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Abstract

This paper presents a novel knowledge-based Petri net approach to mechanical systems and assemblies modeling
within a design with objects environment. A new unified class of object-oriented knowledge Petri nets, which can
incorporate a knowledge-based system with ordinary Petri nets, is defined and used for the unified representations of
assembly design and modeling. The object knowledge Petri nets, as a graphical language and a new knowledge-based
description scheme, can be used to express the qualitative and quantitative aspects of the assembly design and mod-
eling process in an interactive and integrated way. The four-level hierarchy model is proposed and constructed in terms
of function-behaviors, structures, geometries, and features. The function-behavior-structure description is built on
more abstract concepts so that it can match well top-down design. The static and dynamic characteristics in the design
of assembly can also be captured. With the help of fuzzy logic, the incomplete, imprecise knowledge and uncertainty
in the design process can also be dealt with. Therefore, the hybrid design object model can incorporate product data
model, top-down design process, and assembly process model using an object-oriented, knowledge-based, feature-
based, parametric, and constraint-based modeling approach, and can provide a more accurate and more flexible
representation. To verify and demonstrate the effective use of the proposed hybrid design object model, a prototype
system has been developed. This research provides a knowledge-intensive framework for intelligent assembly design
and modeling.

Keywords: Artificial Intelligence; Assembly Modeling; Computer-aided Design; Design for Assembly; Design with
Object; Petri Net

1. INTRODUCTION tion can then be analyzed to derive important characteris-
tics of the design process. The scheme for representation of
From a designer’s point of view, a machine is a structurala design process should capture major aspects of the pro-
model from general to detail that reflects certain relation-cess in a precise and concise manner. It is useful to have a
ships on different levels. The organization of part matingdirect relationship between the graphical and analytical rep-
information to characterize assembly properties is one ofesentations. This is particularly advantageous in the analy-
the major issues in product assembly modeling. A mechansis, simplification, and verification of a large system. The
ical system is often treated as a composite object, called aepresentation should also be able to describe abstractions
assembly model, in which each composite link carries theand refinements in the design process, and integrate the
is-part-ofrelationships of its elements and subsystems, thabasic principles and concepts of system design, such as
is, the mechanical system and subsystems are representgaialysis, modularity, and so on. The graphical representa-
by an assembly model. Product design generally involvesion appears to have the above-mentioned characteristics.
creating formal models of the parts and their assembliesHowever, the main requirement for any proposed represen-
The design process can be viewed as the process of creatingtion model must be abstract and flexible enough in nature
a representation of the underlying objects. This representae be helpful for designers to design products in a top-down
manner.
. . _Although advances have been made recently in commer-
Reprint requests to: X.F. Zha, School of Mechanical and Production . . . .
cial CAD systems, particularly those employing parametric,
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existing product-modeling software is not easily used for thevironmentally independent wayhomas et al., 1996; Zha
construction of mechanical assemblies or otherwise suitablet al., 1998¢. The formalisms, structures and behaviors
for assembly design. This is because the approaches develffered by the Petri net allow the designer to manipulate the
oped in these systems are not flexible enough. Representaiews of assembly and to verify the assembly tasks in dif-
tions in these systems are only based on concrete singferent ways. Also, the ease of use and interpretation of Petri
components and their feature relations. Features are still lirmets can reduce the costs of programming and reprogram-
ited to a lower level and the model is difficult to update. Theming. The designer can then make use of Petri nets for
designer’s thinking model is hard to set up due to the lack oknowledge representations to incrementally describe a me-
an integrated design object model within a concurrent intelehanical system or an assembly and for consistency check-
ligent CAD environment. The machine design is not consid-ing and property verification in the design procé&han
ered as a process, and it is therefore hard for designers to useal., 1990; Gary et al., 1991; Zha, 1999
in the course of top-down desigMantyla, 1990. From the The objective of this paper is to explore a novel applica-
above observations, the main requirement of the design oliion of Petri nets in modeling mechanical systems or assem-
ject model is that the model must be abstract enough to bklies and their design processes. To avoid the combinatorial
helpful for a designerto design in atop-down manner, inwhichexplosion that arises in the product and its assembly pro-
the designer develops design concepts by breaking down treess modeling when the number of pieces or objects in-
design into a number of logical units, which are known asvolved increases, a new unified class of object-oriented
functional units of assembly. Functional units can be realknowledge Petri nets, which can integrate a knowledge-
ized by “means” or “functional carrier.” While functional units based expert system with ordinary place-transition Petri nets,
are combined to provide the required functions of the assenwill be defined and used for the representation and integra-
bly, their corresponding means can be assembled into a strutien of distributed design models. Knowledge-intensive Pe-
ture which can be formulated both qualitatively andtri nets can be used as a task-level graphical language to
quantitatively. To build an efficient assembly modeling andexpress the qualitative and quantitative aspects of the as-
design environment, the following features are crucial forthesembly and its design process in an interactive and inte-
universal design object model: grated way. The proposed scheme for mechanical systems
and assemblies modeling is based on knowledge-intensive
1. Support abstract descriptions about geometries anBetri nets to construct a four-level hierarchy model from
their connections not only on a whole product assemfunction-behavior, structure, geometric, to feature. In the
bly level, but on the level of single-piece parts; following sections, some notations and assumptions for rep-
2. Be helpful for designers to design top-down, that is,resentations, definitions, and analysis techniques of place-

from incomplete and brief to complete and detailed: transition nets and knowledge Petri nets will be first
' presented, and then the representations for mechanical sys-

3. Be well-structured for ease of conversion into otherig g and assemblies with the integrated object model will
analytical models; be discussed in detail.
4. Be able to provide a knowledge framework to capture The organization of this paper is as follows. Section 2
the designer’s intention; reviews the related work; Section 3 defines the knowledge-
5. Have an arbitrary level of structure, that is, no limita- intensive Petri nets; Section 4 describes the design with
tion for the number of levels of hierarchical decom- Object scheme for assembly design and modeling; Section 5
position in a design object; gives the details of the hybrid design object model in terms
6. Can be treated as a single manipulating unit for anaIyE)f a hierarchy Of. functipn-behavior, structure, geometry,
' sis. evaluation. and version control: and feature;_ Sectlpn 6 dl_scusses a globaltlocal data scheme
' ' ’ for the hybrid design object model including product data
7. Carry is-part-of relationship with some subtle classi-exchange at assembly level; Section 7 overviews a proto-
fication about its semantics supporting full manipula- type intelligent design and modeling system for mechanical
tion of composite objects; and systems and assemblies using the hybrid design object model;
. Support STEP-based data exchange at assembly lev&ection 8 outlines discussions, concluding remarks, and fu-
ture work required.
Petri nets have been very useful in many domains for
mod_elln_g and analyzing discrete event system_s like COM5 | TERATURE REVIEW
munication systems, databases, computer architectures, of-
fice automation, flexible manufacturing systems, and so orResearch on modeling of mechanical systems and assem-
(Javor, 1995; Looney, 1988; Peterson, 19&ls well known  blies has been going on for more than one decade. Several
that Petri nets are a very powerful means of modeling dismechanical assembly representational schemes have been
crete event systems, and they are also easy to use and intproposed to describe part-mating relationships. These in-
pret. Petri nets can be used as a graphical language to expreskide location graph, virtual linkLee & Gossard, 1985
define, or specify assembly tasks in an interactive and eneonstraint graphWolter, 1988, relational model graph
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(Homem de Mello, 198p feature mating operation graph how to design a functional component, and then how to
(Huang & Lee, 1989 functional relationship graptRoy  connect it to the others already existing. This means that the
& Liu, 1989), and part position and part relation network functional carries in a structure are logically divided into
(Heenskerk & Van Luttervelt, 1989The basic concept is two types: component and connectGui, 1993. The com-
to store assembly entities, either parts, subassemblies, ponent is a named concrete object, which performs desired
parts with assembly operations, as vertices in various typefinctions of the machine in possible behaviors through con-
of graphs. The variety of relationships between assemblyecting to the other components, while the connector is a
entities, such as connectivity, geometry, location, and funcnamed abstract object corresponding to joints, constraints,
tionality, are characterized in terms of joining edges be-or operations and functions between two components. Con-
tween graph vertices. Representation of assemblies can alstraints are not provided to the relevant components until
be established in terms of a high-level langua@bieber-  the components are mated together. Thus any machine can
mann & Wesley, 1977; Popplestone et al., 1978a, 1978khe viewed as consisting of two basic classes of objects: a
Liu & Glaser 1985; Takase & Nakajima, 1985n the as- class of components and a class of connectors. Functional
sembly mating-feature based graph approddgh & Pop- relations between features of individual components in a
plestone, 1989; Nieminen et al., 1989; Rimscha, 1989; Shabomplete assembly modeling can be easily handled. The
& Rogers, 1993 component-connector model could allow for the possibility
Other studies attempt to provide a mathematical modethat the properties take some values in the form of a fuzzy
to represent linkages, functional volumes, tolerances, anset over a base range. Liu’s modebmponent-joint modél
allowances in assembl§Rocheleau & Lee, 1987; Kim & is very similar to Gui's modelcomponent-connector modgl
Lee, 1989; Giacometti & Chang, 1990; Wilson & Rit, 1991; but is at a lower level.
Wilson, 1992, and to apply common modeling methods, Based on bond graph, fuzzy logic, and object-oriented
such as geometric modeling, feature modeling, andknowledge representation, Gui and Mant{1894) set up a
knowledge-based modeling, to model mechanical parts anfilinction-centered scheme that aims to bridge the gap be-
products in current CAD system&rause et al.,, 1993; tween functional modeling and feature modeling. They clas-
Shah & Mantyla, 1995 Solid modeling can be used to sify the design process model as three distinct but related
create three-dimension&BD) geometric models of indi- models, namely, functional model, device model, and pro-
vidual parts of the assembl{Delchambre, 1992 Much  cess model. Functional model is used to study the required
work has been carried out on the addition of tolerance ofunctions of the design and determines how the overall func-
information, dimensional or geometric, to the part solidtions can be achieved as an aggregate of low-level subfunc-
model. Solid modeling, features, and attribute relation-tions. Device mode{physica) is used to study the device
ships are the basis for more complete product definition(i.e., product structures that can implement the required
Details about the geometric modeling, knowledge-basedunction. Process model is used to study the technical per-
modeling, feature-based modeling for mechanical sysformance, behavior, and producibility of the structure. The
tems, and assemblies were reviewed in Krause €1883 component-connector model with multigraph data structure
and Zha et al(1998h. The representations mentioned abovewhich joins function and structure is used for representing
are, however, only based on concrete single componentie conceptual model of a product. To link the device model
and their feature relations, although subassembly hieramand the final geometries of device structure Gui and Man-
chy could be described to some extent. Due to the develyla (1994 developed the concept of feature link, which
opment background mostly oriented toward supportingcan be used for recording features in the sequence of the
process planning and assembling, most previously prodesign process and supporting feature inheritance. Using
posed systems emphasize describing a final designed prothese concepts and ideas, Gui and Mant{i@94) imple-
uct or databases. The systems do not regard machine desigrented a A” top-down design system which includes three
as a process. As a result, it is hard for designers to usmodules: DesignPlanner for design task analysis, Design-
them in the course of top-down design. Consultant for design knowledge representation and con-
Just as Dixon et al(1990 pointed out that assembly sultation, and DesignSketcher for feature modeling.
design systems should enable designers to design top- More recently, formal approaches to capturing the logi-
down, starting at a high level of abstraction, a structure iscal interdependency relationships among parts and features
composed of three kinds of objects: components, terminaldn a complete assembly modeling have received much at-
and connections. Lig1992 defined a structure which has tention. Mantripragada and Whitn€3999 proposed a sys-
two kinds of basic elements: parts and joints. Based on thisematic approach to assembly design and modeling using a
model, a mechanical system can be considered as a grogiatum flow chain. Datum flow chain is a concept that cap-
of related parts antbr subsystemésubassembligsassem-  tures the fundamental structure of a computer-aided design
bled by joints. A subsysteifsubassemblyis also an assem- system in a top-down design process, including the design-
bly of parts and its member subsystems connected by joint&r’s strategy for constraining the parts kinematically and
Therefore, it is not difficult to imagine that the main con- locating them accurately with respect to each other. It re-
cerns of the designer in structural design are no more thalates the datum logic explicitly to the product’s key charac-
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teristics, assembly sequences, and choice of mating featuresjge framework in such a way that it becomes possible to
and provides the information needed for tolerance analysiprocess various types of knowledge in a top-down design
Two types of assemblies are addressed: Type 1, where tlprocess. Note that procedural representation with conven-
assembly puts together parts at their prefabricated matingional languages such as FORTRAN, C, and PASCAL is
features, and Type 2, where the assembly process can inot dealt with here, though it is important for the descrip-
corporate in-process adjustments to redistribute variatiortions of algorithms and their processing in design analysis.
Based on the concept of the datum flow chain, they also
proposed a state transition model of assembly and concepés
from control theory to model variation propagation and con-""
trol during assemblyMantripragada & Whitney, 1998; Whit- The proposed object-orientation scheme is based on a mixed
ney et al., 1999 representative method and object-oriented programming
However, the existing approaches and models cannot eXOOP techniques, and allows designers to look at the de-
plicitly express the notions of concurrency, causality, andsign problem as a collection of objects or subproblems linked
conflict. They are not easily used as a graphical language ttogether by rules. Thus it provides the designers with an
express, define, or specify, and simulate assembly tasks iexpressive power to represent complex problems or infor-
an interactive and integrated way. The formalisms offerednation in an effective manner. If a designer can break the
by them do not allow the designer to manipulate the viewglesign problem into the form of well-defined clearly ma-
of assembly and to verify the assembly tasks efficiently.nipulatable chunks with their own self-containing informa-
The designer cannot then make better use of them for knowtion which is interrelated through a series of rules and
edge representations to incrementally describe a mecharntonstraints, then these problems can be easily solved.
cal system or an assembly and for consistency checking The basic structure of an object-orientation scheme is
and property verification in the design process. described as a unit. The class of object and its instances are
described by using the unit structure. The object-oriented
unit is composed of four types of slots, which are the rela-
tion slot, the attribute slot, the method slot, and the rule
slot. The relation slot is used for describing the static rela-
tion among objects or problems. With the help of relation
The design object model in the traditional CAD system isslot and according to the relation of classification, the de-
represented as being only a purely geometric entity. Thaign object can be described as a hierarchical structure. The
most recent understanding of feature-based representati®mowledge existing in a super-class can be shared by its
for machine design is characterized by both function andtlasses and subclasses. The messages that control design
form (featurg. Along the designer’s thinking pattern, the process can be sent among all instances of objects. In addi-
top-down design manner is a natural way in which the detion, if needed, other kinds of relation slots can be defined,
signer develops design concepts by breaking down the desuch as the relation slot of resolution, the relation slot of
sign into a number of logical units which are known asposition, and the relation slot of assembly, and so on. The
functional units of assembly. Functional units can be realattribute slot is used for describing the static attributes of a
ized by “means” or “functional carrier.” While functional design object, such as width, length, material, and so forth.
units are combined to provide the required functions of theThe method slot is used for storing the methods of design,
assembly, their corresponding means can be assembled irdending messages, performing procedural control, and nu-
a structure which is formulated both qualitatively and quan-merical calculation. The rule slot is used for storing sets of
titatively. For most qualified designers, the design procesgroductions rules. The production rules can be classified
from the conceptual solution to the structural configurationaccording to the differences among objects being treated
is usually carried out through a so-called “structure think-and stored respectively in rule slots in the form of slot value.
ing block,” with respect to a “function thinking block.” The
de§|gn process includes poncepts qnd solutions eVOIVm.%’.S. Overall design-with-objects architecture
This means that the design object is actually a dynamic
object, and is ever changing throughout the design procesehe central design process inherent in a design-with-
(Deng et al., 1998 objects scheme can be represented as the architecture
Information processing in product design is inherently(O’'Grady & Liang, 1998, as shown in Figure 1, with five
model based because the design object is structural in typeain types of objects involved: namely, design mod8&js
Therefore, object-oriented programming languages are datesign object€0), design algorithmgA), functions(re-
sirable for declarative knowledge representation, objectquirements and constraint$FRC), and the evaluation
oriented concepts, and fuzzy logic. As such, the objecschemaE). Object operators can express the relationship
orientation scheme is employed so that both calculating andetween these objects: inheritance, import, and message
reasoning work in design can be carried out. The hybridbassing. The architecture in Figure 1 shows how the partic-
design object model is, in fact, an attempt to set up a knowlular instance of a design mod&, is obtained from the

2. Object-oriented knowledge representation

3. DESIGN WITH OBJECTS SCHEME

3.1. Design process modeling with objects
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Fig. 1. The overall architecture of design with objects.

design algorithm, evaluation schema, requirements, con-p,,p,,...,Py) iS a place node set, = (t,,t,,...,t,) is a
straints, and the design model object. For pure formulatioriransition node set; anB is an arcs set which links be-
design or creative design, a new design model olfjgst  tween place nodes and transition nodes, and has the char-
defined that describes the form of the model. A specificacteristics of PN T = ¢,F C (P X T) U (T X P), and
instance Sf, of this design model can then be created. ForP U T = ¢; andW: F — {0,1} is an association weight
pure parametric design then, the design model olgéets  function on arcsy f € F, W(f) = w;, w; is the weight of
already been defined and the design process therefore ondycf. Petri net is a directed place-transition net, as shown in
involves the determination of a specific instangk, of the  Figure 2b. The net activities are based on a vision of tokens
design model. Note that additional objects can be definednoving around an abstract network. Tokens are conceptual
within the overall architecture. entities that model the objects and appear as small solid
In the proposed design-with-objects scheme, the formaldots moving in a real network. A marked Petri net, as
isms, structures, and behaviors offered by object knowlshown in Figure 2c, is formally defined as a 5-tupl =
edge Petri nets are used for the designer to model mechanid®TN My) = (P, T, F,W, M), where PTN is a directed/P
systems and assemblies from a function-behavior-structuneet; P, T, W, F are the same as above definitioid;: P —
description and to manipulate and verify the assembly def0,1,2,..} is the initial marking. The Petri net graph is a
sign process. The details about knowledge Petri nets angraphic representation of Petri net structure and visualizes
knowledge Petri net-based design object model will be disthe reasoning rules. From a modeling perspective, these

cussed below. input and output places can represent the preconditions and
postconditions of an event, or the resources required and
4. OBJECT KNOWLEDGE PETRI NETS released by an event.

In Al, a general problem can be expressed by a 3-element
f,R), where X is a set of the variabled;() are the
ibutes of variables, expressed by the functioné— Y,
hereY is a multidimensional space; arRl denotes the

Since C.A. Petri first reported it in 1962, the Petri net has
been analyzed, modified, and extended. Various classes (g?:tr

Petri nets have been built upon the extensions of the basf%

place-transition Petri nets. Petri nets possess the potential 8po|ogies on the set of the variables. Erom the Petri net

e o o et s alon aboe, e corespondences between he et e
sion of Petri net called knowledge Petri netwillbe proposed and the general description of a problem can be described

as follows: X < {P,T}, R < {I,0}, f <& {C,Mgy}. Thus,
Petri net modeling can be considered to be equivalent to
general problem solving strategies in Al. That is to say, a
A place-transition(P/T) net graph model, as shown in Fig- generic Petri net can incorporate the ordinary plaeasition

ure 2a, can be defined aBTN = {P, T, F,W}, whereP = Petri net models into general problem description in artifi-

4.1. Definition of knowledge Petri nets

https://doi.org/10.1017/50890060401152066 Published online by Cambridge University Press


https://doi.org/10.1017/S0890060401152066

150 X.F. Zha and H. Du

P, P2
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P, (ps)
7 N P2 p(py) Ofiaé
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Fig. 2. Place-transition nets and Petri ne@®: place-transition netb) directed place-transition net or Petri n@), marked Petri net,
(d) knowledge Petri net.

cial intelligence. However, the major difficulty with ordi- proposition logic, attributes list, semantic network, frame,
nary Petri nets is that industrial applications are likely toand If-Then production rule, and object orientation can be
result in large systems consisting of many places and tranised to represent the knowledgekip andK.
sitions. Other shortcomings include the structural inflexi- By knowledge Petri net modeling, we mean that a knowl-
bility and the inability to identify individual tokens. To use edge Petrinet model fora problemis first described as a kind
Petri nets for modeling complex systems, ordinary Petriof “template,” and the model of the particular subproblems
nets should be extended with considerations of time, unceiis then established as instances of the template. The corre-
tainty, and knowledge information involved. spondences between the knowledge Petri net and the general
By incorporating the ordinary plagaansition Petri net knowledge-based problem solving can be described as fol-
models into a knowledge-based expert system, a novdbws: X< {P, T},R<{l,0}, f & {Kp, K+, Mg}. Thus, knowl-
knowledge-embedded Petri net model can be defined asdge Petri net modeling is equivalent to general knowledge-
KPN = (P, T,1,0,M,,K), where(P,T,1,0) is a finite Petri  based problem solving strategies inAl.As such, the knowledge
net; K is the knowledge function defined froP X T into  annotations of KPN enlarge the representation ranges and con-
nonempty setsk(p) andK(t) are the sets of knowledge tents of its net graph. These knowledge annotations can be
associated with place € P and transitiont € T, that is, organized into a knowledge base and an inference engine,
K(P) = UMoK(p), K(T) = ULoK(t); K = Kp U Ky, and KPN is therefore a knowledge-based expert system.
whereKp: P — K(P) is the mapping from place sétto  An illustration of a knowledge Petri net graph is shown in
place knowledge se€(P); K;: T — K(T) is the mapping Figure 2d, wher@® = ((p1, P2, P3), (P, Peo)); T = ((ty, t3),
from transition seT to transition knowledge s&(T). There- ~ (ta)); A = (@, 8) = (((P1, tar), (P2:t1), (P3,t3), (Persta),
fore, the KPN model can be regarded as a combination ofPe.: ta), (Pezita)), ((ty, P1), (tar, P2), (3, 1)) Mo =
two aspects: net graph and knowledge annotations. Simild®.1,1,1,0"; Ci: (Pe, P1), (Pe;,ts) are permitted arcs,
to an ordinary Petri net graph, a KPN graph is a graphidnarkedarc,e,, (Pc.t3) are inhibited arcs, markeafc;, ;
representation of knowledge-based Petri net structure an®/=(1,0,1,1,1,1,1,11
visualizes the reasoning rules. The annotations of knowl-
edge are composed of the place knowledge annotations a
the transition knowledge annotations, thatKs, and K+.
The place knowledge is descriptive knowledge correspondvarious forms of knowledge Petri nets can be obtained by
ing to the tokens and facts of the place in placeBethe  further extending or modifying the places or transitions of
transition knowledge is the rule knowled@eg., firing rules.  the knowledge Petri net described above. For instance, some
Many methods for knowledge representation in Al such asextensions of places and transitions are used for function-

'21‘?'2. Object knowledge annotation
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behavior-structure and feature-based geometric modelingp use an abstract model for representing a large system.
for mechanical systems and assemblies. The definitions dfherefore, techniques are developed to transform an ab-
these extended forms of knowledge Petri nets can be destract model into a more refined model in a hierarchical
rived from object-oriented concepts and techniques. A temway. Decomposition and refinement techniques can be used
plate for knowledge annotations in knowledge Petri netdogether as a top-down strategy. The former divides a large
can be described as follows: net into smaller and understandable nets, whereas the latter
. ) e adds details to the existing net by replacing a component of
Knowledge e*ntlty name&name: string expressipfi” name o net with a subnet. The refinement of Petri nets may be
of this entity”/ o _done by replacing a place or transition with a subnet. De-
Membership:(place,transition / the class types of this is apout the general procedures for the refinement oper-

sk
entity */ _ L _ations in Petri nets and the replacement rules of a place with
Superclass{name: string expressipry“the parent entity g pnet can be found in Valett@979; Lee and Favrel

class name/ , o _ _(1985; Berthelot(1986; Zhou and DiCesarél989; and
Subclass{name: string expressipn™ the children entity Zha (1999.
class namé/

Inherit method:(overall, hidden, partial/* the inherit
method of this entity class inherit knowledge from its par-5. DESCRIPTION OF HYBRID DESIGN
ent C|ass*/ OBJECT MODEL

Method list: method namg" it is the port for other object
to access/

Slot type: method

Value:{ /* It contains the operation and activity when the
method is invoked/

As described before, an intuitive explanation has been given
on the necessity of a hybrid design object model and the
necessary concepts of the knowledge representation in me-
chanical system and assembly design. With respect to ob-
ject orientation, any modeling system can be viewed as a

filter (keywords; /* a filter to check the messadgé collection of methods used to describe the behaviors of
meta knowledge /* meta knowledge is part of method (. resnonding objects. The system, in fact, is composed of
/t a collection of objects plus methods. Design object can be

description:{/* explanation and definition of the meta-
knowledge®/}

operation:{/* operation knowledgé/}

action{ /* a course of action¥}

rule-set{ /* rules of the meta-knowledg#}

generally viewed from two perspectives, namely, function-
ality and physical structures. However, the complete model
will be represented in this section using a four-level hierar-
chy: function-behavior, structure, geometry, and feature.

5.1. Top-down and bottom-up design

The overall conceptual design process consists of two main
stages, analysis and synthesis, which are actually top-down
The analysis of Petri net properties such as liveness, boundunctional decomposition stage and bottom-up configura-
ness, and reversibility is crucial for Petri net-based modeltion stage. The top-down analysis process primarily deals
ing. Fundamental techniques for such an analysis are stateith how to organize design tasks, decompose and allocate
space construction, matrix-equation approach, and reducequired functions, and find design solutiosg., suitable
tion or decomposition techniques. The construction of gohysical structuresor each allocated and decomposed de-
state-space representation called a reachability graph by ensign task and subfunctions. The bottom-up synthesis pro-
meration allows computation of all properties; however itscess is to synthesize and connect physical structures in terms
usefulness is limited by the state-space explosion often omf the relationships set forth by the corresponding func-
curring even in seemingly simple models. In spite of thistional object to compose a workable physical configura-
capability, feasibility and efficiency considerations moti- tion, which is either a component or a subassembly, or the
vate the use of the algebraic approach and of reduction dinal whole assembly. At this stage, design object at last
decomposition techniques whenever possible. reaches its full form, design output.

In the extended, refined, or decomposed net, the proper- Atypical design of plate fastening assembly can be used
ties analysis is more complicated than its original one. Anas an illustration as shown in Figures 3 and 4. From a de-
alternative way is to find out whether the properties of thesigner’s point of view, an assembly is a structural model
original net are inherited. The method of applying reduc-from general to detail that reflects certain relations at dif-
tion rules to analyze a large system which reduces it to derent levels. At the beginning of design, designers do not
smaller and simplified system or replaces the transitions irtare about the particular structure, or no details are pro-
the net with corresponding subnets is helpful to examinevided. According to the functional requirements of fasten-
the properties of the system when the properties of théng, the units and their coupling relationships are roughly
smaller system are known. On the other hand, it is desirableepresented by a graph-like model as shown in Figure 3a. It

4.3. Operations and properties analysis
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(d) Bolt only

(e) Nut only

X.F. Zha and H. Du

(f) Bolt-nut

Fig. 3. Plate assembly design and its structural model with several design solutions.

is enough to represent the fastening relationship betweefastening structure: welding, riveting bolt-nut, bolt only,
P1 and P2 at the top level, at most with some estimatedut only, and so on, as shown in Figure 3b—e. The designer
dimensions, such as the approximate diameter. Designersay divide the required structure thinking blocks into two
usually face several conceptual models to materialize theets: a bolt set and a nut set; in between is a screw fit if the

Bolt

Against

P1 P2
Bolt-nut
Pl Washer 2
N y . Screw-fit
P2 NN \ [ 1
\\Q\\Q Bolt-set @ @ Nut-set
T % ~—
Fit2 gainst
Nut _J Washer2| | Washerl
ut,
Bolt
(a) (b)
P1
Against P2 Against Washer 1
Washer2 Q O L 9
Bolt Fitl Fit2 Against
C 1] C L]
Against
r O——=—>F=0
I \__/  I—
Washer 2 Fit2 Bolt Screw-fit Nut
(c)
(d)

Fig. 4. A network model for top-down assembly modeling.
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designer makes a choice of bolt-nut as an initial solution, asneaningful unit, an analysis that evaluates some aspects of
shown in Figure 4a, b. Since the bolt-nut fasteners are quitthe performance of the system or subsystem.

different in different work circumstances, the devices for
locking must be carefully considered in the detailed desig
stage. Figure 4d gives a network model based on the co
monly used concepts discussed above. Thus the network
model for the bolt-nut structure in Figure 4d might be re-
cursively divided into several subnets within the dashed

Class Assembly_Model

\ttributes:

ID
Name
Set of Assembly_Models (Nil or Composite IDs)

lines, which reflect the designer’s structural thinking. Set of places (Parts) (Nil or Part IDs)

Set of transitions (Joints) (Nil or Joint IDs)
5.2. Hierarchical structure model Methods:
Create Assembly_Model
Add place (Part)
Erase Place (Part)
Add transition (Joint)
Erase transition (Joint)
Add Assembly_Model
Erase Assembly Model

Display place (Part)

A mechanical system is composed of parts which are as-
sembled to carry out specific functions. From the modular
viewpoint, a key idea in design is the concept of module,
called modular design. This means that there are various
modules, of which interface-modules determine much of
the functionality in engineering systems. For the physical
structural aspect of a design object, it could be a system
with many subsystems; an assembly composed of parts ?r
components and connectdisints); or a single part com-
posed of physical features. Different levels of physical ob- Formally, an assembly place-transition model can be de-
jects actually form a hierarchy which utilizes the relationshipsfined as;S— PTN={P, T, A,W}, whereP = (py, p,, ...,Py)
between different parts of the physical aspect of a desigif @ place set which represents objects consisting of com-
object. ponents;T = (i,,t,,...,t,) is a transition set which repre-
sents joints; andA is an arcs set which links between
components and joint8Y is a weights set of the arcs. Var-
Incorporating Liu’s mode(component-joint modgland  ious relations between place nodes and transition nodes in a
Gui’s model (component-connector modehto a hybrid  hierarchical PT net can be clarified with reference to Fig. 5.

one, a “place-transition” model is proposed in this paper to .
represent the structures of mechanical systems and assem L+ A structure on the top level is only a'Pgraph$,

5.2.1. Structural representation

blies, in which each partis represented as a plac¢ bhet

and each joint is represented as a transition 6F Ret.
Therefore, a mechanical systgassemblyis a hierarchi-

cal P'T net, called Assembly _Model, and a subsysteab-
assemblyis a sub PT net. Using modular representation, a
sub PT net (objech can be described as either a macro
place or a macro transition. This is mainly dependent on its
function as either a component or a joint or a connector.
Token data abstraction and dynamic distribution can be used
for knowledge representation in describing the structure and
system state changes.

Using object-oriented representation, the attributes and
functions of theAssembly Modedre described as follows.
The Assembly_Modetlass carries thes-part-of relation-
ship of a mechanical system and its components. The
attributes and method$unctiong of the Assembly Model
are defined to help the designer construct the structure of
the mechanical system. The editing functions allow the de-
signer to create the specific system configurations. When a
designer creates a new system, the system configuration or
decomposition is based on some special purposes from the

designer’s viewpoint. Furthermore, based on different ap- 4.

plication considerations, the designer can edit the configu-
ration or evolve it through experiment to conceive, as a
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with one place or macro place node;
. A structure onith level (i = 1,...,L) § is a graph:
S ={P,,T;,A;,W}, whereP, is a set of places denot-
ing components;; or subassembliesul,, thatis,P, =
G, subt,(j=1,....h, k=1,....x); T, is a set of
transitions, either joints,; or connectord;;, that is,
T ={Js li} (s=1,....m,t=1,...,n;); A is a set of
arcs linking ¢ or I, and¢; or suly, that is,A; =
{aisj» Aiskr At » Qi s WL is @ set of weights of arcs, that
is, Wi = {Wig;, Wigy, Wij , Wiy - The structure can be also
expressed by a collection of unconnected graphs
(a = 1! v iy)! that iS!S = {Si,a} = {{ pi, ti ) 8 YWi}a};
pEPR,t ET,a €A, andw, € W,.
. A place or transitior(p; or t;) or graphs; , may be
associated with another grap,,, = {{pi+1,
tin@nWiiabet B ERL G ET, 8 €A, andw, €
W (i =1,...,L). Such a graph is termed a subgraph
of the graphs ,; vice versags , is termed the super
graph of the grapls,, ; ,. The place or transition is
termed macro place or macro transition, either a sub-
assembly place or a connector transition.
Suppose an assemblyTPnet that has transitions
and m places. Its assembly incidence matrix is de-
fined asC =[C;](1=i=n, 1=j=m). Every row
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of C represents a transition or a macro transition; every column represents a place or a macrg;ptace (t;, p;) —
w(p;, t). For example, the assembly incidence matrix of the bolt-nut fastening assembly is as follows:

Pi(p1) P2(pz) washerl(p) washer2(p) bolt(ps) nut(ps)

againstl(t) 1.0 1.0 0 0 0 0

against2(t,) 0 1.0 1.0 0 0 0

against3(t;) 1.0 0 1.0 0 0 0

against4(t;) 0 0 1.0 0 0 1.0

AIM(C) = fitl —1(ts) 1.0 0 0 0 1.0 0
fitl — 2(te) 0 1.0 0 0 1.0 0

fit2 — 1(t;) 0 0 1.0 0 1.0 0

fit2 — 2(tg) 0 0 0 1.0 1.0 0

screw— fit(t o) 0 0 0 0 1.0 1.0

Thus, any machine can be viewed as consisting of two
basic classes of objects: a class of placesponentsand  multi-level P'T net could be imagined to be generated by
a class of transitiongoints). P/T net can model mechani- network modeling from top to bottom. To implement a num-
cal causal relations between components. The main puber of levels of abstraction, a usual network model in a
pose of transitions is to make place&omponentswork  macro place or transition is split into several embedded
normally through connecting these components. For exanblocks corresponding to the designer’s thinking patterns or
ple, a transition with a motion transmission function mightthinking blocks on various levels.
become a gear pair; a transition with a fixing function might For the example in Figure 4a,“bolt-nut” structure, the
be a collection of geometric mating surfaces such as a cyldesigner’s goal of fixing plates P1 and P2 is expressed as
inder and shoulder. Since places and transitions for comp@utting a connector between the component P1 and P2 on
nents and connectors are conceptually fuzzy, they mighthe top level. Thus a macro transitidiabeled rectangular
form a fuzzy PT net which represents a subassembly durdocated between P1 and P2 in Figure 6 replaces the thinking
ing later stages of design. block on the first level after the first abstraction. A further

The hierarchical model as suggested has the advantagglitting with the second thinking block might be “bolt-set”
of “implicitly incorporating abstraction and refinement.” A and “nut-set” which are logically components. Two places

A subNodes: B,C,D

superNodes: NIL Top: 0

B subNodes: E,F,G
superNodes: A

C subNodes: NIL
superNodes: A

D subNodes: H,I,J
superNodes: A
Graph A(S,)
subGraph:B(S,,) D(S, ,)
superGraph: NIL
Graph B(S,,)
subGraph: NIL
superGraph: A(S,)
Graph D(Sl,z)
subGraph: (S, ))
superGraph:A(S’o)
Graph 1(S,)
subGraph: NIL
superGraph: D(S, ,)

Level: 1

Level: 2

Normal Place Node

Micro Place Node Level: 3

Normal Transition Node

I,

Micro Transition Node

Fig. 5. Hierarchical PT model.

https://doi.org/10.1017/50890060401152066 Published online by Cambridge University Press


https://doi.org/10.1017/S0890060401152066

Knowledge-based Petri net approach to modeling 155

P1 P2 Washer 1

Against Against
QO+

Fit1 Fitz/ Against
C [ e T R
Against
O EmEg s ey
L N\, I
Washer 2 Fit2 Bolt Screw-fit Nut
Abstraction level 1 v Thinking block 1
Against
Washer 2 Fit 2 i
Pl P2 asher Bolt Fig. 6. Amulti-level P/'T net graph for the “bolt-
nut” structure.
Bolt-nut
W asherl Against Nut
W asher 2 Fit 2
— Bolt

Fit 2 / l Screw-fit
) \ Screw-fit \

W asherl Against — Bolt - set Nut-set
Nut
Thinking block 2 Abstraction level 2

(labeled circlegreplace the thinking block on the second based modeling for single-piece parts becomes a natural
level after the second abstraction. Replacement of a part axtension of assembly modeling. On the lowest level, con-
the original network model by a logic node is a type of nectors are those features of single components that mate
abstraction through which nodes in the network model ar@and structure these components.
pulled down. In this way, a multilevel Petri net graph with  On the other hand, places, transitions, apd Rets not
increasing structural information detail could be naturallyonly can perform functions in possible behaviors, but also
created during in-progress design. The mechanism to gercan show behaviors in possible properties as well. Behav-
erate a multi-level PT net graph has been realized in the iors (state$ are time-varying properties. Usual invariable
experimental prototype assembly modeling system whictproperties of places or transitions are typically perfor-
will be described in Section 7. mance, form, size, color, stability, manufacturability and
The significant improvements created by using a multi-assemblability, transportability, suitability for storage, and
level BT net lie in two aspects: Nodes of a multilevglTlP  so forth. They can be represented in the form of linguistic
net graph are functionally divided into components and jointssariables and allow for the possibility that the attributes
only and graphically distinguished into normal nodes whichtake values in a base range. Therefore, an incomplete struc-
denote atomic components and macro nodes which are asire based on places and transitions for components and
sociated with another level/TP net graph. Such a distinc- connectors in the early design stage can be modeled through
tion reflects various levels of abstractions at different stagegmprecise descriptions of their properties. During design
of a design process. One of the advantages of using a higbrocess, places and transitions are refined until their prop-
abstraction of connectors, for example, is that featureerties are all certainly defined.
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5.2.2. Abstraction and task-oriented schema 5.3. Functions and behaviors in design

One of the main objectives of the proposed hierarchical ~ object model
P/T net structure model is to support the user to work at the
abstract level. The abstraction is a way to specify the func5.3.1. Functional and behavioral description
tional aspects of a system and provide a mechanism for Taking the structural model as a framework, the func-
ignoring irrelevant data or detail by use of a specific analy-tional and behavioral descriptions can be further con-
sis procedure. However, the most meaningful way to constructed for a mechanical system or machine. Function, as
figure mechanical systems and assemblies is in a form thatsual, means what the system is for. It represents jhput
allows a designer to conceive some analysis that could evabutput relations of the system to the outside. Functions of a
uate aspects of the performance of the system or subsystemachine can be viewed as deriving mainly from user re-
as a whole. Depending on the purpose, the model can bguirements, independent of any particular solution. Behav-
examined in different ways: The designer may want to knowior (statg means how the system works. When any machine
the kinematic relationships between different parts and kiperforms human-desired functions, it operates with changes
nematic configuration for the influence on kinematic per-in its location, shape, attributes, or the relations between its
formance(e.g., modular robgtthe manufacturing engineer parts. The change of its states represents its behavior. Ac-
may want to examine the configuration with emphasis ortually, almost all mechanical systems are based on physical
the assembly proces$s.g., assembly sequen@nd assem- processes which are in turn based on physical effects. These
bly system. effects can be formulated by means of the physical laws

Both hierarchical structures in Figure 7 represent thegoverning the physical quantities involved. The term “de-
same mechanical system or product, but they emphasizg@gn intent” or “purpose,” which is conceptually similar to
different viewpoints. This feature helps the user to work“function” and “behavior,” is widely used. Different under-
at different levels of conceptual abstraction. Also, thestanding of what these similar terms mean will influence
data model can support the user to work at abstract gedhe functional and behavioral modeling. The distinction be-
metric views in a top-down design environment, despitetween “behavior” and “function” is favorable to clarify for
the details contained in the parts and joints yet to bedesign problem-solving, that is, a functional model for a
introduced. Regardless of the actual geometry of theequired machine is mainly related to a design task struc-
parts, a mechanism can be described functionally by théure while a behavioral model on the basis of physical laws
kinematic pairs and connections between them. By assigris related to a particular solution. Functions of the required
ing proper dynamic propertigmethods to theAssembly  machine are not the subset of the machine behaviors. In the
Model (e.g., create, modify, delete, and add objgctise  design decision-making process, designers are mostly inter-
user can easily create a distinct configuration of the sysested in their qualitative behaviors. The design process can
tem structure, and even edit the structure, throughout thbe viewed as transforming a functional model to a design
design stages. solution through its behavioral modeling.

Screw-fit ] @ Nut-set Against 1
bolt-set-plate-set r\.\ Against 4 P1 P2

Bolt-nut
Q Nut Washerl

@ \ ] Screw -fit
Bolt - set @ @ Nut-set
Against 1 ] [

Fit 2-2 P P2 Fit 2-2 Against 4
Bolt asher? Washer2 | iy
Bolt W asherl
(a) Hierarchical bolt-nut fastening {b) Hierarchical bolt-nut fastening
P/T net (assembly process oriented) P/T net (design oriented)

Fig. 7. Different system configurations of bolt-nut fastening.
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A formal approach to representing a design functionallyintention or an inherent attribute of a product, function nor-
is given in the form of a function block diagram, as shownmally cannot be represented numerically, except for some
in Figure 8. The term function logic applies to the reason-specific situations, where a function is involved in process-
ing used to develop and use the function block diagraming of energy flow, material, or signal, or some physical
Originally developed to stimulate design creativity, this sys-quantities related to energy, and the relationship between
tematic approach to the representation of design process aiput and output of flow is quantitatively or mathematically
a high level relies on identification of design goals andknown to the designers. For example, if a function is “to
describes them in functional terms. The resulting, compacteduce the angular speed to 1:3,” it can be mathematically
description is called the basic function of the design. Thedescribed as\8,,; = w;,. This kind of function is some-
basic function is decomposed by the design team into sewimes regarded as “the transformation from input to output.”
eral functions, which collectively perform the function. These The most commonly used method for function represen-
secondary functions are then translated into components dation is describing a function using a natural language ap-
recursively decomposed. The function decomposition proproach, in which a function is a predicate which specifies a
cess continues until one can map each function into a conrelationship between input and output from the physical
ponent or system that will accomplish it. Such results arestructureapply({d;},§) — P, OP,...0OP,, where§ is the
for the most part preliminary because practical designs rarelgtructure under consideratiofd;} is a set of input param-
feature a one-to-one correspondence between functions aetiers applied to the structure; predicateply relates to

components. these parameters ail (i = 1,2,...n) are predicates by
_ _ tasks. From the function logic in hierarchy, the function and
5.3.2. Functional representation function decomposition actions can be represented with pred-

Function representation refers to the mapping of a funcicates in Prolog Zha, 1999. While this is the actual lan-
tion into data structures in a computer program, plus theguage that is used to derive the functions, there also exists a
representation of procedures, methods, and mechanisms useeéthod to graphically model functions. Based on the rela-
to access, manipulate, and utilize that function. The fourtionship between proposition logic and Petri nets, these mod-
step procedure for function representation is elaborated asls are referred to as Petri nets, and can sometimes give a
from understanding, abstracting, and describing to repremore clear and intuitive representation for functions. Note
senting the function concisely and rigorously. As a desigrthat using a Petri net graph is not intended to replace the

High-order Objective
Function

Basic Function

----- e,
e A
....... = g e Actions
E Rl S
Secondary Secondary™\ =~ Secondary
Function 1 Funchon 2 Functlon n
T
e ' ..
P \_\

Lower-order
Function n

Lower-order
Function 2

Lower-order
Function 1

] | ]
------

Components

Fig. 8. Hierarchical structure of functional aspect of a design ohfestction logic diagram
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prolog code, but rather provides a different representatiomttribute is used to offer some additional information or
of functions and their mappings. knowledge annotation to the name attribute when necessary.

A function logic model represented by a place-transition With this top-level function representation, specific func-
Petri net can be defined aB — PTPN={P, T, AW}, where  tion can be represented as its child object, which can inherit
P = (p.,Ps---,Pm) iS @ place set which represents func- its attributes, but add some specific attributes pertinent to
tional objects consisting of hierarchical subfunction com-the child object. For example, if the specific function hap-
ponentsT = (t,, t,,...,t,), is atransition set which represents pens to be a fundamental mechanical function, then this
function decomposition actioné;is an arcs set which links  function object can be represented as:
between functions and their decomposition actions;\ahd
is a weights set of the arcs. Figure 9 gives an example
functional Petri nets model and prolog codes.

To avoid ambiguity, knowledge relating the function to
its working scenario should be added, and several relevant
issues have to be represented together with this represen-
tation (Deng et al., 1998 For this purpose, an object-
oriented knowledge Petri net representation scheme can
used for function representation. The most generic functio
can be represented as the top-most functional object. Theurthermore, if the specific function is “to slow down the
class of these objects is as follows: angular speed by/B,” which is also a fundamental me-

chanical function, then this function can be represented as:

O?Iass Fundamental_Mechanical_Function (macro place)
{

inherit: Function

category: {Supplying/Storing}
{Transmitting_Motion/Force/Material}
{Converging/Branching}

ﬁe {Changing_Form/Magnitude}

Class Function (macro plate or transition)
{
Name: Transition/place
Complement: Additional information or knowledge annotation
Type: Performance/Assembly/Manufacturing/
Maintenance/Others
Level: OveralllEmbodiment/Geometric/Feature

Class Specific_Function_1 (place)

{

inherit: Fundamental_Mechanical_Function

variable: Input_angular_speed

variable: Speed_ratio

method: derive_Output_angular_speed

{ variable: Output_angular_speed

Output_angular_speed = Input_angular_speed *
Speed_ratio

The name attribute is expressed by the transition and Output: output_angular_speed

place variables, where transition is used to describe th? }
action relating to the function, for example, “transmit,” "~ ° "'
“change,” and so on, which is normally a verb; place isThis function Specific_Function_1 inherits the attributes
used to describe the target of the action. For example, ifrom its super or parent function, Fundamental_Mechani-
the function object name is “to reduce vibration,” then thecal_Function, while at the same time, Fundamental_
target of action “reduce” is “vibration.” Complement Mechanical_Function also inherits attributes from the top-

function_decomposition:-

t repeat,done.
I > | done:-equal_torque.

done:-difference.
tl:-readreal (TR),write (TR),
readreal(CTR),write(CTR), readreal (TL),

write(TL), readreal (CTL), write(CTL).
[ 1¢, Function Predicates: apply:-tl.

. Iy (T ,q,S t2:-TR=TL.
P1:apply (T4, 5) equal_torque:-apply,t2.

Py : equal_torque(T;,Ty) |
P3 : difference (q,,q1) > | 13:-CTR<>CTL
difference:-apply,t3.

(a) Petrinet graph (b) Prolog code

Fig. 9. Functional Petri nets model and prolog codes.
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most function. This makes the function Specific_Function_1function representation. The behavioral modeling process
automatically have all the attributes from its upper func-synthesizes structure and functions from a state-based model
tions; a method is encapsulated in this function tothrough qualitative representation based on machine-centered
characterize the relationship between two variables Inputontology andor process-centered ontolog@ui, 1993. The
angular_speed and Output_angular_speed. This feature frodesigner can make use of function knowledge representa-
object-oriented technology makes it far superior to the trations to incrementally describe a behavioral specification
ditional frame-based approach, where only attribute dataf a mechanical system. This behavior will be later inter-
can be grouped but cannot be encapsulated. The relatiopreted as a knowledge-based Petri net model and then ana-
ship between different level of function classes and thdyzed for consistency checking and function or property
relationships between function classes and function obverification.

jects and instances of the class can be illustrated as shown In qualitative modeling, parameters can only take on one
in Figure 10. of a small number of values. This set of possible values is

Because every fundamental mechanical function has itdetermined by the quantity space which is represented by
corresponding physical structures or design elements thain ordered set of discrete landmarks, for exampted +)
can perform it, this data or information can be represente@r (—oo 0c0). The representation for a parameter is a quan-
inside its function class. For simplicity, if several functions, tity associated with two numbers: a qualitative magnitude
either coupled or not coupled, are performed by one desigand its derivativée.g., increasing, decreasing, or constant
element, then they can be represented in one function clasBecause there are fewer constraints to the parameter values
Thus the class for fundamental mechanical function prein qualitative modeling, there inevitably exists ambiguity.
sented above can be extended as follows: The behavioral modeling problem can be described as
follows.

Suppose tha§ = {s;,...,s,} is a collection of state
diagrams, where each state diagramis a bi-tuple
[{s; 1 {t;}.{e;}]. {s;} is a set of possible gualitative states
presented as a tuple of qualitative values for the structure
parameters and their variatiorts.is a set of state transi-
tions:t; C s X s. {g;} is a set of events for state transi-
tions. A behavior is a subset of B: # {(5)— Vi 5 €
S} € B. The acceptable behaviors can only contain accept-
! able states and state transitiom; .., C {b = (5) €

5.3.3. Behavioral modeling B—Vis € S accept I ti € Taccept- _ _
As a functional behavior reflects the states of the struc-, | "€ are some efficient behavioral modeling techniques
developed based on the state-based models such as bond

ture, the behavioral modeling is simultaneously related tograph theory of system dynami¢&rmer et al.. 1993: Gui,
1993 and finite state machine. These methods can combine
the advantages of process-centered ontology with the mod-
eling features of the machine-centered approach. However,
they cannot explicitly express the notions of concurrency,
causality, and conflict. A Petri net can naturally capture
these notations. Recent research indicates that the the Petri
net method has great potential for qualitative and quantity
reasoning in discrete, continuous, and hykdcrete and
continuou$ systems and the preliminary design of ma-
chines(Valette et al., 1994 A Petri net approach to behav-
ioral modeling is proposed in this paper.

The proposed approach first applies state-based models
to model the machine behaviors and then applies algo-
rithms 1 and 2 of synthesizing Petri nets from state-based
models to transform the transition systéiS) models to
behavioral Petri net model€ortadella et al., 1995, Zha,
1999. In the course of transformation, the underlying fea-
tures of knowledge Petri net models are incorporated into
the place-transition structural model. Suppose that the be-
Fig. 10. Hierarchy of function class and relationship between class andl@viors of a machine are described as stafesnd state
object. transitions,T, under eventsE, that is,B = (SE,T). The

Class Fundamental_Mechanical_Function (macro place)
{
inherit: Function
category: {Supplying/Storing}
{Transmitting_Motion/Force/Material}
{Converging/Branching}
{Changing_Form/Magnitude}
structure: Design_element

Class

is_a relation

Fundamental
Mechanical
Function

Class

is_a relation

Class Specific Function 1

instance

Object
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corresponding behavior transition system can be describesigorithm 2: Synthesizing behavior Petri net from state-
asBTS= (S E, T, s,,), whereSis a finite nonempty set of based models

statesE is a set of events] C S X E X S is a transition Input: a behavior TS

relation, ands;, is an initial state. The elements @fare  Output: a behavior PN

often denoted b$i> s’ instead of(s,e,s’). The reachabil-  Procedure {

ity relation between states is the transitive closure of thebegin

transitionsT. If there is a(possibly empty sequence of repeat /* Generation of pre-regions and label splitting */
transition s between statesinds’, then this is denoted by split := false;
s-%5 s or simply bys 5 s'. AbehaviorTSis called deter- for each e € E do
ministic if for each state and each labeh there can be at e° = expand_states (GER(e),0); /* GER is general-
most one state’ such thats > s'. Otherwise, it is called ized excitation region */
nondeterministic. The BTS can therefore be represented as if = excitation_closure (€°) then
an arc-labeled directed graph and Petri nets. Figure 11 gives split_labels (e);
a simple example to demonstrate the procedures of behav- split = true;
ior modeling. end if
end for
Algorithm 1. Mapping from a elementary behavior transition until = split;
system to a Petri net find _irredundant _cover;
Input: a TS map_to_PN;
Output: a PN end }
Procedure: map_to_PN expand_states (,R)
{ {
Step 1: For each event a a transition labeled with a is gener- begin
ated in the PN; /* 1 is the set of states to be expanded *
Step 2: For each (minimal) region r; a place p; is generated; /* R collects all regions generated *
Step 3: Place p; contains a token in the initial marking m, if if r is a region then
the corresponding region r; contains the initial state of R=R U {r};
the EBTS s;,; Return;
Step 4: The flow relation is as follows: a € p; (output transi- I* since any region expanded from r would not be
tion of p,) if r; is a pre-region of a and a € e¢p; (input minimal */
transition of p;) if r; is a post-region of a. end if;
Step 5: end} find e € E violating some region condition in r;
5

P1P,2Py

(a) (b) (c)

Fig. 11. An example of transition systefa), the corresponding Petri nét), and its labeled reachability graph RS.
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' =ru {1st set of states to legalize e};

expand_states (r’,R);

/* for some conditions the set of states must be ex- Although no function in structure nor structure in func-

panded in two directions */ tion exists universally, fundamental or elemental mechani-

r' = r U {2nd set of states to legalize e }; cal functions with typical connector forms are widely used

expand_states (r’,R); in mechanical structure. The main idea underlying a design
end } prototype is to represent a class of generalized heteroge-

neous groups of elements derived from similar design cases

Based on the discussion above, modeling behaviors of that provide the basis for the start and continuation of a
complex physical system by knowledge Petri nets onlydesign.
requires a small number of components and rules that var- Similar design cases can be viewed as design prototypes
ious computer programs can easily implement. Qualitativeon the most basic level of mechanical design. From a func-
descriptions of functions and behavidi%., static statgs tional point of view, connectors provide actions in the sense
from the device-ontology point of view can be embeddedthat two jointed components can perform the required func-
in the place-transition assembly structural model as preditions. Some basic functions such as fix, motion constraint
cate logic or more generally as fuzzy logic when reasonand motion'force transmission, material transmission, and
ing with incomplete structure. The representation of input-power supplier are listed in Table 1. Elemental mechanical
output causalityi.e., state change or transitionisom the  functions and behaviors, which are suitable for any mechan-
process ontology point of view can be established andcal systems, have their own expressions in predicates, and
explained using Petri nets from different perspectives andheir possible unit forms in/ nets.
modeling levels. It is more concise and clearer than causal Different forms with the same function may show dis-
networks which are currently used in most of the propossimilar behaviors. Fixing with a nut and bolt works by
als. More importantly, the mapping from assembly struc-transmitting the axis load to the fastened parts; while fix-
tural P’T net to behavioral Petri net can be easily ing with a key fit is based on transmitting the shared load
implemented. to the interference parts. They can be distinguished in the

5.3.4. Elemental functions and' P units

Table 1. Elemental functions, behaviors, connector forms ajd énits

Function Behavior Connector form /Punit form
Fix Fastening Fasteng@yolt_and_nut, (Macro)places,
bolt_only, nut_only,rivet, dmacrgtransitions
welding, solder, efc
Coupling Key_fit,pin_fit,screw_fit Transitions
Latching Snap_ring Place
Attaching Fix_fitl,Fix_fit2, Transitions
Fix_fit4, against
Motion Rolling Journal_bearing, (Macro)places,
constraint Roll_fitl,Roll_fit2, ofmacrotransitions
Sliding Cylinder guide Transition
keyway spline
Screwing Screw Transition
linkage_c_joint
Motion Cam (Macro)places,
converting ofmacrotransitions
Motion/force Sealing Rubber_ring (Marco) place
transmission circlip
Linear_limit Spring Place
Reduction Gear_mesh,screw_mesh, (Macroyplaces,
belt_mesh omacrgtransitions
Clutch Clutch_disk Place
Pumping Cylinder Place
Material Piping Pipe Place
transmission
Material Valve (Macro)place
flow changing
Power supplier Providing Motor (Macro) place

mechanical power
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following form of predicates: the motion predicates for fix relative to the assembly’s base or reference paigt
function Fix(S,,S,) — motion(S,) = motion(S,), and the andz coordinates;
predicates for behavior of fastening and coupling,
Stress_monotonic_increase,Length(+1)), Relative_
length(l) = allowable_limitatiorfMax), Stress_monotonic_
decrease-, Area(—A)), respectively. In types of rotation 4. Vectors or axes of rotation and translation to describe
assemblies, the states of gear meshes may be changeable. movement of parts within assemblies.
Typical examples are shifted gear units as shown in Fig-
ure 12, where the predicates for their behaviors can be A geometric modeling or construction indeed can be seen
modeled as Shift_mesB,,S,, mesh_state Mesh_ a5 a series of successive operations, consisting of instanti-
state+,0) or (0,+) for S,, §,: 2-connected gear units, Mesh- ation of geometric entitiege.g., points, lines, circles, ele.
_state+,0,0 or (0,+,0) or (0,0,+) for S, §,: 3-connected  which will be used to create new entities with simple con-
gear units. structive methods until the desired result is reached. The
user interface enables users to interact with the solid and
o _ _ the entities that constitute it, enabling transformations and
5.4. Geometries in design object model maintaining relationships among objects, that is, the geo-
metric constraints.

3. For each instance or occurrence of a part, the part's
orientation in relation to the assembly’s orientation;

The geometric model is a formal logigatathematical rep- T K licit th derlvi .
resentation of shape and size of a part. Most geometric 0 make explicit the process underlying a geometric con-

models are presented as solid models. Since the interest?%umg)rlandt'ts schesilvdeGmé\nlpulat|0|t1§, z(a:kmdtof I:.nowl-
in reasoning about 3D objects, solid modeling has beeff@9¢ et netgrap (’jC? ed h ""f‘e"”?s rlchons ruction ¢
chosen to create the geometric models of individual partg)e'[rI net graphwas defined that describes the sequence o

of the assembly. Other common representational method§_teps éﬂﬁt enlali_les t:_e deagne;rtlo genetr?te ? gsometrlc en-
such as wire-frame systems, instances and parameteriz% and the relationships among the constituent objétit,

shapes, constructive solid geomet6SG), and boundary 97; Zha, 1990 The system can main_tain an interr_lal rep-
representatioriB-rep) are also used to model mechanical resentation of the GC'.PN and turns to it for colnstralnt.splv-
parts in the geometric database of CAD systems. Recelpd during transformations. GC-PN is helpful in describing
Ij_m‘ormally and in an intuitive way a problem which has

research work has been carried out on the addition of toler-" "~ " .
ntrinsic concurrent aspects. Based on geometric construc-

ance of information, dimensional or geometric, to the part’. ; ) . .
solid model. tion Petri net formalisms, a geometric model&eoObj

Solid modeling, features, and attribute relationships(Zha’ 1997; Zha, 1999was deyelopeq in objeqt-oriented
are the basis for more complete product definition. In ad—c/(_:++ language as an extension of its predefmed classes
dition to rigorously defining geometry and topology of defined to represent Euclidean geometric knowledge and

individual parts and joints above, product assemblies arlplement primitive geometric entities and the hierarchy

defined th h solids primiti deling by defining the @Mong them.
foe”(I)r\]I:ng. rough solids primitive moceling by denining the This approach can yield a complete definition of the prod-

uct’s geometry and topology at any level in the product
1. Instances or occurrences of each partin a hierarchicziﬁtr.ucmre' Many. a;sgmbly relat|onsh|(:fsg., tOpOIOQIC"?Il

manner- laison, geometric liaisonand constraintge.g., geometric
' constraints, and partial precedence constraidiscussed
2. The relative location of each instance or occurrenceén assembly planningZha, 1998a are extracted or rea-

of the part in terms of the parts y, andzcoordinates  soned out from the defined assembly geometric model.

Fig. 12. Modeling behaviors of the shifted gear
meshes.
-4
L]

mesh_state(+) mesh_state(+,0)or (0,+) mesh_state(+,+,0) or (+,0,0) or (0,0,+)

fixed mesh shift mesh at two places shift mesh at three places
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5.5. Features and semantics in design object model It has been shown that feature-based product models for
assembly can help considerably in both assembly modeling
In the design object model developed, the form featureand planning, on the one hand by integrating single-part
precision features, and assembly features are organized &nd assembly modeling, and on the other hand by integrat-
the mechanical system’s hierarchical structure. Form feaing modeling and planning. For specific assembly-related
tures and precision features are embedded in the part olformation, assembly features are used in which handling
ject, while assembly features are carried by the joint objectfeatures contain information for handling components, but
Form features are the geometric features which are desig¢onnection features contain information on connections be-
nated to represent the part's shapes. A form feature is catween components. For product and its assembly process,
ried by the geometric representation of the part. Precisiomoth part-level information including name, identification,
features include tolerances and surface texture, which angpe, class, material, heat-treatment, and geometric repre-
also grouped under the same composite attribgé®met-  sentation and feature-level information including name, iden-
ric representation Precision features are used to describetification, type, parameters, locations, tolerances, relations,
the final product design information for CAPEAM tools  and surface-finish are required. Three classes are defined
to select processes, machine tools, and tooling. Assemblipr describing the product design as followGu & Yan,
features are particular form features that affect assembly996:
operations. Each form feature has certain precision features
associated with it. For example, a sléorm feature¢ has  Geometric Entity: its super class-object

dimensions such as height, width, and length; each dimen- Sub-class-part and feature

sion has tolerancée.g., positional tolerance, straightness, Instance variables

or perpendicularity to some datumand surface finiske.qg., Name: the unique identifier

lay direction, average surface roughne®ghen parts mate Type: the sort of the object

together, both the parts’ form features and precision feaPart: its super class—Geometric Entity

tures govern the assembly operations. The parts’ form fea- Sub-class-feature

tures directly affect the joining conditions, for instance, a Instance variables

hole or pin indicates the fit condition; a threaded stud or Component: features a part holds

threaded hole suggest a torque operation is needed. Obvi- Neighbor: related part's names

ously, the precision features of the mating parts also affect Relating component: features having relations with other
the quality and manufacturing processes of the assembly. parts

Figure 13 shows a geometric model of a model product n-relation: related part along a specific direction, n, and
with features. the position of the relating feature, where n= =X, +Y,+2

Attributes of the part:

Is a block

(Upper and base faces are to be machined)
Featured holes, step and slot

Is made of low carbon steel

etc.

Geometric model
for the part

Attributes of a machining feature:

A sinked hole with chamfer
Diameter is 10 toleranced by H7 A

Length is up-to down
Surface roughness value is 1.25

(tc.

Fig. 13. Geometry and form feature of the part.

H H
temaaed tovcaed

2R

“BRemovc

R
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n-list: a list of features whose normal is n with the order
from nearest to farthest along n, where n= =X, £Y,+Z

Feature: its super class—Geometric Entity
Instance variables

Location: position (x,y,z) and orientation (nX,nY,nZ) of a

feature
Relation: related part name

X.F. Zha and H. Du

Fit, and several cases of FixFit, all of which are features

as usual. Thus a unified description of a feature-based
model of both an assembly and single piece components
will be obtained through this data abstraction of compo-

nents and connectors on various levels from function-

behavior-structure based conceptual modeling, geometric
modeling to feature-based design. The feature links of an
axle system using/H net is shown in Figure 15.

One of the advantages of using a high abstraction of con-

nectors or joints is that feature-based modeling for single- o i ]

piece parts becomes a natural extension of assembf:6- Constraints in design object model

modeling. On the lowest level, connectors or joints can berhe design process, as represented through constraint mod-
considered as the features of single components that mafging, is goal directed. The process sets out to solve prob-
and structure components. In Figure 14, the feature modebms by the resolution of conflicts. The constraint Petri net
for a step shaft in an assembly can be thought of as cons ysed to model parametric and constraint design pro-
sisting of the shaft and a set of connectors: keyFit, Splingesses. The constraint network is a collection of constraints

(b}  FBS based layout level

{c) Geometric modeling level

\

chamfer ] ce FixFit2 gerewpit SplineFit
keyFit  FixFit2 2 !

(d) Feature level

Fig. 14. Data abstraction at different assembly levels.
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transitions that are connected by virtue of sharing variables
(places. The value of a variable that is linked to a con-
straint may influence the values of other linked variables.
In this manner changes may propagate throughout a net-
work. This ability to propagate makes constraint networks
unique and enables the network to support nondirectional
inference. A user of a constraint Petri net can observe the
changes made in linked variables as the initial change is
made. This makes it a powerful tool in modeling the rela-
tively ill-structured assembly design problem.

Constraint modeling using Petri net formalisms can be
illustrated by shaft assembly in a gearbox. The requirement
of shaft assembly is complete fit of shaft and bearing cap,
as shown in Figure 16a. Therefore, the assembly con-
straints can be described d8= f, e > b, a< b, f > i,
i>ac>h,+h +j,j<g+hh=c—-h,—h,

h, =0, d> 0, and so forth. Accordingly, the partial dimen-
sion constraint graph can be shown in Figuréd60Once

the problem becomes unordered, the Petri net becomes com-
plex due to the necessary inclusion of the control places
and interactive transitions. A solution for the above prob-
lem uses constraint modeling procedures within each of the
transition activities. In the ordinary Petri net representation
of the function:C = A + B, shown in Figure 17a, tokens are
placed inA andB in order to fire the transition. The final
state is given by a token i@. Based on the constraint mod-
eling, the constraint transition contains not an equality but a
constraint rule(or number of rules Thus the above rela-
tionship is rewritten to: Rul&A + B — C, shown in Fig-

ure 17b), and is true when the rule equates to zero. The
constraint transition is fired when two tokens are present in
any of the data places and so the third can be found. The
solution is carried out automatically by software solving
constraints. The above two cases can be generalized and
described as a macro constraint transition, as shown in Fig-
ure 17c. More details about the knowledge based Petri net
constraint modeling was discussed in Z6899.

The development of methods for generating flexible mod-
els which can be modified dynamically is a critical problem
to be solved in feature-based design. Constraint-based
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Against

FixFit2

Against

Against

Fig. 15. Feature-links of an axle system represented by tfret.

dimension-driven geometry through constructive schemesiency. The production information including the features
using Petri nets is a useful method for design modificadocating dimensions and other data for manufacturing will
tions. The algorithm for dimension variation of feature- not be lost after model variation and modification. Further-
based models used in this paper is based on B&€§&  more, the definition and solution of features constraints and
hybrid scheme and operates directly on B-(Zpha, 1999. chain reactions of constrained features are also supported.
The dimension variation of models has very high effi- This algorithm is an organic combination of feature repre-

!
Bearing y f
Cap 1 :

|
T ;
. | | _T T
Bearing . i .
| | f Bearing
. P
I T f cap
| | o B—
i Gear I
i | c "he
: a A,
| ] P A
. A,
! ' y v "
| i A
. d
a | ‘

Shaft - L_\/

Fig. 16a. Shaft assembly.
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h-c+hb+hi=0

c-hb-hi-j>0

Fig. 16b. Dimension constraint network.

sentation in feature library, feature modeler, and the descrigrom an application viewpoint. A local data model is the
tion of feature models. schema for a local database. Product attributes for the lo-
cal data model can be classified into: imported, inter-
preted, resident, and exported. Through classification of
attributes of local data models, relationships between ap-
For the global-local data model scheme of the design obplications, such as data dependencies, can be formally de-
ject discussed above, the global product data model corfined (Liu, 1992.

tains product characteristics or attributes that are Therefore, the global data model maintains product char-
fundamental to and shared among applications and charaecteristics consistency and supports product characteris-
teristics that are passed between applications. Such a glties’ passing across applications, while each local data model
bal data model is the schema of a global database. Thmaintains a complete product definition for an application
local data model only contains product information thatand defines engineering roles of the application in an inte-
the application needs or completely defines productgrated system.

6. GLOBAL-LOCAL DATA MODEL SCHEME

@ 0 (» O, =)
R f@

©

(a) Standard Petri (b) Constraint (c) Macro constraint
net transition transition transition

Fig. 17. Standard, constraint, and macro constraint transition.
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6.1. Global definitions of mechanical systems or jointed together. Both the part and joint global definition
and assemblies contain necessary product information for assembly pro-

gess applications. However, these parts and joints require

As statgd n Schop 4 a.mechamcal 'system IS an assembaYdditionaI information such as relatiofispological liaison
of functional parts in which assemblies are formed by the

joints between functional parts. The functional part is aa_nd geo_metr|cl|a|s@rand con;tramtﬁopologmal, geo”.‘et'
: ric, partial precedence, stability, etéor assembly applica-
partor a part assemb{gubassemblydesigned for mechan- ions. Details were discussed in our previous worha
ical functions such as transmitting or sustaining forces ané '
- . _etal., 1998a, 1998b

torques, and made from machining or other manufacturing
processes. When certain degrees of freeddm.f) be-
tween parts are restricted, the parts are assembled. Hence§ 8. Product data exchange at assembly level
part assembly IS composed of par'ts and J'omts.. Product data exchange and interfaces between different

A part in a mechanical system is a solid entity that has

specific geometry and material properties. All joint agentsCAD/CAM systems are of great importance o the inte-

. grated design environment and the future concurrent engi-
and functional parts, no matter whether they are parts o ; . .
neering and computer-integrated manufacturing systems. One

part assemblies, are defined on the part basis. As discussed _ . . .
; . : : : . ossible way is to develop a suitable product model such as
in Section 4, geometries and features in design object mod o .
. . : GES (Initial Graphics Exchange Standartb make the
attributes of a part in the global data model include a par » : S .
ransition between different models easier; the other way is

Ir?wz?etlrfilgf t|?(|)’1,ee;tna_lr_r;]ee, aegiqoerg?é”rce r?:sf:te;;itgzogf' :nir 0 establish an international standard such as PISHEP,
Property. 9 P Parl efficient means to increase the data compatibility of dif-

contains three components: geometric model, form featurq;erent systems

and precision features. .
P However, current research on product data exchange is

".1 the global_product_(_Jleflnltlon, _howevgr, a Jomt_ only mainly limited to single-piece parts. There are no univer-
defines the mating conditions and kinematic constraints be- . S
sally acceptable representation schemes for assemblies, in

tween parts. From an assembling viewpoint, a joint is an__ - .

. o articular, the assembly features involved. Assembly fea-
ordered sequence of assembly operations and specifies gs- o :

ures should be represented with different degrees of “trans-

sembly operations and mating conditions between parts. N .
arency” as a computer system, while current feature

Based on the global-local data model scheme, a joint conF—) . : o X .
. - L concepts involved in an assembly are all joint-oriented with
tains fundamental and shared characteristics of a joint from . . . L . .
. : . . . : no consideration of various subdivisions of a machine, which
computer-aided engineerigganufacturing viewpoints, : ; . s . .
- ._are important for presenting a designer’s intention on vari-
where fundamental means minimal and necessary to ini- .
tiate certain applications. Hence. a ioint in the alobal Olataous levels. The semantics of assembly features as usually
n app 'S. TIeNce, a ] 9 defined, therefore, should not be the same at different mod-

model defines connectivity, joint agefdlso a parnt and . N C
. .. eling levels. The significance of communication at assem-
cIoﬁy levels should not be underestimated. There will be an

of a joint include an identificatiortid), name, joint type, S .
. o : bsolute need for communication of different types of data
connection, and degrees of freedom. A joint defines a set g : . .
at the assembly level between real intelligent design sys-

mating conditions that describe the geometric mating be: : ) .
. . 2~ tems in the future. There is no doubt that modeling assem-

tween assembled parts and restrictions on kinematic de- : . T .
led products is of increasing importance in computer-

grees of freedom between parts, without considering the
integrated systems.

process to realize the mating condition and kinematic re- The PDESSTEP standard is a neutral product model

_st_rlctlons. According t_o the_w_ay that parts are assemble_d, fata exchange mechanism that is capable of completely
joint can be an operational joint, a fastener joint, or a fusion

joint (Liu, 1992 in which a fastener joint contains addi- 'cPreSenting product definition data throughout the life cy-
. . : N . ) cle of a product. It uses a three layer architecture, including
tional information, that is, its joint agefs) with a designed

. a reference model, an object class and schema definition
part(such as a pinor a standard mechanical pgstich as a . . )
: : language—EXPRESS, and physical communicatile
bolt and nut, screw, or rivetised as a medium to assemble

parts structure (NIST, 1988. The product data defined in each

' PDEYSTEP application reference model include nominal
o shape informatior{geometry, solids, and topologyform
6.2. Part and joint model for assembly process features, precision features, integration information, prod-
Information about joints and parts of a mechanical systemuct structure configuration, materials, and so forth. These
or an assembly in the global product definition can be usegroduct data are necessary to completely define parts and
for assembly process planning, because parts are the elpart assemblies for the purpose of design, analysis, manu-
mentary components for making an assembly and joint§acturing, test, inspection, and product support. However,
carry parts’ connectivity information, which points to as- using only a PDEBSTEP-based product specification can-
sembly features of parts. The assembly features of jointeot ensure integration and exchange product data at the
defined in the global definition indicates how parts are matecassembly level, because interrelationships and constraints
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between applications such as data consistency and data dé- A PROTOTYPE SYSTEM FOR TOP-DOWN
pendency are not defined in PDESTEP. ASSEMBLY DESIGN AND MODELING
Using the proposed global-local data model scheme to
formalize data consistency and dependency and data pads-principle, the new generation of CAD systems should be
ing across applications, interrelationships between applicantelligent enough to imitate human thinking on design to
tions in an integrated engineering system can be developedome extent so as to assist designers in making decisions
Therefore, the PDESTEP-based mechanical system prod-through the entire design process. To verify the hybrid de-
uct definition can be augmented to support significant porsign object model and demonstrate the effective use of it, a
tions of CAD, CAE, and CAM applications. This means prototype system has been developed for top-down assem-
that it is feasible to integrate CAD, CAE, and CAM appli- bly design and modeling using knowledge-based Petri net
cations by applying the global-local data model scheme agodeling and object-oriented programmin@OP)
an integration model and PDESTEP as an informal model. techniques.
As described above, by use of the knowledge Petri net Coded by GQC++, Visual Prolog, and CLIPS expert
scheme, assembly modeling involves five aspects: funcsystem development shell with its fuzzy extension, the sys-
tion, behavior, structure, geometry, and feature. The startem incorporated an embedded CLIPS expert system shell,
dard interfaces at assembly levels can separate the neut@lknowledge Petri net tool, a function-behavior-structure
description from any specific applications or implementa-modeler, a geometric solid modeler, a feature-based mod-
tions through knowledge Petri net modeling, which include:eler, and a case-based reasoner. The system is therefore a
prototype expert CAD system which can achieve assembly
1. an English-like structured language based on Petri natesign and modeling from functional and technological spec-
for functional description; ifications or customer’s requirements. Figure 18 depicts the
nfirchitecture of intelligent assembly design and modeling
system. The output of the system is individual components
) ) ) and assemblies or product models, which can be used for
3. element mechanical connectors with functions and,ggemply process planning and assemblability evaluation.
behaviors; The system can also accept the imported CAD files of in-
4. extension of CADI neutral format to assembli¢s.g.,  dividual components and assemblies from DXF and STEP
various constructive geometries and performance dibased modeling system, and organize them into an assem-

2. standard abstraction components of dynamic syste
as described in knowledge Petri net theory;

mensioning of assemblies, etc. bly representation. Using feature recognition techniques,
. Assembly
Function-Behavior- Assemblability | geqyence

Evaluation

Structure Modeler -—
S
¢ T Assembly
+ + . Planning
User - N
Feature
Feat del :
ea l?éilxgg} eller Model Product
Model
_ y,
i T API
Solid modeller
(GeoObyj) Solid Model
Database(SQL) Product Database

Material and Process
Parameters Database

-

Fig. 18. The overall architecture of intelligent assembly design and modeling system.
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the assembly editor can differentiate joints between parts 1. capable of representing any machine structure;
and assembly features on individual parts.

With this system, a number of concepts developed in
the previous sections have been tested. The place-transition
and knowledge Petri net models for part-joint machine
description and designer’s intents modeling, because of 4. provides a hierarchy for function-behavior-structure
their simplicity and high abstraction, find a friendly host modeling and design;
in knowledge-based design and modeling. Design fea- 5 s easily computerized using object-oriented program-
tures are consistently added for detailed design. Design ming methodology;
alternatives of the same functional units can now be
stored so that a practical intelligent modeling system can
be realized. This provides the possibility of integrating a 7. supports fuzzy knowledge representation and reason-
development team to work over a network, and allowing ing and learning; and
the designer to specify, design, and analyze complex g can be mathematically defined and operated by Petri
mechanical systems and assemblies concurrently and gt theory.
cooperatively.

2. capable of supporting data abstraction on any assem-
bly modeling level;

3. captures the nature of top-down design;

6. is a statically and dynamically hybrid intelligent model;

As a result, the proposed hybrid design object model
8. DISCUSSIONS AND CONCLUSIONS using knowledge intensive Petri net formalisms makes it
possible to consider all the relevant aspects in an integrated
This paper presented a new hybrid design object model foknowledge-based modeling for mechanical systems and as-
top-down assembly design. Knowledge Petri net-based desemblies including the up-to-date CAD technology,
Sign with objects scheme was utilized to uniformly model aknow|edge-based system techniques, concurrent engineer-
mechanical system or an assembly and its design procesgg, and collaborative engineering. However, there are still

The hybrid design object model was represented and evakome limitations in the proposed methodology and system,
uated in terms of a four-level hierarchy: function-behavior,sych as:

structure, geometry, and feature. The structure model is de-
scribed as a place-transition based component-connector or1. the properties analysis for the knowledge Petri nets in
part-joint multilevel hierarchical graph, while the func- hybrid design object model and the mapping algo-
tions, behaviors, geometries, features, and constraints are  rithm from function model to structure model;
embedded as objects in such a hierarchy, and their causal
relations are described by the corresponding knowledge Pe-
tri net graphs. ) .
The knowledge Petri nets as a graphical language and a 3. the.thorough testing of the conc_ept of the mechanical
new knowledge representation scheme can be used to ex-  design prototype and the establishment of a real case-
press, define, or specify, and simulate assembly design pro- ~ based reasoning system.
cess in an interactive and integrated way. The formalisms, i ) . ) )
structures, and behaviors offered by knowledge Petri nets Future work on this research will be required with prior-

allow the designer to not only model mechanical systeméty on_overcoming the Iimita}tions listed gbove, and the fo-
and assemblies from function-behavior-structure descripg’us will be on the computer implementation of the proposed

tion but also to manipulate and verify the assembly and itd"°d€l-
design process in different ways. Both qualitative and quan-
titative models are available for the knowledge Petri netACckNOWLEDGMENTS
assembly model. The static and dynamic characteristics in
the design of assembly can be captured. The description bihe authors would like to express their gratitude to the editor,
this model is built on more abstract Concepts from assemPrOf. William Birmingham and the anonymous reviewers of this
bly level to feature-based single-part level so that it carPaper for their valuable comments and suggestions.
well match top-down design.
Th_erefore, the p_roposed hybrl_d_de5|gn_object model CahEFERENCES
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