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Abstract: - Application of virtual technology in engineering activities for automatic production technology determines present and future of computer-aided engineering. One of the engineering related areas in virtual technology is virtual manufacturing where most of prototype developments of mechanical parts have been moved into virtual. Models of engineering objects as parts, manufacturing processes, manufacturing equipment, production systems and production schedules are created, analyzed and improved during model based engineering activities. Models of mechanical parts are applied for creation of machining based manufacturing processes because machining is the only physical shape adding method available for computer controlled creation of shapes. Any other manufacturing method uses tools carrying shape of parts. Paper discusses several important issues about concept and methodology of part manufacturing process modeling including representation of generic manufacturing process information in multilevel manufacturing process model, associative definition of part and part manufacturing models, application of the feature principle in manufacturing process modeling, and creating manufacturing process model instance by the evaluation of Petri net model representations.
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1. Introduction

In decisions of engineers in increasingly networked global systems, advanced information technology is the only source of quick and situation-reflective solutions. Three main challenges in manufacturing of mechanical parts are intelligent computer controlling of machining, machining of advanced and intricate shapes and flexibility of design and manufacturing. Machining process variants are to be composed for the same individual part. The engineer who is responsible for part design is not able to understand all manufacturing consequences of a part related decision [3]. Flexible machining process planning and manufacturing system are required to accept frequent changes of part design and production schedule.

As a contribution to development efforts in the above outlined area, an approach, a concept, and a methodology are proposed in this paper for modeling of machining process utilizing virtual technology. Implementation of the methodology is considered to be in CAD/CAM environment with open architecture where procedures are available for feature, associativity, constraint and rule definition based part modeling and computer controlled machine tool programming. The proposed modeling is a contribution to fill the gap that still exists between part design and part manufacturing. Earlier analyses by the authors in Petri net based manufacturing process modeling and planning [9] and in virtual technology based associative integration of engineering activities [10] are considered as preliminaries of the reported work.

Paper discusses several important issues about concept and methodology of part manufacturing process modeling including representation of generic manufacturing process information in multilevel manufacturing process model, associative definition of part and part manufacturing models, application of the feature principle in manufacturing process modeling, and creating manufacturing process model instance by evaluation of Petri net model representations.

2. Issues in the Proposed Modeling

Information flow in an engineering system is streamlined by integration of the related design, manufacturing and production models in a complete, and consistent product model. However, proven machining related computer modeling activities still focus on production systems and production plans. At the same time, computer aided planning of machining processes uses simple heuristics rather than systematic and integrated model description. Integration in this context refers to relationship definitions between description of part, analysis result for part, assembly, manufacturing process, MRP, production schedule, production department, machine tool, cutting tool and control system engineering objects. Existing machining process modeling concepts are inappropriate for the purpose of this integration.

An integrated model of product, manufacturing, and production in mechanical engineering is considered during the reported analysis [1]. Model of a mechanical system is composed by representations of geometric and engineering objects. This model is applied for the creation of models representing manufacturing and production process objects. Model of a mechanical system and models for its manufacturing and production are main components of product model. Consideration of requirements by downstream engineering activities needs concurrency of product design with downstream engineering activities as analysis and planning of manufacturing and production.

The trend towards custom demanded product resulted increasing number of part variants in increasing number of product variants. One of the known approaches for non-linear process planning in [2] was considered as basic idea for the creation of variant related branches in manufacturing process models. The proposed modeling applies definition of generic model entities for handling variants. An entity carries all the suitable machining process variants for a cluster of similar parts or form features [8].

Petri net representation of machining process objects has been introduced by the authors. Numerous modifications and extensions have made the original Petri net a popular formalism as a solution for different problems in engineering [5]. Large amount of Petri net related methods has been developed for its applications during the last decades [4]. Petri net has gained wide applications in modeling and analysis of manufacturing systems and production schedules [6].

A Petri net can be defined in relation with other Petri nets easily. It can be integrated with Petri net based models of production systems. Constraints can be defined for system variables in Petri net for the purpose of parameterization by using of ranges of system variables [7]. In this manner, discrete events systems work with continuous parameters, as it is required by machining process planning. A generic process model object is represented by individual marked Petri net formalism with several extra features in the proposed solution. It is considered as a representation of a machining process feature and it constitutes an entity in the process model. Feature principle in part models has been extended to manufacturing process model in the proposed modeling. A machining process model instance is the result of evaluation of a set of interrelated Petri nets in a generic machining process model. An instance of a generic process feature involves all process variants suitable for a well-defined manufacturing task.

The proposed generic manufacturing process model has four-leveled structure of interrelated machining process features (Fig. 1.). On level 1 process variants are mapped for manufacturing of a part. Level 2 involves process features that describe all possible sets of setups for a process variant. A setup is a segment of a part manufacturing process that uses a given machine tool with unchanged position of the part on the machine tool. Possible sets of operations for a setup are placed on Level 3. Operation is a segment of a manufacturing process that uses a single cutting tool. Level 4 is for suitable tool cycle sequences. Process model can be generated for a single part or a cluster of parts. Manufacturing process features are defined as process, net of setups, net of operations and sequence of machine tool path cycles on the levels of process (L1), setup (L2), operation (L3) and numerical control cycle (L4), accordingly.
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Fig. 1 Four-leveled model of the manufacturing process

In a Petri net model entity a transition represents a setup or an operation machining process object. Description of the represented process object is mapped to the transition in the form of a set of attributes. Pairs of special purpose transitions are used for creating branches representing AND and OR splits and joins. A place carries usual marking as well as links to rules for evaluation of the process object represented by the subsequent transition. A transition has one of in process and out process states. When the represented process object is included in the actual machining process model instance, the status of transition is in process otherwise it is out process.

Fig. 2. shows relations between form feature based and boundary represented part model and the proposed machining process model. Associativities are defined between matched or related entities or their attributes. Geometric representations as curves and surfaces are accessed and related to machining through description of topology.

Fig. 3. illustrates the proposed modeling by an example where form features and operation manufacturing process objects are matched. Machining operation for form feature FF1 (Face 1) is represented by the transition to1. Machining operations for form features (shape modifications) FF2-FF5 on Face 1 are mapped to transitions to2-to5. Manufacturing process instancing suppresses operations matched with form features omitted from the model of the actual part instance. Suppress of an operation sets out of process status of the representing transition.
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Fig. 2. Associative part and part manufacturing process model
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Fig. 3. Extending the feature principle to manufacturing process model

3. Feature Driven Associative Model

The most obvious solution for implementation of the proposed integrated approach to part and manufacturing process modeling is definition of form features and their sequence in the part model during part design as manufacturing shape aspects. This solution is generally not available because design and manufacturing based shape aspects and their sequences are different.
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Fig. 4. Reordering shape modifications by using of associativity definitions

The proposed method completes the design oriented part model with a second reordered feature sequence for manufacturing process planning. These sequences of shape modifications are associative. The approach is based on the recognition that reordering, fusion and split of form features defined during part design are suitable tools for creating sequence of shape modifications for machining. Manufacturing shape aspects as form features are derived from design form features by reordering then fusion or split during manufacturing process modeling. Any change of a part design initiates change of the related manufacturing shape aspects by using of associativity definitions between the two sequences of form features. In this way, the most appropriate part information is available for both part design and machining process planning within the same part model. Analysis of practice shows this approach is suitable for an overwhelming majority of part models.

In the example of Fig. 4, flat surface F1 serves as construction plane for creating form features FF1, FF2 and FF3. Reordering is based on associativities within form features, between form features and between form feature and machining operation pairs.

4. Manufacturing Process Model Using Generic Petri Net Entities

The following are extra features of the proposed Petri net model representation.

Application of special purpose transitions for creating branches.

Attaching rules to places and transitions to assist decisions during evaluation of a Petri net.

Definition of passive token at place during execution of Petri net when a process object represented by the subsequent transition is not suitable for the manufacturing task or not available in the shop floor environment.

Petri net for evaluation at both process planning and production scheduling.
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Fig. 5. Simplified structure of a prismatic parts

A generic manufacturing process feature is defined for a typical part or a cluster of similar parts. Definition of lower level features as net of setups and net of operations depends on process feature selection on the next higher level. Associativities between form features in part model and manufacturing process features are discussed below for the example of prismatic parts. In this case, a form feature is defined as a modification of one of six sides of the part (Fig. 5). A simplified structure of part composed by the six sides and shape modifications on them is be used for the definition of manufacturing process features. Sides and form features defined on them are identified by using of topological structure.

In the example of Fig. 5, only three of the six sides carry form features to be produced by machining. A list of form features is attached to each side. Two generic variants of the manufacturing process are described by net of setups manufacturing process features nset1 and nset2 (Fig. 6.). These alternatives are represented by the tnset1 and tnset2 transitions in the Petri net representation of the manufacturing process feature.


[image: image6.wmf]OR

split

OR

join

nset2

t

Process

nset1

t


Fig. 6 Manufacturing process feature

The net of setups feature nset1 is represented by a Petri net that includes transitions for setups defined for machining of form features on three sides of the part (Fig. 7). Machining starts with a setup for machining a datum surface and ends with an end of machining inspection. Two alternatives are available for machining the three sides in two (set2 and set3) or three (set4, set5 and set6) setups. As an example, attributes for the setup machining process object set3 are detailed in Fig. 7.
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Fig. 7 Net of setups feature
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Fig. 8 Net of operations feature

Fig. 8 shows the net of operations feature for setup set4. Setup set4 includes operations for the machining of form features on Side A of the prismatic part. Machining of flat surface F1 is followed by machining of channel C1, boss B1 and pocket P1 in separated operations or in a single operation. Single operation uses the same tool for all of three form features.

5. Creating process model instances

Input information for the evaluation of machining process model consists of attribute values for parts and form features, geometric model representations of form features and capabilities of suitable manufacturing processes, equipment and tooling available in the assigned job shop. In addition, preliminary decisions on the part manufacturing process are to be considered if any. Actual shop floor related conditions and preferences are also taken in account. Result of evaluation of a Petri net is a sequence of in process manufacturing process objects along a route in the net. Other possible purpose of evaluation is acquisition of manufacturability information for product design, manufacturing engineering, and production engineering. Values are calculated for process object attributes. They carry information about machine tool, fixture, setup, cutting tool, cutting parameters, tool paths, etc. according to the type of the process object.

Dimensions of form features often affect selection of the suitable manufacturing process variant. A detail of a net of operations feature with three branches in it for three variants of a form feature is shown in Fig. 9. An OR split - join pair of transitions handles three variants for operation manufacturing process objects. Decision on operation variant is done at the place Pd by using of IF-THEN-ELSE rules attached to Pd. Rules define relationships between form feature and operation objects. Form feature with usual dimensions is machined using a simple end milling operation (branch=V1). Change of dimension h2 can reverse the direction of shape modification and change form feature from additive to subtractive. The derived shape is a slot that requires an additional slot milling operation (branch=V2). After its substantial increase, length l1 exceeds the upper limit for end milling (ULEM). In this case an additional face milling operation (branch=V3) is to be included.

The top-down evaluation process starts from the first level of the process model and advances level by level. A process object is included in the manufacturing process by firing a transition that points to a process feature to be evaluated on the subsequent level. Normal execution of the Petri net is completed by checking of process object for suitability for manufacturing task and availability on shop floor prior to firing of each transition. If the process object is not suitable or available, the transition is made disabled for firing by changed marking at its preceding place and the process object gains out-process status. If a process object is suitable and available, the related transition is enabled for firing. The transition fires and the process object gains in-process status and values are calculated for its attributes. One token is moved to the place that follows the fired transition. Failing of evaluation at all branches halts the execution of Petri net. In this situation, the process feature, represented by the Petri net is not suitable or available so that it cannot be included in the actual manufacturing process instance of the part.
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Fig. 9 Feature dimension driven creation of variants

A new manufacturing process feature to be evaluated on the actual level should be selected by repeated evaluation on the previous level of the model. When change feature is not available, production engineer can make compromise by modified manufacturing task or suitable production resources can be made available by purposeful change of the production schedule.

Handling of an OR branch during evaluation is explained in Fig. 10. The transition representing the OR split fires when a token is placed at the place that precedes it (Fig. 10/a). Firing moves one token to each place following the transition. However, tokens are inactive ones to prevent continued execution on the branches. This temporary interruption of execution serves selection of branch. Token in the selected branch is changed to an active one. This enables firing the first transition on the branch (Fig. 10/b). Inactive token in the inactive branch moves to the place that precedes the OR join as active one (Fig. 10/c) to make the OR join transition enable for firing when execution on the selected branch reaches the OR join. By the end of execution on the selected branch, all places that precede the transition representing the OR join have one active token (Fig. 10/d), the transition fires.
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Fig. 10 Handling of branches in Petri net representations

6. Conclusions

The authors proposed a method for feature driven generic manufacturing process model and its integration with form feature based part model. Modeling is based on multi leveling concept, Petri net feature representation, and knowledge based associativity definitions. The actual process variant is created by evaluation of Petri net model representation of generic process features. At any change of part model features, evaluation of the manufacturing process model is repeated in an extent as necessary. Petri nets in a process model are interconnected but not integrated. Less or more generic model features can be defined according the demands of prospective applications of the model. The reported modeling is intended for manufacturing process planning, manufacturability analysis, and advisory purposes during part design, manufacturing planning and production planning. Main contributions by the authors to the Petri net model are representation of objects and processes in manufacturing engineering, four leveled model structure, creating and handling branches in generic models and validation of process objects previously to firing of transitions.
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