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Abstract

In this paper an approach to manufacturing processes modeling and knowledge based decision
making at manufacturing process planning is proposed. The main objective is to develop advanced
decision support software tools for CAD/CAPP/CAM and flexible manufacturing systems. Earlier
experiences of authors revealed characteristics of decision making at manufacturing process
planning. Manufacturing processes modeling by process features is proposed. Integration of
process planning with production scheduling in a common knowledge based decision making
environment was promoted by application of non-linear process models. Petri net formalism has
been chosen for representating process features. Process features are attached to feature based
model entities of mechanical parts. For product model the STEP approach is followed. Finally, the
knowledge representation and evaluation of the models during manufacturing process planning are
outlined.
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1 INTRODUCTION

In recent years professional CAD/CAM and flexible manufacturing systems have gained wide
acceptance in the industry. Importance of the small batch production is growing in these days. This
causes constantly increasing role of powerful CAD/CAM techniques and flexible manufacturing
systems (FMS). Manufacturing process planning (CAPP) procedures that can be available for
creating process plans in compliance with actual demands at any time make possible the utilization
of flexibility of an FMS. In order to cope with breakdowns, capacity bottlenecks and changes in
the production schedule it is necessary to create new process plan variants. This assumes reliable
knowledge based CAPP decision making tools and, as a consequence, the importance of
developing methodologies for manufacturing process modeling can be recognized. The product
model approach for organizing the manufacturing information system also raised the issue of
manufacturing process modeling. Geometric modeling, as supported by tradittional CAD systems,
ensures sophisticated computer representation of shapes. At the same time there are not
appropriate manufacturing process model representations for product models.

In the last decade research efforts brought some experiences at adaptation of advanced problem
solving methodologies in manufacturing process planning. Most of the researchers are aimed at
development of stand-alone manufacturing process planning systems. The authors of this paper are
working on development of manufacturing process planning methodology with the aim of
producing problem solving tool kits for professional CAD/CAM systems and FMSs. Hungarian
researchers have produced conventional manufacturing process planning systems [4]. Attempts
were made for computer assisted decision making. The GLEDA system [5] is an example for these
efforts. This system has been successfully implemented at various company environments in
Hungary. On the basis of experience gained at that project, a new process modeling and planning
approach has been evolving to utilizing the new problem solving procedures. On the other hand,
the New University of Lisbon has large experience on CIM information systems, integrating
infrastructures and interactive decision making / planning systems for CIM. The EIMS/CIM-
FACE [15],[16], and CIM-CASE prototypes [17] are examples of such activity. The cooperation
between the two groups aims at establishing an integrated approach for interactive process
planning and modeling. This paper summarizes the proposed approach and introduces some
methodology.

Petri nets, fuzzy logic and other knowledge acquisition and representation tools have been
applied for creating manufacturing process models. In particular, a special interpretation of high
level Petri net formalism together with the object oriented paradigm has been involved for
modeling of manufacturing processes. The production scheduling calls for process plan variants
that are conformant with all technological constraints. For that reason the proved concept of the
non-linear process plan has been adapted [13], [8].

Application of conventional knowledge based manufacturing process planning methods has
resulted in software tools that are not well suited to manage decision making in present day
CAD/CAM systems. Separated decision making functions which can be attached to the process
modeling functions of commercial CAD/CAM systems and may be used by the human according
to his judgment are required. The manufacturing engineer will make use of decision support
features of the process planning system according to the nature of the task. The human is
responsible for the entire design and planning work so that he must be able to supervise the
decision support procedures in a balanced way.

The paper is organized as follows. First, the problem and current emphasis on manufacturing
process modeling are explained. Then the proposed manufacturing process model is outlined.
Following this the Petri net model representation is detailed. Finally, the knowledge
representations and evaluation of the models during manufacturing process planning are outlined.

2 PROBLEMS AND CURRENT EMPHASIS

Numerous research and development projects have been initiated during the last two decades. At
the earlier eighties the first generation of expert systems offered the promise of advanced
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solutions. Researchers tried to implement rule /frame based hybrid expert systems for CAPP. Most
of these CAPP expert systems utilized backward chaining techniques [11]. In these procedures the
reasoning process starts from the finished part and seeks for a manufacturing process element
(manufacturing step or operation) that results in the finished state. Omitting the influence made by
that manufacturing process element on the workpiece, a "less-machined" workpiece is defined.
Then a new process element is sought which results in this less-machined workpiece. The
reasoning process is continued until the less machined workpiece is the blank (raw material).
These systems are based on incomplete process models. At the same time these expert systems
involve knowledge bases, which are complicated, special and in some cases hardly understandable
for a production engineer.

A variety of CAPP methods have been proposed over the past twenty-five years. On the basis
of earlier research on conventional CAPP systems [12] the development of the GLEDA process
planning system at late eighties resulted in comprehensive knowledge storage and retrieval
possibilities and improved user interface [15]. The experiences gained with the GLEDA system
have been utilized by the authors at their recent work.

A variety of robust CAD/CAM systems are available in these days. They are becoming more
and more important for the creative design and planning practice. The computer aided
manufacturing process planning (CAPP) is often referred to as a missing link between the CAD
and CAM or production scheduling. This is because the process planning is a very complex,
decision intensive and heterogeneous activity and calls for a special methodology differing from
that used by the commercial CAD/CAM systems. The processing of large amount of information
demands less or more decision support. Excellent tools have been developed for solving geometric
processing tasks. For that reason commercial CAD/CAM systems involve CAPP functions mainly
for geometric processing.

CAD/CAPP/CAM SYSTEM
CAD/CAM MODULES DATA BASE

Geometric and feature
Geometric and model entities

Tool path and NC files

Equipment

feature modeling devices

Tool path ng process
. model entities
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Figure 1 CAPP modeling and problem solving system elements in a CAD/CAPP/CAM system

This work aims the introduction of knowledge based methodologies and procedures for process
planning activities that are not available in present day CAD/CAM systems (Fig. 1). An important
factor is the feasibility of the development in terms of the programming environments of these
systems. The decision support and problem solving methodology, as well as the representation of
the process model are investigated taking into account the demands of novel design, planning and
manufacturing systems. Lack of standard models and the large number of model representations in
commercial product modeling systems give rise to difficulties. The STEP standard, once widely
adopted, can give a solution for this problem [12).
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The general structure of a professional CAD/CAM system is visualized in Figure 1. The basic
structure has been enlarged with CAPP modeling, problem solving and data base clements. The
new elements can be placed in the system as user defined procedures and data sets. Learning
procedures may be involved [3]. A previous work of the authors have focused on acquisition and
representation of manufacturing process planning knowledge [6] and manufacturing process
execution [14].

3 MANUFACTURING PROCESS MODEL IN A PRODUCT MODEL

The product model concept implies a manufacturing process model representation that can be
integrated with other partial models. The manufacturing process model can be considered as a
partial model of a product model. Figure 2 shows some of the most important partial product
models and modeling procedures that are related to the manufacturing process model and
modeling. The most important partial models in this context are the geometrical, the technological,
the feature and the manufacturing process model [1]. The technological model involves tolerances,
surface properties and other technological data of the product. Production schedule is in close
connection with this modeling environment in terms of the assigned types of manufacturing
resources.

Geometric
modeling

Geometric model

Boundary representation
Surface representation

Part model Feature model

Non-geometric data of tNo?\ gelometr||c r?ata of .
: echnological shape aspects
modeling the par o the a?t o be manufactured

eature =
modeling

;Jlanufactunn process ctual schedule based on

rocess model roduction schedule
A
ature repre: Saniaions ctual orders and capacities)

Technologlcal information
from the part

Manufact.
process
. Lmodeling

Figure 2 Manufacturing process modeling in the framework of the product model concept

Recently, the feature based approach is wide spreading in the part modeling. The features make
representation of non-geometric attributes possible. It is logical to define similar entities for the
manufacturing process so that similar principles may be applied for part and process modeling.
Nowadays only a few of the advanced CAD/CAM systems offer functions for creation and
management of manufacturing process entities [10], [12]. An example is the EUCLID3 system.
The manufacturing process is handled as an entity that represents the place of "sequences"”,
“operations” and "cycles" in a tree structure. A process is a series of "sequences”. A "sequence” is
a series of operations performed by a given machine tool with a given set-up. An "operation” is a
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succession of machining cycles performed by the same tool. Material to remove is an additional
entity for process planning. An objective at the development of the PRODES system [10] was the
integration of the process planning with the product modeling. The process entities in this system
are called "process features” that are related to the "form features" of the part model. The
PRODES system uses special process features for description of manufacturing sub processes
attached to each of the features. This is based on a proved principle [4].

The [12] proposes process sequence, process, operation and path features. The "process” in this
concept represents operations that are performed on the same form feature using the same
manufacturing process (e. g. milling). The manufacturing of a part is represented by the process
sequence feature.

4 APPROACH TO MANUFACTURING PROCESSES MODELING

The human manufacturing process planner first conceptualizes a process then elaborates
subprocesses for the features, finally places the subprocesses into the process concept. Modeling
of the manufacturing process follows this logic. The manufacturing process is represented as a
sequence of setups. The setup is defined as a sequence of operations that take place at a given
setup position of the workpiece on a given machine. The segment and the feature subprocess
involve operations. Operation refers to a machining action that is done by a given tool on one or
more surfaces. The feature subprocess, the setup and the operation are manufacturing process
features to be established and parametrized at the various levels of process modeling. In the case of
CNC the operation has a pointer to machining cycles. This approach has been developed for parts
that are manufactured by machining, but it can be adapted to other manufacturing processes.

The proposed process model has a four-level structure (Figure 3). Features on a higher lever are
related to features on lower levels. The features of the process model are attached to a process, to
manufacturing of a part or a form feature as well as to manufacturing process components such as
a setup or a specific operation sequence. The process features are modeled as generic
manufacturing process components. Representation of a process component contains information
on all available process variants and knowledge for the evaluation procedure. A given process
feature is suitable for a cluster of mechanical parts, form features or setups. Well-structured
information is involved in the data base for equipment, tools and fixtures that are available in a
factory environment. The generic process model components are represented using extended
object oriented Petri net formalism, taking into account the demands of both process planning and
production scheduling. A Petri net model represents all process variants that are suitable for a
cluster of manufacturing tasks. Rules or rule sets can be attached to the place elements of the Petri
nets. Rule objects are processed using special knowledge based problem solving methods.
Uncertainties that are usual in process modeling can be handled by fuzzy reasoning [2].
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Figure 3 Levels of the process model
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Manufacturing process features are placed on the process, the setups, the operations and the cycles
level of the process model (Figure 3). Process features are included in the Petri net models as
transitions. Each transition points to another Petri net model on the next lower level of the
manufacturing process model. The process is a hierarchy of process features except for the net of
operations for a feature manufacturing.

The part model has attributes such as feature types, overall configuration, lot size, dimensions
and qualitative specification. The generic manufacturing process feature is selected on the basis of
values of these attributes. When the process is decided, the appropriate procedure is retrieve, and
checked. When several process objects are proved to be suitable, a final selection step is
encountered. A net of setups feature is attached to the manufacturing process feature. Selection of
a net of operations process object for a manufacturing feature is done in similar way. The term
"manufacturing feature" is for application feature that points to a form feature as defined according
to the FFIM of the STEP. The above mentioned process features describe manufacturing processes
of technical model features of a part. The geometric model representation of the part is attached to
the part and the form feature models. The cycle feature has a specific characteristic. It is attached
to geometric model object.

A set of knowledge representation tools are used for structured and unstructured knowledge
(Figure 4.). Five main groups of rules are considered: rules for process selection, rules for feature
manufacturing process selection, rules for nets of setups, rules for nets of operations for setups and
rules for nets of operations for features. Selection of process and feature manufacturing process are
done using classification trees. These trees are generated by appropriate clustering procedures.
Background knowledge contains information about objects.
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General

Domain LRULES AND RULE SETS t———— UNSTRUCTURED
specific
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specific

I CLASSIFICATION TREES

Planner
specific

Figure 4 Characteristics of the process planning knowledge

5 PETRINETS REPRESENTATION OF MANUFACTURING PROCESS
FEATURES

IF-THEN rules are attached to places and used at the evaluation of the Petri net. Rules are assigned
to a place type or a place instance. Rules assigned to a selection procedure or a place may
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contradict each other as usual at manufacturing knowledge. Contradicting rules are processed
using Fuzzy logic into a resultant IF-THEN rule. Special transitions are for creating branches.
These transitions are OR and AND splits and joins. Firing conflicts are avoided in this manner.
Uncertainties at selection amongst branches are handled by processing fuzzy rules placed at the
appropriate places. These groups of places are enclosed by dashed line in Fig. 5. There are rules in
a Petri net model that relate places. These relations describe for example interdependence between
decisions at places. If a selection between branches is to be made, the places after the or split are
analyzed together. Objects define manufacturing process features, Petri net components and rules
[71, [9]. Object classes are created accordingly. The structure of an object class is described by
means of a set of attributes, related objects and inheritance. Attaching special methods to these
objects requires additional investigation.

Petri net objects are Petri net, transition, place and token. Special objects are rule and rule sets.
Procedures for manufacturing process model generation create instances of these objects. The
process model for a part is constituted by these instances. Place instances carry rules. This
structure of object is undergone the evaluation procedure. Typical Petri net model examples are
illustrated in Figure S.

¢ Anributes of the part

Branoh for
UREMOVE

e
Machin
cenire

Branch for
BAEMOVE

Figure 5 Examples of Petri net models
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6 EVALUATION OF THE PETRI NET MODELS

The evaluation of a Petri net results in a partly or an entirely evaluated net. The partly evaluated
net has places with information on the results of the first (technological) evaluation stage. A partly
evaluated net represents a set of process variants and requires additional evaluation to achieve a
single process. The second stage of evaluation takes place at the production scheduling. The two
stages can be done simultaneously using the appropriate evaluation procedure.

At the evaluation of a Petri net rule based reasoning, conventional planning procedures and
dedicated Petri net evaluation procedures are available (Fig. 6). Standard evaluation procedures of
Petri net handling tools must be completed by domain specific procedures.

Petri net representations
of manufacturing
process model entities

——

I Fuzzy reasoning
Evaluation
L Rule based reasoning
Conventional planning of Petri
procedures
Standard and domain nets
specific evaluation
procedures
v v
Evaluated Petri Evaluated Petri
nets for further
evaluation nets

T I
1

Extraction of
process plans

v

I Process plans ]

Figure 6 Evaluation of Petri nets

Evaluation of the Petri net is done by firing the transitions. Rule element makes a subsequent
branch valid if attribute values are as in the IF predicate of the rule. Tokens are assigned at the
usual way to the places. In course of evaluation of a Petri net, the number, type, state and position
of tokens define the execution state. Transitions may be featured by priorities to help handling of
firing conflicts.

7 CONCLUSIONS

An approach and methodology for decisive manufacturing process planning were presented. The
aim was to produce a methodological base of development of software tools to support decisions
made by the manufacturing engineer. Process planning, due to the large interactions with other
areas (concurrent engineering perspective) has to be approached through a good balance between
automatic planning functionalities and human based decision making. A feature based
manufacturing process modeling approach was proposed. Four levels of the model were defined.
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Object oriented Petri nets were introduced as internal representation of complex objects emerged
in a manufacturing process. The results can be utilized for the development of decisive
manufacturing process planning procedures for integrated CAD/CAPP/CAM and flexible
manufacturing systems. There are on-going and planned projects that use this approach and
methodology in more or less extent.
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