim-serv.com



REFERENCES

[1] G.J. Klir, 1967, An approach to General Systems Theory, Van Nostrand-Reinhold, Princeton, New Jersey.

[2] V. Vemuri, 1978. Modelling of Complex Systems: An introduction. Academic Press, New York.

[3] L. Skyttner, 1996. General Systems Theory: AN introduction, MacMillan Press, London.

[4] P. Cheekland, 1993. Systems Thinking, Systems Practice. John Wiley & Sons, Chichester.

[5] R.G. Coyle 1978, Management Systems Dynamics, John Wiley, New York.

[6] N. Karcanias, 1996. Systems and Control Issues in the Overall Production and Design of Industrial Processes.
Report of ESPRIT Network ICIMS-NOE, Nov. 1996.

[7] AW.Wymore, 1993. Model-based system engineering, CRS Press, London.

[8] H.R. Parsaei and W.G. Sullivan, 1993. Concurrent Engineering, Chapman and Hall, London.

[9] B.Kuipers, 1994. Qualitative Reasoning: Modelling and Simulation with incomplete Knowledge, MIT Press,
Cambridge Mass.

[10] R.Davis, 1990. Representation of Common-sense Knowledge, Morgan Kaufman.

[11] M.L. Mavrovouniotis and G. Stephanopoulos, 1988, Formal Order of Magnitude Reasoning in Process
Engineering. Computer Chem. Engin. Vol. 12, 867-880, Pergamon Press.

[12] F.E. Cellier, 1991, Continuous Systems Modelling, Springer-Verlag , New York.

[13] G.J. Klir, 1989. Inductive Systems Modelling: An overview, Modelling and Simulation Methodology:
Knowledge Systems. Paradigms (M.S. Elzas etc.). Elsevier Science Publ. Amsterdam.

[14] M.D. Mesarovic, Y. Takahara, 1989. Abstract System Theory, Lecture Notes in Control and Information
Sciences, Springer-Verlag, Vol. 116.

[15] S. Takahashi and Y.Takahara 1989, Abstract Systems Theory, Lecture Notes in Control and Information
Sciences, Springer-Verlag, Vol. 116.

[16] W.M.L. Holcombe, 1982. Algebraic A utomata Theory. Cambridge Univ. Press, Cambridge.

[17] R. Lidl and H. Niederreiter, 1983. Finite Fields. Addison-Wesley, Encyclopaedia of Mathematics and Its
Applications, London.

[18] D. Lind and B. Marcus, 1995. Symbolic Dynamics and Coding: An introduction, Cambridge University Press,
Cambridge.

[19] A. Sanchez, 1996. Formal Specification and Synthesis of Procedural controllers for Process Systems.
Lecture Notes in Control and Inform. Sciences, Vol. 212, Springer Verlag.

[20] P. Varaiya and A.B. Kurshanzki, 1988, Discrete Event Systems: Models and Applications, Springer Verlag.
[21] J.L. Peterson, 1981. Petri Nets Theory and their modelling systems. Prentice Hall, Englewood CIiff, N.J.

[22] N. Fenton and G. Hill, 1993. Systems Construction and Analysis: A mathematical and Logical framework,
McGraw Hill International, Software Engin. Series.

[23] P. Loucopoulos and R. Zicari, 1992. Conceptual Modelling, Data Bases and CASE, John Wiley and Sons,
Chichester, England.

[24] J. Mylopoulos, 1992. Conceputal Modelling and Telos, in “Conceptual Modelling and Data Bases and CASE”
ed. Loucopoulos and Zicari, pp 49-68.

[25] R. Milne, 1987. Strategies for Diagnosis, IEEE Trans. on Systems, Man and Cybernetics, Vol. SMC-17, pp
333-339.

[26] M. Lind, 1994. Modelling Goals and Functions of Complex Industrial Plants. Applied Atrtificial Intelligence,
Vol. 8, 259-283.

[27] J.M. Douglas, 1988, Conceputal Design of Chemical Processes. McGraw Hill Inten. Edit. New York

[28] ESPRIT IV PRIMA 1l Project, PROCESS INDUSTRIES MANUFACTURING ADVANTAGE (1995-1998).

19

WWW.SIim-serv.com



