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Abstract: - A modelling and simulation methodology capable of generating a qualitative model of the system often offers excellent features for dealing with manufacturing problems. This work investigates the ways model-based technology can provide tools to support the industry and, in particular, presents an approach to model-based qualitative simulation of manufacturing systems. In particular, this paper presents a research work that utilizes both conventional numerical methods and more advanced qualitative techniques, in order to deal efficiently with the discrete-time description of machine systems, mechanisms and processes. The results obtained in experimentation with various industrial machines were quite promising and proved that this combined object-oriented and model-based qualitative simulation approach provides simpler computational mechanisms.
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1   Introduction

The importance of modeling and simulation tools in industry is constantly growing together with the complexity of the systems. In the manufacturing domain, there are several examples of physical or artificial complex systems, involving various incomplete, non-deterministic or random factors. In most of the cases predominate the dynamic continuous systems (e.g. a conveyor system in a factory), however most of them could be described in a discrete-event manner since their status changes instantaneously at specific time points or intervals. In this way, a discrete-event simulation model could be build and executed. However, it is also known that the operation of manufacturing systems usually involves an unknown number of input parameters that change in a random way, which is difficult to describe analytically. Such cases usually involve stochastic or probabilistic methods for their description.

     The continuous growth on demand for efficient performance and further flexibility in industrial systems makes their design and modelling an increasingly complex process. For this purpose, a considerable number of modelling and simulation methodologies and software tools have been developed for modelling and analysis of manufacturing systems performance [1-3]. The development of intelligent tools to aid manufacturing processes in industry, particularly in the construction of explanatory models, is an important goal of Artificial Intelligence. Qualitative modelling and simulation provides an ideal representation. 

     Quantitative modelling techniques provide much of the required information to describe a manufacturing system, but are often too complex for real-time systems. Qualitative modelling and simulation is one of the key technologies used to overcome the shortcomings, due to systems complexity, of traditional modelling systems, ones based on extensive numerical computations. One of the key advantages of qualitative reasoning in general is that it can work with partial knowledge and information, thus overcoming some of the difficulties of quantitative modelling. However, qualitative methodology in simulation often requires high level modeling constructs such as graphs or even natural language [4].

     Qualitative simulation was developed to describe complex physical phenomena in the absence of good quantitative information [5]. The qualitative simulation uses qualitative state variables (interval valued variables, ordinal valued variables, signed variables, etc.). One of the most well known qualitative simulation approaches is that of QSIM (Qualitative Simulation) algorithm [6], where qualitative simulation is defined as a qualitative description of the behaviour of a mechanism. In QSIM, a constraint-based approach, qualitative systems models are derived from quantitative mathematical models (as abstractions of differential equations called qualitative differential equations) and their behaviour is obtained using the QSIM algorithm. This algorithm takes as input a set of variables, their initial values and their relational constraints and produces a qualitative behaviour of the system as a sequence of qualitative states at distinguished time-points. Quite interesting and applicable are also combined approaches [7], [8]. Today, several other model-based and qualitative simulation approaches have been used and applied in various cases of physical systems modelling, proving their importance and efficiency [9-14]. Particularly interested is also MONET (http://monet.aber.ac.uk) a European Network of Excellence on Model Based Systems and Qualitative Reasoning (MBS/QR).

     This research work presents a model-based methodology for qualitative simulation of manufacturing systems using a qualitative modelling and simulation tool (QMTOOL) [15] that utilizes both conventional numerical methods and more advanced qualitative techniques, in order to deal efficiently with the description of machine systems, mechanisms and processes. Qualitative models are introduced at a high-level abstraction form, using a relatively small amount of information, similar to human reasoning in studying a complex system's behaviour.

     This combined approach is innovative particularly for the manufacturing domain. One of the major advantages of using model-based qualitative methodologies to describe and study the processes present in industrial applications is the increased flexibility provided in the manipulation of various machine parameters, in qualitative forms, during the machines design. As a result, the actual cost of the machines manufacturing in the case studies examined further on, was reduced. Some other advantages of this model-based qualitative approach with respect to others include reusability of models, library of component models, and easiness in model building and maintaining. However, because each model is based on some assumptions it may be adequate in some cases and inadequate in others
2   The Methodology
Model based techniques play an important role in machines construction and engineering processes (e.g. model-based control and diagnosis). Many different techniques have been developed to support such modeling tasks in industry. Model based reasoning is the symbolic processing of an explicit representation of the internal workings of a system in order to simulate and describe it from the structure and behaviour of its components. Qualitative models aim to capture the essential aspects of a system or mechanism, neglecting much of the detail. Methods such as model-based representations and qualitative simulation are often used to build models based on symbolic rather than on quantitative entities [16].

2.1 Model-based qualitative approach

Model-based and qualitative reasoning approaches have proved their individual advantages through time. Combinations of such approaches definitely inherit a lot of the advantages (e.g. in handling incomplete or imprecise knowledge) and overcome some of the disadvantages (e.g. in systems design complexity). The term qualitative is used to describe a system feature that either cannot be measured or described easily in an analytical or quantitative way, or because of insufficient knowledge of the system in general or the feature itself, it is impossible to be described otherwise (e.g. the magnitude of the functional relationship between the attributes of given parameters or entities, such as the quality of a product and its production procedures).

     In the area of machine systems modelling and simulation very often certain machine parameters and features (e.g. efficiency, quality, etc.) are described based in experts knowledge and experience, without being necessary to provide detail descriptions of how the actually mechanism works. In other words, we make use only of those important key-parameters that formulate sufficiently the requested solution. In a similar way in our approach, we make use of qualitative descriptions as defined by B. Kuipers [17]. In this way, qualitative models are abstractions of the real systems described usually in mathematical terms, e.g. sets of differential equations. This type of description is also very important and useful in cases where we have incomplete knowledge about the nature of the mechanism or it is unknown the behaviour of random or non-deterministic system input variables. This ability to reason in qualitative terms, qualitative reasoning, based on partial knowledge of the important system mechanisms, overcomes some of the difficulties of mathematical modeling [18]. This is actually one of the major advantages of qualitative descriptions (qualitative models) over the traditional quantitative or numerical ones. In this way, qualitative simulation provides also the ability to work with stochastic (non deterministic) simulation models.

     The approach presented initially was motivated by QSIM methodology. It combines model-based and qualitative techniques and incorporates further object-oriented techniques in a qualitative modelling and simulation tool (QMTOOL) that supports industrial manufacturing modelling applications. This method was initially developed to provide qualitative simulation models of a robotics workcell. In this approach a qualitative system model is defined as a set of qualitatively described constraint equations between the variables representing the physical parameters that determine the important characteristics of the system, and their relationships. For this reason, a set of variables is defined, the members of which are: input, state and output variables that describe the essential elements of a system, and connection variables that describe how these variables are related. In a qualitative system model these types of variables among their common shared properties (e.g. variable identifier (name), magnitude, sign, maximum and minimum value (range of operation) have also their own specific attributes.

     Models are created in a qualitative way using relatively small amount of information presented in qualitative forms. For example, the relation between certain variables of interest is presented their strength of influence (e.g. strong, weak, etc.). The variables take values from an ordered set (interval of qualitative values) such as {“small”, “medium”, “large”} related directly to their quantitative values. That relation or variable conversion is based on certain simulation rules - a knowledge representation technique often used in model-based reasoning systems. This set of rules determines the order in which the state variables should be calculated. A fragment of these simulation rules (implemented in PROLOG) of order calculations is the following:

I First are calculated the values of those state variables that do not have any predecessors, other than themselves.

II Then are calculated the values of states that are successors to input variables (or themselves). They may have other predecessors or successors that do not have any input connections.

III Then, those states that are successors to inputs (or themselves) and have successors or predecessors with input connections (the feedback value is taken in consideration) are calculated.

IV Then the state variables that are successors to other states only (or themselves) are calculated.

V Finally, the values of those state variables that are successors to other states are calculated.

This set of rules is used by the system application to calculate and estimate automatically the order in which related variables in a model-based qualitative description of the physical system should be interpreted. A complete listing of the main QMTOOL module (qualmodel.pl) is provided online at the address www.cs.teilar.gr/gadam/qmtool.
2.2 Model building

As it is already mentioned in this approach a qualitative system model is defined as a set of qualitative constraint equations between the variables representing the physical parameters of the system and their relationships. This set of constraint equations defining a qualitative system model is extracted out of the differential equations describing the actual system.

     In general, a qualitative system model represents abstractions of ordinary differential equations (or in some cases incomplete knowledge of the system). Similarly to QSIM, qualitative constraint equations are constructed using the following types of mathematical expressions: functional (e.g. M+, M-, f), arithmetic (e.g. add, mul, sub) and derivative (e.g. deriv, incr, steady, decr). Functional relationships are used to specify the relation of one parameter to another; arithmetic expressions constrain the values of the parameters at each point in time, and derivatives specify the rate of change of a parameter. The system inherits from QSIM the ability to handle incompleteness in the knowledge of the model (e.g. concerning the lack of knowledge in functional relations of system parameters) expressed with the monotonic function constraints M+ and M-. In particular:

(i) M±(x,y) specifies a monotonic functional increasing/decreasing relationship between x and y, y = M± (x)
(ii) add(x,y,r), implies that at time t, r(t) = x(t)+y(t)
(iii) mul(x,y,r), implies that at time t, r(t) = x(t)∙y(t)
(iv) sub(x,y,r), implies that at time t, r(t) = x(t)-y(t)
(v) deriv(f,g), implies that f'(t) = g(t).

     The functional constraints define the relationship between the parameters of interest, while the derivative constraints their direction of change of their qualitative values. These constraints are being used to map mathematical relationships (differential equations) into qualitative descriptions as constraint equations (similarly to QSIM qualitative differential equations).

     The actual value calculation of a qualitatively defined system variable is based on its initial value, the range of operation (or landmark values) and its tendency of change. This is similar to QSIM qualitative state of a parameter which is determined by a qualitative magnitude (the value of the parameter in terms of its ordinal relations with landmark values) and the direction of change. The direction of change in time can be increasing, steady or decreasing. Once the qualitative values of system parameters are specified, in order for the appropriate simulations calculations to take place during the execution of the simulation, the system converts these qualitative values into numerical ones. This conversion is based on qualitative to numerical values conversion tables.

     The number of variables selected to form the system model depends on the specific task. However, the user must ensure that the number of variables chosen is capable of describing the behaviour of the system, as this will define the precision of the generated results. The overall behaviour of the system is derived from the system's individual components throughout the model's structure. The simulation output of this behaviour is observed graphically as cartesian plots of sequences of time-varying qualitative states, of the system variables under investigation, upon which certain results could be drawn.

3   Implementation
One of the objectives achieved was the development and provision of a software platform based on object-oriented programming methods that incorporates the model-based qualitative approach described earlier. This was initially based on a UNIX platform, on HyperNeWS®, and using Prolog and C/C++, while now is workable in MS Windows platform in Visual C/C++ environment.  Object-oriented platforms that support such generalized programming languages are being widely used in various application domains. One of their major features is the modularity in the program development and reusability of program modules in different applications. 

     This modelling environment provides a set of pre-constructed objects (e.g. inputs, states and outputs), with embedded pre-defined behaviour (based on Prolog predicates), which the user can insert into the model construction area from library menus provided. These objects are dynamic data types having their own properties (attributes) and functions (methods) that describe the actions that can perform, and also their own message passing mechanism. New objects can be defined from existing object types (inherit all properties and methods) or created and shared through a common public library. In all cases, the user may modify each of these modelling objects behaviour software code in order to obtain the desired performance. 

     Here, a qualitative simulation model is defined as a structure of interconnected system components (variables) presented as input, state, output and connection qualitatively valued objects. The attributes of these software entities are specified qualitatively by assigning to them qualitative values of the type: 'small', 'medium', 'large', etc. Similarly, the connection variables are specified qualitatively by assigning qualitative values of the type: 'strong', 'small', 'weak', etc. In other words, in this approach a model is a structure of such qualitatively valued components that communicate with each other through a message passing mechanism requesting the execution of a procedure to produce the desired actions (behaviour). That behaviour is observed during the execution of the simulation model, where we can experiment with different system specifications and various model structures. A collection of such observations, obtained from simulation runs, enables to study and analyze the system under investigation.
4   Case Studies
In most of the cases studies examined below we have implemented the model-based qualitative approach and evaluated the QMTOOL system in cooperation with a machines manufacturer (Adams Machines Constructions Co., Volos, Greece).

     The approach was mainly applied at the configuration stages of machine systems, where it was shown it’s potential to provide a tool for assisting on the design and analysis prior to the machine units manufacturing. The specified level of abstraction modelling used, that requires just the qualitative information and fewer computations, in conjunction with its object-oriented character and inheritance mechanism, proved quite useful in most of the cases examined (e.g. provided multiple ways of reasoning about model prototypes of press machine), particularly in the extension, modification and reuse of current machine designs. In particular, we were able to produce off-line realistic and reliable description of several industrial machines under investigation, based on qualitative models, and obtain constructive results of its simulation (compared to physical representations), applied finally in machine’s manufacturing. In this way the risk of system's malfunctioning was reduced and machine's operation credibility was increased.
     An example of such an application is in the verification of the operation of a concrete elements batch production plant. Basically, the plant operates as follows: row materials (aggregates) from storage silos are being supplied through a feeding conveyor into a mixer machine and the wet concrete produced is transported by a forklift loader into a press machine for the actual production of the concrete elements. A simplified functional diagram of plant's operation cycle is shown in Fig. 1.
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Fig. 1. Concrete plant configuration
A model was build, based on a selected set of parameters of interest and their associated relationships that correspond to the following plant machines parameters:

· Input variables: initial values of press and mixer machines status (e.g. parts positions).

· State variables: press and mixer machines processes status (e.g. hopper feed rate, tamper head and mould table states).

· Output variables: output values (e.g. production rate).

Qualitative values (expressed in qualitative terms e.g. zero, small, medium, etc.) are assigned to the components (above parameters of interest) and their relationships, in order to describe how these variables are linked together. In this case, when a machine process is under investigation, these variables take their discrete values through a systematic measurement procedure. A sample representation of this QMTOOL based model representation is shown in Fig. 2.
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Fig. 2. QMTOOL-based system model
     One of the important features of using QMTOOL in evaluating the performance of the above concrete plant operation system was the provision of qualitative descriptions of plant’s operation based on flexible models that could easily be modified and re-executed. Other interesting and efficient applications of QMTOOL model-based qualitative representations in industry are for example the construction of a qualitative description of the operation of an industrial press machine [19] and the construction of a qualitative description of the operation of lime-mash storage and transfer machine [20].

     The above experimental case studies, illustrate the perspectivity and easiness of experimentation with different industrial machines using the above model-based qualitative simulation tool embedded with object-oriented utilities. Although in control engineering area simulation tools like MATLAB SIMULINK® are specially tailored for the specific domain the results obtained from the application of this model-based qualitative simulation approach in the above case studies were quite satisfactory compared to relevant applications in industrial environments. This is due to increased complexity and enormous variation in industrial machines and mechanisms today, consisted of large number of mechanical systems, electrical and electronic devices (mechatronic systems) which restrict the capabilities of classical modelling systems.
5   Discussion and Conclusion

A model-based qualitative simulation approach was presented, that was applied in industrial machine manufacturing cases, using a tool that utilizes both conventional numerical and object-oriented methods and more advanced qualitative techniques. The aim was to study efficiently machine systems and processes and produce efficient qualitative descriptions (qualitative models) of machines functionality. Although qualitative analysis cannot always give detailed numerical information, in most of the cases examined, it did provide a useful insight into systems operation. In particular, we were able to produce off-line realistic and reliable descriptions of the machine systems under investigation, based on qualitative models, and obtain satisfactory results of their operation compared to physical representations. We could summarize the reasons for developing qualitative models of industrial systems into the following:

· To provide simpler computational mechanisms that would enable to acquire a constructive initial insight in the performance of interesting system variables under investigation.

· To provide descriptions closer to human reasoning and more appropriate for interpretation by the managers as well as by the staff engaged in the production, e.g. designers, technicians and engineers.

· To provide descriptions for systems where traditional methods in some cases are non preferable or ineffective.

Currently research work is in progress for the investigation of the above methodology in more complex manufacturing systems, such as mechatronic systems, in two directions. In the first direction, an attempt is made of using this object-oriented qualitative modelling and simulation approach in qualitative virtual representations of manufacturing applications. In the second direction, research is ongoing to change of the main module structure of QMTOOL qualitative reasoning system with neural network structures
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