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Abstract

This paper describes a parametric system for Computer Aided Manufacturing (CAM).
Exigting parametric systems enable the development of smple Graphical User Interfaces (GUIs) for
generaion of parametric models. They do S0 at the expense of modd generation flexibility, ease of
entity parameter modification and non-declaration of entity reaionships. Functional modeling (FM)
alows unrestricted moddling by developing modds using mathematicd functions. The functions can
directly refer to any point or aitribute of any entity in the mode. Rdationships are automaticaly
defined by dependent point structures and entity mathematica function declarations, iminating the
need for additiona relaionship. The paper dso detals the structure of entity rdationships in a
parametric system. |n addition the structure of Multilayered Entity Relaionship Matrices (MERM)
which ensure relaionship integrity and a method for developing parametric systems based on the
MERM sructure are defined. This paper details the theoreticd system design work conducted
during development of the Caddsman Parametric Modelling System (PMS).

I ntroduction

Parametric Moddling (PM) is the controlling, modifying or manipulation of grgphical entities
using mathematicd varidbles (parameters). In PM, mathematica variables describe the attributes of
an entity rather then a numeric vaue. By describing CAD modes using parameters, the user is able
to adjust or updeate the attributes of the entity by changing a parameter. Vector grgphicd entities,
such as lines, circles and squares are usualy designed to describe red world objects. By making
entities parametric, the modd may be tailored to meet a design for multiple Situations and/or design
requirements without the need to generate an entirely new modd!.

The concept of PM lies at the root of CAD sysems. CAD systems use GUIs such as
computer monitors, plotters and printers to display visud representations of mathematical defined
vector entities stored on computer.  GUI tools such as extend, trim and dretch modify an entity’s
parameters by redefining the value ingde the parameter using a graphicd interpreter. The user has no
control over the interpretation process.

The objective of CAD based PM is to dlow the user to modify the parameters by directly
inputting a numericd vaue. The mathematica definitions for dtering individud parameter vaues and
the supporting system sructure for a functiona modelling sysem is discussed in [1]. This paper
contains the conceptua design information for developing the structure and dynamics of a successful
Parametric Modelling System (PMS) based on the FM process and the basic processing agorithm
used to design the Caddsman Parametric Moddler program.  With the introduction of recent
Computer Aided Process Planning (CAPP) developments, the need for dynamic modelling and the
ability to declare additiona infomation directly on the modd have become mgor issues [6 - 8 and
10]. This paper attempts to provide viable solutions to these problems.



Functional Modelling (FM)

FM is the direct and accessible declaration of entity attributes or points using mathematical
formulae in the form of modd referencing functions. In order to ensure maximum flexibility of the
modelling system, FM must dlow direct reference access within a function to any point or atribute
contained in the modd. The generated function must be able to include more than one reference
parameter (variable) from the modd and dlow inclusion of numeric vaues.

The Parametric Moddler program derived from the FM system aso dlows inclusion and use
of any Excd worksheet function (including referencing of entity parameters ingde Excd functions)
that returns a single vaue, and the combination of multiple Exce functions, points or atributes and
numeric vaues when forming the functions for defining the modd. The advantages of defining a
modd by using referencing functions are the automatic generation of full relationship structures™ and
dynamic modd dructures, the ability to mathematically define object’s structures and movements,
and the ability to include any vaid Excd mathematica functions when defining the modd.

Such advantages derive from the FM capacity to store modd information as dynamic
functions. When cdlled these functions are caculated, generating graphica entities for the CAM
system. All the function information is then stored, dlowing the direct modification of the function at
alater time. This method is unlike that of existing models which use compiled PM Ss that query the
user for data then generate their own interna bit functions. The user never has access to the function
and is redtricted to using/dtering parameters which are included in the compiled files The user
cannot access other mode points or attributes in the generated functions and the system cannot
ensure unrestricted access or definition of dl Entity Relationships.

Entity Parameters

While entity attributes are characterigtics of an entity, entity parameters describe an entity’s
atributes. Those parameters however are not entity attributes. Severd entity parameters may
condtitute a definition of an entity atribute. Figure 3.1 displays the definition of the parameters that
condtitute the pogition of the start and end points of a line. Cartesan co-ordinates for Point 1 and
Point 2 define the gart and end points of entity Line 1. With PM the user is able to directly define
the vaues for these co-ordinates. By varying the position of the line, and subsequently, the values of
the parameters, the user can redefine the length attribute of the entity Line 1.

Point 1 (x1,y1,21) Definition of Line parameters Point 2 (x2,i2,22)

Egl: Eg2:

LineL: (x1= 0, yl= 0,21 =0) (x2 =100, y2=100,22 = 0) LineL: (x1= 0, y1= 0,z1= 0) (x2 =100, y2=100,22 = 100)
VectorLength=/(x2 - x1)? + (y2- y1? +(22- Z1)? VectorL ength= 1/(x2 - XD)?+(y2- y)2+ (z2- A)?
=4/100% + 100° + O =4/1002 + 1007 + 1007
=141.42 =17321

Figure 3.1 - Different Co-ordinate sets describing a line, and the resultant vector lengths.
Figure 3.1 demondtrates the effect of increasing the z parameter in example 2 from 0 to 100. The
dteration of the co-ordinate position increases the length atribute of Line 1 by 31.79 units. Other

! Refer Multilayered Entity Relationship Matrices (MERM)



entity attributes such as Line Colour, Style, Weight and Layer are sSingle parameter attributes. Single
parameter attributes are attributes, which have only a sngle variable describing them. The Stuation
described in Figure 3.1 isthat of amultiple parameter atribute. The length of Line 1 may be dtered
by changing any of the entity’s co-ordinate podstion parameters.  Redefinition of an entity’'s
parameters can occur at any of the three information levels where entity parameters are sored. The
informetion levels are: 1) Operating system, 2) Application, 3) Data File. To use FM as a viable
parametric method, the data generation and modification should be conducted at the tertiary
informetion leve.

Entity Relationships

Entity relationships dictate the effects that an dteration to the parameter value of an entity will
have on the attributes or postion of al other entities defined in the modd. Reationships define the
nature of the modd, the effects and scope that changes to parameter vaues will have on other
entities in the modd, and the possible modd complexity which can be achieved using the PM system.

(a)No Entity Relationship | ( b)Indirect Entity Relationship |(c)Direct Entity Relationship
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L1 and L2 are not related, therefore as L1and L2 are related, therefore as X The length of L2 is reliant upon the length of L1.
X modifies the length of L1,the position modifies the length of L1, the position When the lengthog L1 is increased, the length
of L2 should not change. of L2 should also be modified. and position of L2 is change in accordance.

Figure4.1 - Entity Relation Definitions

Each of the scenarios displayed in Figure 4.1 represents the relationship definition options. The
three types of entity relationships possible are:

1) No Entity Relationship: Modification of the firgt entity’s attribute does not affect any attribute or
position point of the second entity in an entity pair? (Scenario 1).

2) Indirect Entity Relationship: Modification of the firs entity’s attributes results in a postion
change of the second entity in the entity pair (Scenario 2).

3) Direct Entity Relaionship: Modification of the firg entity’s attribute changes an attribute of the
second entity in the entity pair (Scenario 3).

Figures 4.1(a), (b) and (c) describe reationship types 1, 2 and 3 respectivedly. When
determining entity relaionships for a parametric sysem, the defining rdationship should be
congdered as the highest in the rdationship hierarchy that exists between the two entities. For
example, in scenario three, Line L2's length attribute is rliant upon the length attribute of Line L1,
creating a Direct Entity Relationship between the entities in terms of the length attribute. A second
relationship existsin scenario 3. Line L2’ s pogtion isaso rdiant upon the end point of Line L1 asis
the length of Line L1. This Stuation creates an Indirect Entity Relationship between the two entities.

2 Entity Pair: Any two entities contained in the model. It is essential that entity relationships can be, and are defined for all entity
pairs.



When congtructing relationship matrices, the definition of the rdationship between Lines L1 and L2
should be congdered a (3) Direct Entity Relationship as this is the highest defined relation between
the pair.

Multilayered Entity Relationship Matrices (MERM)

The Multilayered Entity Reationship Matrix provides solutions to the problems of entity
definition, solid modding and ECV PM. MERM provides entity relationship definitions with the use
of Dependent Point Variables (DPV). A Dependent Point Variables Matrix congtitutes a collection
of Dependent Points (DP). DPs define the position of a grouped set of entities defined as an object.
Dependent Points anchor entities to themsdves and define entity relationships between other entities
and other objects. Unlike ECV PM, MERM dlows parametric control over both related entities
within an object and entities in other objects. Also unlike other parametric systems, entities can
operate independent, semi-dependent or dependent upon their object.

The multilayered entity relaionship matrix uses two methods to define relationships between
al entities in the modd. The firg is Dependent Point Variables and Entity Point Varigbles matrix
dructure.  The second is an overriding technique for directly referencing other entity attributes.
Dependent Point relaionships can only provide indirect entity relationships or no entity relationships
between entities from two different objects. The overriding technique alows entity attributes to be
modified by other entity’s atributes, even entities not contained in the same object. This technique
provides a direct accessing method for referencing any externd attribute not contained in the current
entity. If an externd attribute is referenced, the value of the current parameter becomes dependent
upon the vadue of the externd parameter, therefore defining a direct relationship. If an externd
parameter is not referenced during the definition of the current parameter, then the entity relationship
with dl externd entities reverts back to the DP reationship (indirect or no entity relationship).
Figures 5.1(a) and (b) display an example of this concept. The postion of L4 is rdiant upon
Dependent Point 1 (DP1).

Situation1 Situation2 Situation 1 Situation 2
OBJ1 OBJ2 OBJ1 OBJ2 OBJ1 OBJ2 OBJ1 OBJ2
L2 L2 L2 L2
L1 L4 L5 L1 L4 L5 L1 L4 L5 L1 L4 L5
L3 bP1 pP2 13 bP1 bP2 13 bP1 Opp, T or1 Ypp2
L3 Length=L4_X1-L1_X1=10-2 L3 Length = L5 Length=8 L3 Length=L4_X1-L1 X1=13-2 L3 Length=L5Length=8
DP2=DP1+5 DP2=DP1+5 DP2=DP1 +5 DP2=DP1 +5
DP1=10,L1_X1=2 DP1=10 DP1 =13 DP1 =13
Figure5.1(a) - Initial scenariosfor 1) a Figure 5.1(b) - Effects for each scenario
relationship between L3 & L2; 2) a of updating L2’ s length attribute

relation between L3 & L5

In Stuation 1, the standard entity reationship exists, which may be defined usng solid
modeling techniques, etc. The length of L3 is dependent upon the postion of L4 and L1. In
Stuation 2, L3 s length is rdiant upon the length of L5. The introduction of L5 as a parameter in the
definition of L3's length has overridden the rdationship, which exiged in Stuation 1. When the
postion of L4 is modified in Stuation 1, the length of L3 increases from 8 to 11. In Stuation 2,
because the length of L3 isrdiant upon the length of L5, not the postion of L4, the length of L3 does
not change. This method of overriding entity reationships is important to define before the matrix



sructure definition because it displays how the relaionship problem can be solved, dlowing every
entity to have any other type of relaionship with any other entity in the modd.

Merm Matrix Structure

DPs are used to define rel ationships between groups of entities without the tedium of defining
every entity relaionship combination. The DP describes the Indirect position relaionships, or lack
of, between the entities contained in an object and entities contained in other objects. A direct
relationship to an individua entity parameter will override the indirect rdationship crested by the DP
(relaionship hierarchy).

The relaionship mairix structure occurs with at least two layers. The lowest or Primary
Matrix contains the individud entity atribute rdaionshipsinformation. This matrix is where DP
relationships are overridden by the overriding technique of entity attribute referencing as described
previoudy. The primary matrix will only contain more than one column if the object is not a basic
entity type and internal relaionships between ‘sub-entities are required. Primary matrices are
defined by the method of entity definition by the CAD system. The Secondary Matrix defines entity
relationships within the object. An example entity relaionship matrix was developed for the objects
displayed in Figure 6.1 and is displayed in Figure 6.2.

For OBJ1(DependanY ariable= DP1)

Relationshp
OBJ1 OBJ2 L1 L2 L3 L4

Lo Secondary Matrix 1: 11é3 2 2 3u
, é a
L1 L4 L5 DP1= LengttRelationsipL2g2 3 3 2y
L3é2 3 3 240
1 1483 2 2 3
L3 DP1 DP2

For OBJ2(Dependany ariable= DP2)

Relationstip

) DP2 =L engthRel ationstp L5
(Primary and Secondary Matrix 2) L5 [3]

Figure 6.1 - Model and Primary Entity Matrices

. . DP2 L1 L2 L3 L4 L5
Tertiary Matrix = o, L] L1é3 2 2 3 1uU
_ . 12&2 3 3 2 2§
Resultant Secondary Matrix = LengthRelationship &>, 3 3 5 20
L1463 2 2 3 1y
I5€1 1 1 1 3H

Figure 6.2 - Tertiary and Resultant Secondary Matrices

Where 1 = No Entity Relationship, 2 = Indirect Relationship, 3 = Direct Relationship
The Secondary Matrices displayed in Figure 6.1 consequently produce a Dependent Point Matrix -
Tertiary Matrix. The Tertiary Matrix defines the relationship between the objects and consequently
affects relationships between al entities. The Resultant Secondary Matrix is the effect modifications
upon any entity will have on the other entities within the objects. The Resultant Secondary Matrix is
not a combination of secondary matrices, it is the product of relationship calculations defined usng
the Relationship Formulae.



The Resultant Secondary Matrix defines dl relationships for entities contained in two or more
objects and can be redefined using the overriding technique defined previoudy. When defining
parametric reaionships, the relationship should default to the highest rdationship defined in the
parameter. For example, if the definition of the length of a line entity contains a complex function
including a direct and indirect reationship with another entity, then the rdationship should be
described as a Direct Relationship.  The entity relationships for any entity pair in the model may be
cdculated using the following formulae:

Definition of Relationship Forumlae:

1 R wheren = numberof entitiesbetweerpar  Therefore i1 0EX<1
x =iz Ry =entity parrelaionsiip Relationgfip (R)=12; 1£X <2
n andi = currententity pair %3 2£X <3

Mathematical Definition of Parametric Attributes

The parametric attributes of al entities are described by numeric vaues. When CAD models
are generated, usualy these numeric values represent red life quantities. The result or thisStuation is
that the virtual geometric space created in a CAD system may be equated to distances, for example
aline entity 50 units long may equate to a corner of an object 50mm’slong. The co-ordinate system
and red life measurement of scale of the entities in the model should be specified on the modd (ie.
50 units long may refer to ared length of 50 meters or 50 centimeters). An example of parameter
points and attributes for a Line entity are displayed in Table 7.1.

Table 7.1 - Line Entity Definition
Entity Line

Type:

Attributes. | Start Point
End Point
Layer
Syle
Colour
Waeaght

In order to define the attributes of an entity, such asthe ones displayed in Table 7.1, numeric
vaues must be specified for the attributes parameters. The parameters that define the starting point
of aline entity are (x1, y1, z1). These parameters contain numeric vaues, which specify where the
Line entity is to begin (in Cartesan Co-ordinates). To define the start position the user must define
the parameters, for example

Ex 1. Start Point:  x1 =50, y1 =280, z1=0

The end point is defined in the same manner
End Point: x2=100,y2=80,z22=0



The parameters that define the position of the entity may aso be described usng mathematica
relationships and other parameters:

Ex 2. Start Point : x1 = (x2)/2,yl=y2, z1 =72,
End Point : x2=100,y2=80,22=0

In Ex 1. the resultant starting and ending co-ordinates are : Start Point = (50, 80, 0), End Point =
(200, 80, 0). Ex 2. results in exactly the same co-ordinates, Start Point = (50, 80, 0), End Point =
(200, 80, 0) but the definition of the relationship is different. Ex. 2 uses a parametric relaionship,
where x1, y1 and z1's positions are reliant upon the position of x2, y2 and z2. If the position of x2,
y2 or z2 is changed, the pogtion of x1, y1 or z1 dters dso. For example, in example 2, if y2 is
changed from 80 to 100, because y1 = y2, and now y2 =100, y1 = 100. In Ex 1, if y2 is changed
to 100, y1 = 80. Thereisno parametric relationship between the two attributes.

Entity Relationships Using Par ametric Definitions

The three entity relationship types discussed above are defined by the effect the modification
of one entity will have on another. This method of definition may be described usng mathemetical
definitions and parametric rdaionships. These entity relationships can al be described using
mathematical rdlaionships. In basic terms®,

- Direct mathematicd relaionship is any parameter that is changed that does not produce
a correponding change in other parameters which describe the attribute.  The change
results from a mathematical relationship with another dependent parameter defined in a
separate entity.

- Indirect mathematica relaionship is when the dependent parameters describing an
attribute have the same congtant applied to each dependent parameter. The congtant
refers to a dependent variable defined in a separate entity

- No mahematica rdationship describes the case where no rdationship between the
dependent parameter and the externa entity. There is no direct or indirect incluson of
parameters from the second entity in the entity pair in the formulae for the first entity.

A detailed example of the mathematicd rdaionshipsis defined in Figure 8.1.

3 The term ‘basic’ is used in this situation because the ability to override relationships makes the possibilities for altering the
situation virtually endless.



EntityType LineEntity

EntityName Linel

AtributeLength

L engthDependantParametersStart Poi nt EndPoint
*|f yl= y2andz1=22

Dealingwith xlandx2

WhenExternalEntity=Line2

Situationd: if

x1=0 & x2=Line2.x1

Length=x2-x1=Line2.xx0

Lenght = Line2.x1 - Directrelationsiip - x 1doesnotcontainLine2.x Jparameter,

theeforetheline2.xtermcausesvariatiorin thel engthof line

Linel itisnotconsideredanattributeonstant

Situation2:if

x1=Line2.x1& x2=Line2.x}# 50

Length=x2-x1=[Line2.x}# 50]- Lin2.x1

Length= 50 = Indirectrelationstip - xlandx2 bothcontainLine2.xJparameter
referencesthereforehenetlengthincrease= 0

Situation3: if

x1=0 & x2=50

Lengthex2-x1=50-0

Length= 50 = Noentityrelationstp - noreferenceés madetoanyexternalentity
parameters

Figure 8.1 - Mathematical definition of Relationships

As described previoudy, Direct relationships dter the entity attribute, Indirect relaionships
dter the postion of the entity and the No Entity rdationship has no effect on the atribute. Indirect
relationships require more effort to define than Direct rdationships because al the parameters
affecting the atribute must be changed to include the externad parameter congtant.

The parameter congtant may be considered asa ' Virtua Congtant’. The ddlta product of the
attributes parameters = 0 and therefore, the position of the entity is modified but the numeric vaue of
the entity remains the same. For the length attribute of a line, the effect of each relaionship type may
be considered as:

Direct Relationship ® Increase/Decrease of Line length
Indirect Relationship ® Movement of line, no length change
No Entity Relationship ® No pogtion change, No length change

With FM the mode is dmost entirdly composed of referencing functions which can include
reference to any parameter in the model. As a result, any relaionship type can be generated
between any pair of entities, making the modd’s dructure and behavior posshbilities only restricted
by the geometric area defined by the CAD/CAM program and/or the size of caculations which can
be computed by the spreadshest. Additiond redtrictions may be placed on the model when using
higher order GUI. These redrictions are diminated by goring the definitions as mathematica
functions and giving the user the ability to reference any entity parameter when defining a function,
thereby maximizing the flexibility of the PMS,



Functional Modelling Algorithm

Using the MERM structure developed previoudy, an agorithm was created to produce a
working Functiond Moddling process. The agorithm utilized the caculation engine available in
Microsoft Excd to conduct the complex matrix caculations for defining entities and increase the
number of usable functions available when developing function declarations. Figure 9.1 displays the
module dructure of the processing dgorithm available with the Caddsman Parametric Moddler
sysem.

MICROSOFT EXCEL

A) 4
Cic?nFroI * *

1 C) Objects D) Objects E) Entity
l Workshee -5> Interprete -6’ Definitions

2 | 11
Control
1 2 12

3
7
/_\
PARAMETRIC
LINK
CADDSMAN F)teed
MODELLER Parameter
52T H) Insert 1) Import
. Dialog *8 Entity From
Caddsman
G) Generate
Modeller
\ 9 Entity
Naofintinn
/ 10

Figure 9.1 — Functional Modelling System

The following description of the adgorithm displayed in Figure 9.1 uses reference to the
bracketed letters {A...I1} and numbering {1...12} to refer to aspects of the agorithm. A referring
letter defines a component of the agorithm and a number refers to the information transfer between
components.



Control didogs {A} and control macros {B} provide a method for developing high end interfaces
for generd users to develop a generic model. The vaues in the didog generdly refer to centra
model aspects or animation settings.  The information from the didog can be interpreted by the
macros { 1,2} and then included on the object sheet { C}, interpreted by the macros and formatted
directly {3} into parameter declaration then output to the Entity Definitions Worksheet { E} or placed
directly {4} from the dialog box in to the object sheet { C}.

The object worksheet {C} contains the function declarations, the object structures and
movement declarations for the modd. All rdevant information is declared on this sheet or directly to
the entity definitions worksheet {E}. The interpreter {D} provides a cadculation engine for the
function declarations on the objects worksheet and is congtructed from a generic excd Visua Basic
for Applications (VBA) macro. The information is read by the interpreter {5} from the object
workshest, calculated on a dummy worksheet using an interpretation process [2] and the resultant
function cdculations are fed {6}to {E} for interpretation by the parametric link. [2] detalls the
interpretation process and the format of object sheets, functions and component structures.

The parametric link provides a Component Object Module (COM) engine for reading entity
parameters {7} from the Excd object sheet and creating the declarations in a modd {9}. The
interpretation engine which reads the parameter values {F} and generates the necessary entity
declarations { G} cycles through each entity creation for each frame of the animation. The resultant
entities are created by the modelling program and included in the modd. Methods for defining
functions {1} and importing entities {H} into an object worksheet {C} were dso included in the
parametric link. For information regarding these processes refer to [2].

Using the dgorithm described above, the MERM gtructure of relationships was ensured due
to the matrix sructure of the cdculations by the Excd engine. The program dso dlowed the
indusion of functions when developing modds (FM) including most Excel working functions and the
ability to define complex engineering caculaions directly into a CAD modd.

Conclusion

The ‘definitions of entities require the definition of large numbers of parameters. Graphica
manipulation tools dlow users to redefine entity attributes rapidly and with a minimum of effort. To
reduce effort, the user surrenders control over direct manipulation of the entity parameters using
mathematicad manipulaion. The objective of a successful parametric modding system is to retain
both. FM dlows the automatic generation of relationship structures and ensures relationship integrity .
FM dso dlows referencing to any point contained on the model and use of any function accepted by
the caculation engine to be used when manipulaing entities.  In this way, these functions help to
maximize the flexibility of the PMS. The resultant agorithm derived from the MERM structure offers
unrestricted parameter manipulation, addition of functions to a modd and the introduction of direct
moddling using engineering cdculdions

10
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