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Abstract 
This paper presents a method for reusing flexible and complicated form data. Based on a 
form-feature modeler that has constructive solid geometry and geometric constraints as its 
form description, it handles form data as flexible and reusable components. To build a data 
management mechanism that registers, preserves, and searches for form data, a concept
classification method is adopted from knowledge engineering. A more complex form is defined 
by combining simpler forms, and can be used to define further forms. As designers proceed, 
they obtain composite form data that can be preserved and reused later. 
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INTRODUCTION 

Three-dimensional solid modeling is an indispensable technology for Computer-Aided Design 
(CAD), Computer-Aided Manufacturing (CAM), and Computer-Aided Engineering (CAE), 
being a method of form representation whose applications range from product design to 
evaluation and process design. Recent advances in computational ability and memory capacity 
have enabled computers to represent and handle very complicated products as solid models. 
Consequently, the most pressing problem is the modeling method; that is, how to construct 
efficiently on computers the forms intended by designers. 

Reuse of form data is an important factor in this problem. In practice, forms are not always 
designed from scratch. Data are often diverted from old designs, standard parts are used, 
and so on. This not only makes design processes efficient and reduces production costs, but 
also reduces the frequency of design faults, because the data have already passed through the 
evaluation process. In other words, actual design processes involve reuse, and it is natural to 
introduce reuse into computer-aided design. 

Some existing form-feature modeling systems can handle limited reuse of form data. But 
reusable forms that have flexibility - for example, a "through hole" that retains its "through" 
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feature regardless of the size and shape of the base model- are limited to simple ones built into 
the system library. Users who want to define their own flexible and reusable forms are required 
to perform some special tasks apart from modeling, such as programming in some specific 
language [Shah,l988]. When users reuse the forms that they have constructed on modelers, 
they can handle only the whole model as a unit, or they must handle the forms as non-flexible 
data whose sizes and positions are fixed. Further, when many form data are stored, users have 
to name all the data and specify the form they need by specifying its name. This means that 
the greater the quantity of data and the number of users who have stored data become, the less 
reusable the data are. 

We present a method, based on a form-feature modeler that has constructive solid geometry 
(CSG) and geometric constraints as its form description, for reusing flexible and complicated 
form data. It packages form data into components, reuses them, and makes the input process 
on a forin-feature modeler more efficient. 

The unit of packaging ranges from a simple form such as a "hole" or "step" to a complicated 
shape that may be a complete part. Thus, the design process is regarded as "a process in which 
forms are combined continuously." A more complex form is defined by combining simpler 
forms, and can be used to define further forms. As designers proceed, they can obtain composite 
form data that can be preserved and reused later. 

2 COMPOSITE FORM 

2.1 Semantics 

A designer specifies and extracts a part of the current model, and apply it to other parts of the 
model. It can be preserved by the system if it is useful. Thus, as the designer proceeds, he/she 
can obtain composite form data that can be preserved and reused later. Hereafter, we call the 
composite form data that are generated during the design process, "composite forms." These 
composite forms have the following variations: 

• Form-features such as "hole" and "step." 

• Partial forms such as "head of a piston." 

• Transformational operations such as "make a comer round." 

• Macros for applying the same operation at several locations. 

2.2 Base Technologies 

For handling of composite forms, two characteristics are desirable. First, a composite form 
should be definable simply by "specifying a part of the model." Second, the data should have 
enough flexibility to be reusable. To realize these characteristics, we used Constructive Solid 
Geometry (CSG) and geometric constraints methods for representing solid models. 
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CSG 

In [Wilson,l990], Wilson concluded that Boundary Representation is preferable to CSG for 
features that include both shape and attributes. However, we adopted CSG, for the following 
reasons: 

• We focus solely on generating forms. 

• In our approach, a large number of composite forms are stored in the library, and form 
and inner representation need not always coincide. 

• By combining CSG with the following method, which uses geometric constraints, we can 
handle data at a abstract level and reuse them more easily. 

Geometric constraints 

Adopting geometric constraint information simplifies the specification of size, orientation and 
position of each solid primitive, which is one of the main difficulties in modeling with CSG. 
It also facilitates later modification. The user; for instance,specifies the mutual constraints on 
geometric elements of constituent solid primitives during modeling "a surface of a primitive 
coincides with a surface of another primitive." On the basis of symbolic information received 
from the user, the system executes geometric inference and obtains the size, orientation, and 
position of each solid primitive. The main merits of this method are as follows: 

• Data are preserved at quite an abstract level as geometric constraint information. 

• Manipulation for modeling is simple. 

• The model is easy to modify, because the partial modification propagates through 
geometric inference. 

2.3 Extracting and applying composite forms 

We present a method for preserving composite form data in a reusable format by extracting 
only abstracted information from a solid model. 

In the previously mentioned form-feature modeler based on CSG and geometric constraints, 
a solid model has the following two kinds of data as its description: 

l. CSG-tree: A tree structure that describes the order and types of set operations among 
solid primitives. 

2. Geometric constraints: Constraints that describe structural relations or sizes of geometric 
elements. 

Here, if geometric constraints are regarded as links, and geometric elements of solid 
primitives as nodes, data of a solid model can be represented in the form of a graph such as 
Figure 1-a. 
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Extracting composite forms 

First, the user specifies a part in the current model by selecting solid CSG primitives. Then, the 
system transforms the CSG tree and isolates the part as a sub-tree. Here, the root of the subtree 
represents the form to be extracted (Figure 1-b). The geometric constraints within the sub-tree 
and those extending beyond the sub-tree are also extracted as a sub-graph. When extracted, the 
attributes (such as coincidence and size) of the latter constraints are preserved as they are, and 
the external geometric constraints - namely, the counterparts of the links - are replaced with 
variables, which become the interface for determining the composite form (Figure 1-c ). If the 
interface variables have real values when the composite form is applied to a new model, the 
geometric inference engine instantiates the composite form. 

Thus, we adopted geometric elements as the interface between a solid model and composite 
forms. A composite form is defined as the combination of a sub-tree and a sub-graph. In other 
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Figure 1: Extraction and application of form data. 
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words, composite form data do not hold any geometric data except constraints- data at a more 
abstract level- and the flexibility is always preserved as the form becomes more complicated. 

Applying composite forms 

First, the user specifies where the composite form is applied to by selecting in the current 
model the geometric elements that correspond to the interface of the composite form. The 
system then executes geometric inference and obtains the position, orientation, size of all the 
solid primitives that constitute the composite form. Next, the solid modeler re-evaluates the 
CSG-tree and obtains a solid model. 

As internal geometric constraints and solid primitives are encapsulated, the user has to be 
conscious of only the interface of the composite form when applying it to the current model, and 
the manipulations are simple. The encapsulated information is enough to determine the form, 
and additional geometric constraints are not necessary. As the whole model is still described 
by geometric constraints after the part has been applied, it can be modified by changing the 
attributes or value of geometric constraints. 

3 DATA MANAGEMENT SYSTEM 

For the reuse of composite forms to be practical, it is indispensable to provide a mechanism 
that registers composite forms in a database, and queries and presents candidates in response 
to various requests. In this section, we describe a data management system that meets these 
conditions. 

3.1 Concept-classification 

To fulfill its engineering purpose, a data management mechanism should accept various abstract 
requests such as "I want a hole for a screw," "I want a form like this," and "I want to process 
this comer." To cope with such requests, we adopted the concept-classification method from 
knowledge engineering. 

The method was first presented in KL-ONE [Schmolze,1983]. It manages concepts at 
various levels of abstraction. By defining a rule to judge the subsumption relation between two 
classes, it constructs a tree structure - a lattice, to be precise - of classes (Figure 2). In this 
tree, classes closer to the root are more abstract, and if there is a link between two classes, the 
upper class subsumes the lower. 

To preserve composite form data as instances of form-concept classes allows the management 
system to handle data linked with concepts. A lot of calculation is needed to register new data, 
but only a little calculation is needed for queries that use concepts. 

Abstraction-classification strategy 

On registeration of a new instance, first the instance is abstracted and a virtual class description 
that can be compared with real concept classes is generated. The virtual class finds its place in 
the tree, by checking the subsumption relation from the root. The parent of the virtual class is 
then the class that the instance belongs to. 
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Figure 2: Hierarchy of concept classes. 
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A newly defined concept class inserts itself into the tree after finding its place in the same 
way. 

As the purpose is data management, we can apply this strategy to query. The required data 
reside around the class that is arrived at by generating a virtual class description from the query 
conditions and locating it on the tree. 

3.2 Handling composite form data 

To use the mechanism described in Section 3.1 for composite forms, it is necessary to have 
a definition of the class description and a rule to specifying the subsumption relation between 
classes. In most research on knowledge engineering, concept classes are described by using 
predicate logic [Villain, 1985], but in this case, an instance consists of data extracted from a 
solid model, and a description must be generated automatically from this instance. Therefore, 
the expressiveness is limited. 

Here, balancing the expressiveness and the ease of extraction from data, we represent the 
composite form concept with (1) constituent solid primitives and (2) geometric constraints 
necessary to fix the composite form. For example, the concept of a "through hole" can be 

represented as (1) "cylinder with a minus set operation" and (2) two parallel planes and an axis. 
Simple classes such as step, hole, and fillet are built in as defaults. For forms that are 

frequently used and/or significant to designers, new classes are defined and inserted. For 
example, a stepped hole (consisting of two holes with the same axis and different diameters) is 
classified as a child of the hole class. 

Composite form data are preserved as instances of such classes. When a composite form is 
registered, information on its constituent solid primitives and geometric constraints is extracted 
from the data, and the virtual class made from it is classified in the tree. The instance belongs 
to the parent of the virtual class. Thus, data belongs to the most specific class that subsumes it. 
When a lot of data are registered and classes are defined, the tree grows large and the system 
becomes more useful. 
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Query 

The following kinds of query are possible with this mechanism: 

• Query by concept 
Only data with the characteristics of "through holes" are included in the class "through 
hole" and its descendant classes. In other words, data can be queried by concept. 

• Query by condition 
By generating a virtual class from query conditions and classifying it, one can find the 
data surrounding it. 

• Query by form 
By generating a virtual class from an item of form data, one can find other similar forms. 

4 IMPLEMENTATION 

We implemented the above system on a UNIX workstation, basing it on a solid modeling 
system that handles geometric constraints [Shimizu,1991]. Our system visualizes the extracted 
composite form and the constraints that are necessary to restore it to the model (Figure 4). The 
data management system is built as a server that uses a commercial object-oriented database, 
so that it can be simultaneously accessed by multiple users. 

5 DISCUSSION 

We presented a framework that packages form data into components, reuses them, and makes 
the design process more efficient by regarding the design process as "a process in which 
composite forms are continuously combined." 

The usefulness of the data management system depends on how it grows, and we will have 
to consider the methodology for using it. The composite-form class description should be more 
expressive. The classification mechanism and the subsumption rule are separated from each 
other and the system is easily expandable. 

One demerit of using CSG is that the same form can have different representations. This 
will affect the usefulness of the method if insufficient data are available. The solution to this 
problem is to compile form data when registering it. 
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Figure 3: Example- the height is adjusted automatically. 
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