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Two generic approaches to feature based geometric modeling appear to be evolving: 
procedural and declarative. The geometry of a feature can be created by uni
directional parameter derivation, as in the procedural approach, or by solving a set 
of simultaneous consttaint equations, as in the declarative approach. The former is 
less expensive, easy to implement, avoids conflicts, but deals only with special 
cases, which leads to procedure explosion as new features are added. The latter is 
general, flexible, decouples constraint specification from validation, but is 
expensive, and may require conflict resolution. The declarative approach presented 
here takes advantage of two types of generic systems available commercially: 
geometric modeling core packages and consttaint solvers. 

6.1. BACKGROUND 

There are a variety of commercial and prototype geometric modelers currently 
available[SHA 91]. It is common to see the terms "Feature modeling", "Variational 
Modeling" and "Parametric Modeling" used indiscriminately. Although these three 
generic types of modeling approaches have many common characteristics, there are 
also some important differences. All three were designed to overcome the rigidity 
of solid modelers by modeling directly in terms of key dimensions and geometric 
relationships. The user-specified dimensions and constraints are used to set up a set 
of algebraic equations, which are then solved by various strategies. A Parametric 
modeler(PGM) works in a sequential way trying out various pre-defined sets of 
solution methods, looking for special cases it knows bow to solve. Variational 
geometry modelers (VGM) instead solve sets of simultaneous equations using 
general purpose methods with the help of constraint graphs [CHU 90]. 
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Both PGM and VGM operate on low level entities (points, lines, faces). On the 
other hand, Feature based Modelers (FBM) operate at the macroscopic level, i.e. on 
feature volumes, or groups of features. ·Since feature modelers also deal with 
geometric relationships, there needs to be a mechanism for validating and managing 
constraints. This involves the determination of constrained dimensions from 
independent variables. There are two basic approaches for determining the 
dimensions, or evaluating the model. The procedural approach can be regarded as 
special purpose, while declarative is general-purpose. The procedural approach is 
similar to Parametric Modeling approach, and the declarative approach is similar to 
Variational Modeling. However, the difference is that constraints are applied at the 
macroscopic level We have previously implemented a procedural type modeler 
(ASU Features Testbed [SHA 90,93]); we are now investigating the feasibility of 
implementing the declarative type. 

The microscopic level constraints are those that are applied between edges, 
vertices, and faces For example, consider the volume corresponding to a rectangular 
slot shown in Figure l(a). 

00 h 

Figure 1. Geometric relationships in feature defmition. 

The geometric relations are: 

f 1 perpendicular f2 
ft parallel f3 where ft, f3 are the side faces and f2 the bottom 

face of the slot 

dt = d2 = slot_depth (also equal to d(), d7) 
d3 = <4 = slot_ width 

All of the above are simple, or microscopic, constraints. Consider now that this 
slot is positioned inside a solid block, as shown in Figure l(b). The relative position 
of the slot on the block is a higher level relationship because it relates two features, 
the slot and the block. The faces of each are positioned via this feature relation. 
The inter-feature relations of the slot and block are: 

d5 (slot) = a 1 (block) 
ft (slot) parallel Fl(block) 

The block face Fl is used as a datum, and the slot face f1 is used as the target to 
position the slot on the block. The location Px is independently specified; it is 
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measured perpendicular to the datum. 
In PGM and VGM, there is no clustering of entities to form features, such as the 

slot in the example. Hence, macroscopic entities (features) are neither available 
during design, for specifying the position, orientation, and other constraints, nor are 
they available to applications downstream of design. 

Like geometric modelers, FBM can be implemented using a procedural 
approach (P-FBM), or a declarative approach (D-FBM), somewhat along the lines 
of PGM and VGM, respectively. But unlike PGM and VGM systems, it is also 
necessary to support inequality constraints in using FBM effectively. For example, 
in the slot of Figure 1 (b), the slot needs to stay on the block: 

Before proceeding further, we need to study the properties of features. 

6.1.1 Feature Attributes 

A feature encodes the shape, behavior, and engineering significance of a set of 
geometric entities. Typical attributes needed to define a feature are: 

1 Topological graph 
2 Face relations (Parallelism, Perpendicularity, Angularity ... ) 
3 Edge classification (Convex, concave) 
4 Explicit dimensions (distance between faces, radius, angles .. ) 
5 Implicit dimensions (e.g. hole depth= block height) 
6 Location/orientation parameters (derived from inter-feature relations) 
7 Size/location/orientations limits (inequality constraints) 
8 Non-geometric attributes (part no., function, etc.) 

In the Procedural approach these feature attributes may be buried inside the 
procedures; therefore, the level of formalism shown in the above list is not needed. 
However, for the declarative approach, we need a feature definition language which 
allows one to defme features in terms of the above attributes. Tools to defme these 
attributes then can be regarded as the building blocks for features. Declarative 
modeling, therefore, separates feature definition ("declaration") from 
implementation; the declaration is in a neutral, modeler independent language, 
which is then mapped to modeler-specific procedures. 

6.1.2 Feature-Geometry Protocol 

There are many commercial geometric modeling tool kits available today It is 
advantageous to build feature based geometric modelers using these core systems, 
instead of duplicating the geometric modeling functions that are commonly 
supported by the cores. The implication of this is that we will get two inter
dependent feature-geometry models, as shown in Figure 2. As can be seen in the 
diagram, the feature model is used to capture the macroscopic information about 
shape patterns in the model, while the geometric model captures the microscopic 
relations, and maintains mathematical consistency (prevents nonsense objects). 
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FEA1URE MODEL GEOME1RIC MODEL 
GtF 

Shape Defmition Topological Entities 
Dimension Attributes Topological Graph 
Feature Position FfG Geometric Entities 
Geometric Constraints Topo-Geom. Pointers 
Non-Geom. Attributes 

Figure 2. Bt-level feature-geometry model. 

This hi-level distribution of information and responsibilities between the two 
modelers leads to two important issues: 

1 Communication 
2 Control 

Obviously dynamic communication (two-way, real-time) is needed between 
geometric and feature modelers. In order to fulfill this requirement, we developed 
[SHA 93, PHE 93] modeler independent tool kits for dynamic communications 
based on AIS [CAM 90]. The reader is referred to these references for further 
information; space does not permit us to discuss this aspect further. 

Control involves the determination of the relationship between features and 
geometry. There are two options for feature-geometry precedence: 

1 Create features first, and generate corresponding geometry from features 
2 Create geometry first, and recognize features from the geometry 

The first approach is often referred to as "Design by Features" and the second as 
"Feature Recognition". We will label these approaches more generally as 
"Geometry from Features (GtF)" and "Features from Geometry (FfG)" approaches, 
respectively. There have been a few attempts at combining these approaches [LAK 
93, SRE 91], but for the most part these have been used independent of each other, 
despite user demands [SHA 89]. The FBBs present here can be used for unifying 
GtF and FfG, as discussed in the last section. 

6.2. PROCEDURAL MODELING(P-FBM) 

In the procedural approach, generic features are pre-defined in terms of rules and 
procedures. Procedures may include methods for instancing, modifying, copying, 
deleting features, generating solid models, deriving certain parameters, and 
validating feature operations. Many research and commercial systems have adopted 
this approach and the ASU Features Testbed [SHA 90, 93] is among them. The 
feature description of library features in the Testbed consists of operation sequences 
that define features, and a set of inheritance and cognition rules. These rules are 
used while creating feature based part models by instancing features available in the 
library. 

In the Procedural Approach used in our past system, the ASU Features Testbed, 
part models are created by instancing features from a set of features defined and 
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stored in a feature library. Information associated with features available in the 
library includes: 

1 A list of Parameters (organized into dependent and independent variables) 
2 Inheritance(Derivation) Rules 
3 Validation Rules. 

Parameter lists are of two types, independent parameters that can be 
manipulated directly by the designer and parameters which are constrained and are 
to be derived. The derived parameters are determined using procedures based on 
"rules" referred to as inheritance rules. These rules trigger pre-defmed mathematical 
procedures for finding the values of constrained variables from the independent 
ones. Validation rules are also incorporated, which are primarily used to constrain 
the way a feature is used. This is achieved through size and placement restrictions 
being imposed on types of features. They can thus also be considered as rules 
specifying motion limits on the features being modeled. An interpreted language is 
used for writing these rules and references to parameters are made in specific 
syntax. A rule compiler is used to ensure the validity of rules expressed. The 
features also have a solid representation associated with them, which is in the form 
of a procedure associated with a Feature Producing Volume (FPV). FPVs are in the 
form of CSG trees, made up of Boolean operators applied on a standard set of 
primitives and sweeps like box, wedge, cylinder, solids of revolution, linear sweep 
and so on. The position and orientation of features in appropriate coordinate system 
is specified in the feature producing volume. Except for the first feature in a part, 
features are always positioned in local coordinates. The first feature is located in 
global coordinates and is grounded. It is rotated about the x, y and z axes in order 
thus orienting it in world coordinates. A translation vector is then used to position 
this feature origin with respect to the world origin. 

Default coordinate systems are associated with features and their faces. While 
positioning features, (other than the first feature) in local coordinates, the user must 
select an adjacent feature, a face on that feature, a face on itself and then a local 
position and orientation on the face. The transformation matrices for such features is 
calculated by multiplying out the position matrix of the datum feature, in order, by 
adjacent face, own face, and local face transformation relations. This procedure is 
hard-coded in the definition of the generic feature; the rotation and translation 
parameters are obtained from the instance parameters of the features. It must be 
noted that an adjacent feature can be positioned on another feature, which in turn 
can be positioned on another feature and so on. In addition to these positioning 
options, two other options are also available. They are: 

1 Sub-features can be positioned in parent feature coordinates, where parents 
can be either sub or primary features. 

2 Sub-features can be positioned on a parent's face with the user having to 
specify the parent feature, the face, and the location on the face. 

Thus, in P-FBM, the entity position problem, when applied to either feature 
based part modeling or feature based assembly modeling, is solved by means of 
procedures driven by data available as inheritance and validation rules. Inheritance 
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rules also serve to facilitate change propagation even after the initial position is 
determined. The P-FBM approach has been used by our group at ASU in all our 
modelers; the advantages and disadvantages of P-FBM have been identified and 
well documented[SHA 90,93]. The salient features of this approach are as follows: 

1 The methodology is quite general as users can define their own generic 
features or assemblies without making changes to the code. 

2 The Inheritance rules/procedures defined, create a unidirectional chain for 
change propagation and for initial derivation of derived parameters and 
positioning parameters. 

3 Conflicts in parameter values are avoided by using a parameter hierarchy. 
4 Special purpose rules are needed to specify how a feature or part needs to be 

attached/assembled to other features or parts. This leads to a combinatorial 
problem. 

5 Constraints cannot be applied mutually between two units. 

Because we have already published papers on P-FBM [SHA 90,93], its details 
have been omitted from this paper. The rest of the paper is devoted to D-FBM. 

6.3. DECLARATIVE MODELING (D-FBM) 

D-FBM involves defining generic features by explicitly stating the spatial 
relationships that exist between geometric entities that constitute the feature. This 
approach was observed to have been adopted by Gossard et al. [GOS 89], where 
features were built using half spaces and Relative Position Operators, and so also by 
Shimuzu et al. [SHI 91], in which features were defined by primitive volumes and 
their relations to each other. Other work that comes close to this approach is da 
Silva's [DAS 90] which was primarily concerned with the extraction of information 
regarding features and the relationships that may exist within and between them. 
The extraction was done from the geometric and topological data available in the 
part model and then used for downstream applications like process planning. 

Crawford's group has used the work of da Silva et al to do Automatic Group 
Technology Part Coding [SRI 92] and to represent under, over and fully constrained 
assemblies [ANA 92]. Recently, Laako has followed a similar approach[LAK 93] .. 

It can be seen that when the declarative approach is adopted, features are 
defined either in terms of relationships between primitive volumes or in terms of 
relationships between boundary based modeling entities like faces, edges, half 
spaces etc. The main capabilities needed for declarative modeling are as follows: 

1 geometry and constraint definition mechanism 
2 constraintrepresentation 
3 constraint solution/validation 

Facilities for supporting these functions are discussed in the following sections. 

6.3.1 Constraint Definition 

Sets of constraints used to perform feature modeling, feature based part modeling 
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and feature based assembly modeling were enumerated. An attempt was then made 
to identify a minimum set of "generic" constraints that could be used to orient and 
position geometric entities belonging to features, parts and sub-assemblies. The 
following quasi-minimal set was used for defining orientation constraints between 
plane pairs, line pairs, and plane-lines: Parallel, Perpendicular, Angle, Coplanar, 
Co-axial. Each of these constraints requires the specification of a reference entity 
and a target entity. A reference entity is considered fixed to a volume which is 
grounded whereas a target entity is considered fixed to the volume being positioned 
or oriented. Only points, planar faces and straight edges are assumed to be used as 
references and targets. The assumption is that either the unit itself is composed of 
such boundaries, or that virtual planes, virtual axes and center/comer points can be 
computed from its boundaries. Also the constraints defined, are with reference to 
the z axes of both the reference and target entities under consideration. The 
coordinate system selected is such that the z axis of planes point outwards (normal) 
and the z axis of lines are along the line. Geometric constraints or relationships, 
when applied to target entities with respect to reference entities, end up restricting 
the degrees of freedom of the target entities. Therefore a target entity with all the 
rotational and translational degrees of freedom(OOF), when related to a reference 
entity will have its OOFs reduced in some way. 

Examples of orientation constraints are shown in Figures 3,4,5. In the Figures, 
'(R)' and '(T)' in refer to "Reference" and "Target" entities, respectively, Tx•. Ty•. 
Tz•, Rx·. Ry·. Rz•, represent the translational and rotational degrees of freedom 
associated with the Target entity, in the x, y and z directions respectively, and all 
angles specified are measured in the "Clockwise" direction, from the reference 
entity to the target entity. In addition to the constraints shown in the Figures, 
Perpendicular(R, T, axis) and Angle(R, T, jJ, axis) in a similar way. Details can be 
found in [BAL 93]. 

The above generic set of primitive constraints was extended to include an 
additional set of constraints, which have been differentiated from the earlier list by 
means of the "oriented" suffix. This set includes: 

Perpendicular_oriented(R, T, axis, (6): Specifies that the angle between the z 
axes of the Target entity T and the Reference entity R is rr./2, measured in the 
clockwise direction starting from the z axis of R to the z-axis of T, looking from the 
positive side of axis 'axis' (either x or y axis). Also the angle between the x axis of 
the Reference entity R and that of the Target entity Tis ·~·. measured in the 
clockwise direction, between x axis of Target and Reference. 

Similarly, Parallel_oriented(R, T, (6), Angle_oriented(R, T,jJ, axis, (6), Coaxial_ 
oriented(R, T, (6), Coplanar_oriented(R, T. (6), were defined. Also, a reverse 
complement of each of all of the above types was also defined. The reverse 
complement (rc) has the z axes of the target and reference entities rotated by an 
additional 180 degrees. Further details can be found in [BAL 93]. 

In addition to the above orientation constraints, we need position constraints. 
This set consists of displacement constraints between two points in either the x, y or 
z directions or in terms of the shortest distance between the two points. The list of 
position constraints which can be applied on any combination of planes and lines 
are defined as follows: 

disp_x(R, T, A): Specifies the distance measure A from the Reference entity R to 
the Target entity T measured along the positive x axis of the Target entity T , shown 
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in Figure 6(a). Similarly, Figures 6(b-d) show disp_y(R, T, B), disp_z(R, T, C), and 
disp(R, T, D), respectively. 

ParaUei(R,T)a The z axis of the Target entity T is parallel to the z axis of the 
Reference entity T. It is applied between planes or lines. The DOF after applying 
constraint are: Tx', Ty', Tz', Rz' 

R T 

(a) PLANE(R)-PLANE(T) (b) PLANE(R)-UNE(T) 

R 
z :-: X y 

T z' 

<f'.·y· 
x' 

(c) UNE(R)-PLANE(T) (d) UNE(R)-UNE(T) 

Figure 3. Parallel constraint. 

Coplanar(R,T): Target Tis in the plane through the reference 
entity R, normal to R's z axis. Applied between 
Plane(R)-Plane(T); DOF after Applying 
this constraint: Tx', Ty', Rz'. 

Figure 4. Coplanar Constraint. 

Co-axlal(R.T)a The z axes of both the Target and Reference entities are 
co-axial. Applied between: Line(R)-Line(T); DOF afer applying this 
constraint: Tz', Rz'. 

R T 

--"'llrl"_y...,. z=--- · • • • • • • • • • • • • • ---J":--y_.~-z·-
x ~ 

Figure 5. Coaxial constraint. 
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(c) 

Figure 6. Position constraint. 

(b) 

(d) 

While using the generic set of constraints to express geometric relationships, it 
was observed that recurring combinations of constraints were often encountered. An 
example of this is the "Disp_z" and "Disp_x" constraints being applied repeatedly in 
combination with orientation constraints like "Perpendicular_oriented", 
"Parallel_oriented", etc. Therefore, some macro-constraints were defmed, cmnposed 
of the generic primitive types, such as" Against-oriented". 

6.3.2 Constraint based Feature definition 

Combinations of orientation and the position constraints can be used to describe 
spatial relations between geometric entities within features, between features, 
between parts and between sub-assemblies. In the example shown in Figure 7, 
constraints have been used to orient a slot on a block. 

Agalnst_orlented (B.f5, S.f5, 0) 
Dlsp_y(B.f5, S.fS) = 0 
Dlsp_x(B.f5, S.fS) > 0 
Dlsp_x(B.f5, S.fS) < (B.width
S.width) 

f6 

Explanation: Faces B.fS and S.f5 are constrained to be in the same plane, with 
normals pointing; in opposite directions. This displacement Constraints impose 
"Motion Limits" on the Slot, so as to prevent it from being instanced or moved, 
out of tbe block. 

Figure 7. Declarative positioning of a "slot" on a "block". 
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The geometry of the block and the slot can themselves be expressed in terms of 
these constraints. In Figure 8 macro-constraint are used to define a 
"Subtractive_ Vol_Feat_Prismatic", which can be further decomposed into primitive 
constraints. 

,.-------------., Parallel_oriented_rc(fl,f3,0) 
allel_oriented_rc 

g_z(fl,f3) ,__..:=========::::: 

allel_oriented_rc 
g_z(f2,f6) 

........ _____ ... 
t. _____________ .J 

Macro-Constraints 
(fll'st level) 

Perpendicular_oriented(f3,f2,x,90) 

Parallel_oriented_rc(f2,f6,0) 

I . ...._ __________ ___. 

·------------------------
Primitive Constraints 

Figure 8. Example: constraint hierarchy for a macro-constraint. 

6.3.3 Constraint Representation 

It was decided to represent the system of constraints as a graph. This is mainly 
because the method for constraint solution/validation requires a constraint graph as 
input. The ease with which appropriate information can be accessed when the 
information is modeled as a constraint graph, also had a major role to play in 
making this decision. The nodes of the constraint graph are geometric entities and 
the arcs are constraints. Each feature has a constraint graph associated with it. Thus, 
when a feature is instanced, the constraint graph associated with it gets instanced. 
Feature based part modeling and feature based assembly modeling can then be 
performed by expressing relationships between nodes of these constraint graphs. For 
example, if a pocket is to be placed on a block, a pocket and a block will first be 
instanced. Then geometric entities of the pocket and the block will be related so as 
to position and orient the pocket on the block. The resulting constraint graph is 
shown in Figure 9; the arc connecting the nodes of the two constraint graphs 
represents the relationship between the pocket and the block. The symbol "Vf' in 
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the Figure denotes virtual face, which are needed for volume closure. 

Poc:kd_oa_bloct 

Constraint graph of a "block" Constraint graph of a "pocket" 

Figure 9. Constraint graph for "pocket" in "block" 

To express the constraints, we selected ARL (ALICE Rule Language), [URB 
89, WAN 91] a Constraint/Rule Language developed for active databases with an 
object oriented view of data to express constraints. Each ARL rule is translated into 
an internal structure, called a rule node, that groups events, conditions and actions 
together. The entire set of rules are organized as a linked list of rules using the 
"next" field of the rule node. Each component, i.e. the event, action and condition 
components has a structure associated with it. As multiple actions and conditions 
are supported, action and condition nodes also have the "next" field. Of the three, 
the condition node is the most interesting, as it organizes a condition in terms of 
"quantified" expressions, "where" expressions and "logical" expressions. Logical 
expressions in turn have a tree structure representation, which is flexible enough to 
store many different syntactic structures. 

6.4. CONSTRAINT VALIDATION/SOLUTION 

This method bas been developed based on the assumption that, features, parts and 
assemblies are all represented as constraint graphs, and the inferencing method 
being proposed is based on this graph structure. There are some general purpose 
constraint solvers that have been developed, such as the TLA Machine [KRA 92]. 
These systems do not care about the semantics of the constraints i.e. they do not 
concern themselves with the origin of the constraints, whether they come from 
mechanisms, part features, or assemblies, etc; we simply supply them with a set of 
geometric constraints, expressed in a generic way, and they will determine (a) if it is 
possible to satisfy the set of constraints (b) the values of dependent parameters that 
will satisfy the constraints. Sometimes, the process yields multiple solutions. This is 
an offshoot of the VGM method. We have written a translator to the external 
Constraint Solver[SHA 94]. Further details of such a system can be found in [KRA 
92]. 

6.4.1 Graph Manipulation 

We can simplify the constraint graph, or re-structure it, by geometric reasoning, 
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using the Graph based Geometric Inferencing Method [BAL 93]. The main 
characteristics and steps to be followed for this method will be explained with the 
help of an example: Consider the part shown in Figure 10.a which is represented by 
the constraint graph shown in Figure 10.b. The figure contains a part which has 
been modeled by placing slots S 1 and S2 on a block B. The block B and the slots S 1 
and S2, all have constraint graphs associated with them, defined in terms of 
geometric entities and relationships between the same. As shown in Figure 10.b, the 
constraints defmed to model the part are: 

1 "parallel" constraint between face 19 (on slot, S1) and face f1 (on block). 
2 "against" constraint between face f11 (on slot, S2) and face f1 (on block). 

(a) 

R T R T 

R T R T 

R T R T R T 

~ 
Figure 10. Chain reduction process. 

Suppose we need to determine the relationship between face f7 (of slot S1) and 
face f12 (of slot S2), is to be determined. The ftrst step is to locate the two nodes of 
interest in the constraint graph. The traversal path from one node to the other is also 
to be identified. Standard graph search algorithms like "Depth first search" 
algorithm can be used for this purpose. Therefore, in the above mentioned example, 
the path between faces f7 and f12 would be f7 - f9 - f1 - f11 - f12. Starting from 
either of the nodes the graph has to be traversed so that a chain consisting of three 
nodes and two arcs connecting them is reduced to two nodes (i.e., the first and the 
third nodes) separated by a single arc. This step has been illustrated by the first 
chain in Figure 10.c. We have tabulated some geometric reasoning principles that 
can be used for this purpose [BAL 92]. Stated very simply, these rules prescribe the 
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relationship denoted by the single arc that replaces two arcs. Application of these 
reduces the graph between f7 and f12 in the sequence shown in Figure lO.c. 

This is thus a very simple and effective method of inferencing implicit 
relationships from explicitly stated ones. All it requires is an algorithm to perform 
graph search, an algorithm to traverse the graph and so also an algorithm to look-up 
the relationship from the tables. This is a useful facility in feature mapping between 
viewpoints. 

6.5. IMPLEMENTATION ENVIRONMENf 

The meta-data schema of the constraint class, and its relationship to the rest of the 
meta-schemas of our product modelers, is shown in Figure 11. 

r------------------------------1 
I 
I 

------------------I Meta_ data from 1 

I 

~------------------------------
Constraint_ Class 
Definition Relevant part of rest of Meta_ data 

Figure 11. Schema definition for "Constraint" Class. 

As shown, the Constraint class has the following attributes: 

1 Constraint name 
2 Assembly entities (FBAM) 
3 Feature entities (FBPM) 
4 Geometric entities (FM) 
5 Subtypes (of class) 

The FBAM, FBPM, and the FM are the list of entities that are specified while 
defining the template. New instances of entities are not made when they are 
associated with the "Constraint" class. Instead, the unique "Object_id" of the 
instance of "Entitydefinition" is stored, thus avoiding data duplication. A brief 
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description of the principal modules is given below: 
Constraint Hierarcbv Mo<lule: The main purpose served by this module is the 

viewing of the constraint classes that bave been defined, the sub-classes tbat a 
particular constraint class is made up of, and the creation and usage of macro
constraints. Information regarding the applicability of the constraint class bas been 
included to guide the user while instantiating constraints. Options for "Instance" 
constraints and "Modify" the constraint classes are provided. The instance button 
when selected, activates the "Constraint Instantiation Module" . Figure 12(a) shows 
a portion of the Hierarchy window superimposed on top of the Instantiation 
Module. Other options available are- Make Class, Delete Class, and Modify
Template. 

Figure 12a. Implementation environment. 

Constraint Class Definition Module This module bas been implemented to 
facilitate the interactive definition of new constraint classes. The user is required to 
specify the name of the constraint class being defined and so also the domain of 
applicability. Two functions that are available in this window are the "Define 
Constituent Classes" button and the "Define Template". The constraint classes that 
bave already been defmed (including macro-constraints) are displayed in the list, so 
that a new macro-constraint can be created using combinations of the existing ones. 
The window that is activated to define a template for a constraint class for feature 
based part modeling applications, is as shown partially in Figure 12(b). The features 
and the entities belonging to each feature, that can be related by means of the 
constraint being defined, have to be identified. Thus the panel on the right side of 
the window, contains a list of features that have been defined. Once a particular 
feature is selected, the geometric entities belonging to that feature, that can be 
related by the constraint being defmed, is identified as shown by the superimposed 
window in Figure 12(b). A similar set of facilities is available for the creation of 
templates for assembly modeling applications. 
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Figure llb. Implementation environment. 

Constraint Instantiation M<XIule: The template for feature modeling, contains an 
entity list which essentially is a list of all instances of geometric entities, that can be 
related by the constraint being instanced. So in the case shown in Figure 12(a), the 
instances of "Faces", "Edges" and "Axes" have been listed, as this constraint class 
can be applied between all of them. This information is obtained by querying the 
"Actual Database". The template for part modeling is different in that it contains 
information in two lists. The ftrst list is the object list which is a list of the 
identifiers of instances of features that can be related using this constraint class. 
This information is specifted during the template deftnition and the information in 
the list is obtained by querying the "Actual Database" so as to obtain the instances 
of features specifted. The second list called the entity list contains a list of entities 
associated with these features, that can be used to express the constraint. This 
information is obtained by querying the meta-data associated with each of the above 
mentioned features. Thus the two lists, i.e., the entity list and the object list are to be 
used to enter the required information in the "Condition" node. Once a constraint 
has been expressed using these templates, an option is available to check for the 
validity of the Rule/Constraint expressed. 

Constraint Checkina Module: Constraints entered in the templates have to be 
checked for the (1) Syntax (2) Entity, Attribute and Instance usage. An ARL 
compiler which checked the validity of rules was already available. However, this 
compiler had not been implemented on a database, and required that the meta-data 
be available in a me in a speciftc format. It was thus decided to modify the compiler 
so as to perform validity checking by querying the meta-database every time a rule 
was to be checked. So whenever a rule is to be checked, the modifted ARL compiler 
queries the meta-database and genemtes lists of the following: 
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1 Entities 
2 Entity hierarchy 
3 Attribute definitions 
4 Single value attributes 
5 Multi valued attributes and 
6 Disjoint entities. 

The compiler then checks the rule for validity and the instanced constraint is 
stored in the meta-database, so that it can be used at a later point of time as and 
when required. 

Constraint Storaae in Meta-data; Instanced constraints have to be stored in the 
meta-data under a separate constraint class for future use. A structure similar to the 
internal representation of ARL has been created in the meta-database and 
constraints found to be valid can be stored in the same. Also, as and when 
relationships between geometric entities are expressed, constraint graphs are either 
created, or modified as the case may be. This constraint graph can then be used to 
perform either Graph based Geometric Inferencing Method (GGIM) to infer implicit 
relations from explicit ones, or sent to the external Constraint Solver to solve the 
entity location problem. Right now, constraint graphs that are created or modified 
are stored in a file in a specific format. This file can be used to perform either of the 
above applications. 

6.6. DISCUSSION 

Both the D-FBM and P-FBM presented here have certain inherent advantages and 
disadvantages which we will now discuss. 

When features are described using the P-FBM approach, procedures are 
associated with them, making them implementation dependent. On the other hand 
when the declarative approach is used, features have a set of relations associated 
with a set of low level geometric features. These constraints can be described in a 
'neutral' format, such as that proposed here. Therefore, the definition of features is 
decoupled from the implementation in D-FBM. It can be said that D-FBM provides 
a neutral building block approach to feature based modeling, which has the 
following potential benefits: 

feature Data Exchanae: STEP already supports the exchange of shape 
information, but that only suffices for "snap shot" type, static data transfer. 
Important inter-feature and intra-feature relations are lost in the transfer. The 
addition of standardized constraints will enhance the semantics of the product model 
that can be exchanged. It is critical to have this information for feature data 
exchange, because the primary purpose of features is to capture geometric 
relationships. 

Feature MaP.Ping: One of the driving forces behind the evolution of the concept 
of "features" was the desire to integrate design with downstream applications like 
manufacturability evaluation, process planning, workpiece selection and so on. 
Since feature are viewpoint dependent, the design model has to transformed to the 
application viewpoint, which requires knowledge of the relationships that exist 
between different features or the relationships that exist between different geometric 
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entities within features. When the procedural approach is used, information required 
for these applications is typically obtained by sending a query to a solid modeler 
which is dynamically bound to the feature modeler. The solid modeler, then 
performs certain operations on its data structures and sends back the reply. This 
requires deduction and computations involving manipulation of the data structure 
within the solid modeler. On the other hand if D-FBM is adopted, the information 
regarding spatial relations between features and the geometric entities is either 
available, or can be obtained by the GGIM algorithm earlier. 

Feature Ubraries: In FBM one needs to define and store generic feature classes 
in a library. The definition of features can be done by capturing a construction 
procedure in a parametrized form (P-FBM), or it can features can be synthesized by 
using the constraint building blocks (D-FBM). The latter provides advantages in 
three areas: feature location, constrained parameter derivation, and feature 
validation. In the P-FBM approach one must define special rules/procedures for 
every situation in which the feature will be used. For example, putting a through 
bole in block vs putting one on a sphere: the determination of bole location, hole 
depth, and size/position limits will be in the form of special rules, i.e. one version of 
the feature for each type of parent. However, the D-FBM constraints are general, so 
only one feature definition can cover different contexts. For example, in the ASU 
Testbed features are described using the procedural approach; they have a set of 
inheritance and validation rules/procedures associated with them. Of these, the 
inheritance rules facilitate the process of propagating changes, when changes are 
made to the dimension values. The rules actually establish a unidirectional chain for 
change propagation. The order in which procedures are used is pre-determined. 
Also, changes made to the location of modeling units, are propagated by using the 
face and coordinate system attachments defined while instancing the modeling 
units. On attaching a modeling unit to a face, the transformation matrix associated 
with the face gets attached to that of the modeling unit. Subsequently, every time a 
change is made, change propagation is achieved by re-evaluating the transformation 
matrices associated with each of the modeling units. On the other band, if the 
declarative approach is adopted, every time a change is made to the position or 
orientation of a geometric entity, all the constraints will have to be checked to see if 
they have been violated. Change propagation will take place only if all the violated 
constraints are satisfied once again. This will mean that, if for instance the 
geometric reasoning based inferencing approach (KRA 92) to solving geometric 
constraint system is used, the entire algorithm will have to be applied on the 
constraint network, every time a change is made to any geometric entity, so as to 
satisfy the violated constraints. This is not a trivial task, and the overheads involved 
are significant. 

Unification of FfG and GtF: Since D-FBM only describes conditions that a 
feature needs to satisfy, it does not assume whether features are recognized from 
geometry (FfG), or geometry is created from feature (GtF). The same feature 
definition can be used by both approaches. If FfG is used, the recognition method 
needs to determine if the constraints are satisfied. This is even independent of the 
particular FfG technique used (Rule based, Graph based, etc.). P-FBM assumes the 
GtF approach. Using D-FBM, it is possible to create hybrid systems that allow a 
part to defmed by any combination of FfG and GtF definition methods. 

On the negative side, a problem associated with the D-FBM is that there always 
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exists the risk of the user specifying a set of relationships that are conflicting in 
nature. Therefore, a Constraint Solver is needed. This problem however, is not 
experienced when the procedural approach is adopted, which is primarily because 
there exists a parameter hierarchy at all times. So immaterial of the nature of the 
constraints, the parameter hierarchy is used to resolve conflicts, if any, and the 
procedural approach always arrives at a solution without having to use an external 
system to identify and resolve any conflicts that may exist 

We see that the trade-off between the Procedural approach and the Declarative 
approach is specialization vs generalization; many features for each context 
containing high level of information in P-FBM vs few general procedures with 
specific information that needs to be derived in D-FBM, and cannot be derived in 
some cases. 

Another factor that one needs to consider is the thinking process designers. At 
the conceptual design stage, designers normally identify an overall structure for the 
product, so that it fulfills the required functions. Design steps are then performed to 
convert the functional constraints into constraints on the parameters and behavior of 
the component/components being designed including geometric constraints that 
constrain the geometric shape and size of the component being designed. 
Satisfaction of these constraints often result in new constraints requiring to be 
satisfied. Therefore, one can claim that design is "constraint driven", the design 
process involves the recognition, formulation, evaluation and satisfaction of 
constraints. 
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