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oduction

This International Standard provides conceptual schemas for describing and manipulating the spatial
characteristics of geographic features. Standardization in this area will be the cornerstone for other
geographic information standards.

A feg

locat

Earth. Vector data consists of geometric and topological primitives used;

elalle! AQIIQ _Pphnenomenon.

on relative to the

iated with a
separately or

in combination, to construct objects that express the spatial characteristics of geographie:feajures. Raster

data

the ap

In thq
attrib

s based on the division of the extent covered into small units according to a tessellation of t
signment to each unit of an attribute value. This International Standard deals only with vect

model defined in this International Standard, spatial characteristics are desgribed by one o
tes whose value is given by a geometric object (GM_Object) or a topological object

e space and
br data.

more spatial
(TP_Obiject).

Geometry provides the means for the quantitative description, by means f coordinates and mathematical

funct

that ¢
to an

Topo
elast

ons, of the spatial characteristics of features, including dimension, position, size, shape, an
athematical functions used for describing the geometry of an object depend on the type
ence system used to define the spatial position. Geometry is_ th€ only aspect of geographi
hanges when the information is transformed from one geodetic reference system or coord
bther.

ogy deals with the characteristics of geometric figurés that remain invariant if the space
cally and continuously — for example, when geographic data is transformed from one coorg

to amother. Within the context of geographic information, topology is commonly used to

conn

bctivity of an n-dimensional graph, a property‘that is invariant under continuous transforr

graph. Computational topology provides information about the connectivity of geometric primitive

deriv

Spati
Interr
and i

[
¢

c)

bd from the underlying geometry.
al operators are functions and procedures that use, query, create, modify, or delete spatial
ational Standard defines the taxonomy of these operators in order to create a standard for t
mplementation. The goals are:to:

Define spatial operators “unambiguously, so that diverse implementations can be asst
omparable results within known limitations of accuracy and resolution.

Use these definitions to define a set of standard operations that will form the basis of compl

and, thus act as-a'test-bed for implementers and a benchmark set for validation of complianc]

Define an.eperator algebra that will allow combinations of the base operators to be used preg
ueryand manipulation of geographic data.

d orientation.
bf coordinate
E information
inate system

is deformed
inate system
describe the
nation of the
5 that can be

objects. This
heir definition

red to yield

ant systems,

)

< -

ictably in the

Stan

geographic

information among applications. These schemas will be used by geographic information system and software
developers and users of geographic information to provide consistently understandable spatial data structures.
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Geographic information — Spatial schema

1 Scope

This |International Standard specifies conceptual schemas for describing the spatial charLcteristics of
geogfaphic features, and a set of spatial operations consistent with these schemas. It treats)vedtor geometry
and fopology up to three dimensions. It defines standard spatial operations for useVin adcess, query,
management, processing, and data exchange of geographic information for, Spatial (geometric and
topolpgical) objects of up to three topological dimensions embedded in coordinate spaces of up tq three axes.

2 Conformance

2.1 | Overview

Clauges 6 and 7 of this International Standard use the Unified Modeling Language (UML) to present
conceptual schemas for describing the spatial characteristics.of geographic features. These schhemas define
conceptual classes that shall be used in application schemas, profiles and implementation specifications. The
document concerns ONLY externally visible interfaces and places no restriction on the underlying
implgmentations other than what is needed to satisfy~the interface specifications in the actual situation such
as:

— Interfaces to software services using techniques such as COM or CORBA
— Interfaces to databases using techniques such as SQL
— [ata interchange using enceding as defined in ISO 19118.

Few ppplications will requirerthe full range of capabilities described by this conceptual schema| This clause,
therefore, defines a set of-conformance classes that will support applications whose requirements range from
the minimum necessary-{o define data structures to full object implementation. This flexibility is controlled by a
set of UML types that)can be implemented in a variety of manners. Implementations that defipe full object
functlonality must \implement all operations defined by the types of the chosen conformance| class, as is
common for UML' designed object implementations. Implementations that choose to depend on éxternal “free
functlons” for-some or all operations, or forgo them altogether, need not support all operation, buf shall always
suppprt a data type sufficient to record the state of each of the chosen UML type as defined by its member
varia Jles Common names for metaphorlcally |dent|cal but techmcally dlfferent entities are aceptable The
UML c ra-Standard—defines—abstracttypes;—apptication—schemas—de ae conceptual
classes, various software systems define |mplementat|on classes or data structures and the XML from the
encoding standard (ISO 19118) defines entity tags. All of these reference the same information content.
There is no difficulty in allowing the use of the same name to represent the same information content even
though at a deeper level there are significant technical differences in the digital entities being implemented.
This “allows” types defined in the UML model to be used directly in application schemas.

There are 39 conformance options for application schemas that define types for the instantiation of geometric
or topological objects. They are differentiated on the basis of three criteria.

The first two criteria (complexity and dimensionality) determine the types defined in this schema that shall be

implemented according to an application schema that conforms to a given conformance option. In defining the
dimensionality of object types to be implemented, the application schema will be required to specify which of

© 1SO 2003 — Al rights reserved 1
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the interpolation types for curves or surfaces they wish to implement. Curve implementations, for those
application schemas including 1-dimensional objects, shall always include a “linear” interpolation technique.
Application schema including 1-dimensional objects should always include a mechanism to approximate any
curve as a line string to allow for transfer of data into simpler schema where needed. Surface implementations,
for those application schemas including 2-dimensional objects, shall always include a “planar” interpolation
technique. Application schema should always include a mechanism to approximate any surface as collections
of planar surface patches to allow for transfer of data into simpler schema where needed. Additional curve and
surface interpolation mechanism are optional, but if implemented, they shall follow the definition included in
this International Standard.

The third criterion (functlonal compIeX|ty) determines the member elements (attr|butes ass00|at|on roles and

operations)
types, and m

(@)

The first crite
Geomet
Geomet
Topolog
Topolog

NOTE Sq
primitives. If s
the schema.

topological inf
types of objeq

node” topologly is a 1-dimensional topological complex. What {s“commonly called “full topology” in a cartograph

environment ig
The second

0-dimen
0-and 1
0-, 1-,
0-, 1-, 2-

However, 0-
geometric pr

The third crit

amd 2-dimensional objects

rion is level of data complexity. Four levels are identified:
[ic primitives

[ic complexes

cal complexes

cal complexes with geometric realization

hemas for what is commonly called “spaghetti” data use onhly unstructured collections of geo
ngle definitions of each component of geometry are required, then geometric complexes are introduce
Primitives within the same geometric complex share only’ boundaries. If the schema requires ¢

t included in a complex are controlled by the dimension of that complex. What is commonly called *

a 2-dimensional topological complex realized by, geometric objects in a 2D coordinate system.
Criterion is dimensionality. There are faur levels for simple geometry:
s5ional objects

tdimensional objects

and 3-dimensional objects

Himensiopal{complexes provide no useful information beyond that provided by 0-dimens
mitives;-s0’conformance classes are only defined for complexes of 1-, 2-, and 3-dimensions

brion'is level of functional complexity. There are three levels.

ay be used in the transfer of data or the passing of operational parameters to service proyide

brmation then the geometric complex is expanded to nelude the structure of a topological complex.

Mmetric
d into
xplicit
The
Chain-
ic 2D

ional

— Data typ

Complet

es only

Simple operations

e operations

Clause 8 of this International Standard defines three groups of Boolean operators that may be used to derive
topological relations between geometric and topological objects. This International Standard defines four
conformance classes for application schemas that implement these operators.
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2.2 Conformance classes

To conform to this International Standard, an implementation shall satisfy the requirements of the Abstract test
suite (ATS) in Annex A for a specified conformance class. Table 1 through Table 5 identify the clauses of the

ATS that apply for each conformance class.

Table 1 — Conformance classes for geometric primitives

Dimension Data Types Simple Operations Complete Operations
0 A1.11 A.1.21 A.1.31
1 A1.1.2 A1.22 A13.p
2 A.1.1.3 A.1.2.3 A43.B
3 A1.14 A1.24 A13.4
Table 2 — Conformance classes for geometric complexes
Dimension Data Types Simple Operations Complete Operations
1 A211 A221 A.2.3.(
2 A2.1.2 A.2.22 A23p
3 A.2.1.3 A2.2.3 A23B
Table 3 — Conformance classes for topological complexes
Dimension Data Types Simple Operations Complete Operations
1 A3.11 A3.21 A.3.3.
2 A.3.1.2 A3.2.2 A.3.3.p
3 A3%3 A3.2.3 A.3.3.B
Table 4 — Conformance classes for topological complexes with geometric realizatjons
Oimension Data Types Simple Operations Complete Operations
1 A411 A4.21 A4.3|
2 A4.1.2 A4.22 A43.p
3 A4.13 A4.23 A4.3B

Table 5 — Conformance classes for Boolean operators

© 1SO 2003 — Al rights reserved
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3 Normative references

The following referenced documents are indispensable for the application of this document. For dated
references, only the edition cited applies. For undated references, the latest edition of the referenced
document (including any amendments) applies.

ISO 19109:— 1), Geographic information — Rules for application schema

ISO 19111:—"), Geographic information — Spatial referencing by coordinates

ISO/IEC 11404:1996, Information technology — Programming languages, their environments and system

software inteffaces — Language-inaependent datatypes

4 Terms|and definitions

For the purposes of this document, the following terms and definitions apply. The)terms are [isted
alphabetically in this clause. In Annex B they are organized by their conceptual relationships.

41
application
manipulation|and processing of data in support of user requirements [ISO 19301]

4.2
application schema
conceptual skhema for data required by one or more applications iSO 19101]

4.3
bag
finite, unordgred collection of related items (objects or values) that may be repeated

NOTE Ldgically, a bag is a set of pairs <item, count>,

4.4
boundary
set that représents the limit of an entity

NOTE Boundary is most commanly ‘'used in the context of geometry, where the set is a collection of point$ or a
collection of ofjects that represent those points. In other arenas, the term is used metaphorically to describe the trafpsition
between an entity and the rest of its)3domain of discourse.

4.5
buffer
geometric dbject that contains all direct positions whose distance from a specified geometric objéct is
less than or ¢qual 10 a given distance

4.6
circular sequence

sequence which has no logical beginning and is therefore equivalent to any circular shift of itself; hence the
last item in the sequence is considered to precede the first item in the sequence

4.7

class

description of a set of objects that share the same attributes, operations, methods, relationships, and
semantics [ISO/TS 19103]

1) To be published.
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NOTE A class may use a set of interfaces to specify collections of operations it provides to its environment. The
term was first used in this way in the general theory of object oriented programming, and later adopted for use in this same
sense in UML.

4.8
closure
union of the interior and boundary of a topological or geometric object

49
coboundary
set of topological primitives of higher topological dimension associated with a particular topological object,
such : . P . .

NOTE If a node is on the boundary of an edge, that edge is on the coboundary of that nede) Any orientation
parameter associated to one of these relations would also be associated to the other. So that if the nede i§ the end node
of thg edge (defined as the end of the positive directed edge), then the positive orientation ofthe-hode (Pefined as the
positiye directed node) would have the edge on its coboundary, see Figure 35.

4.10
composite curve
seqﬂ:nce of curves such that each curve (except the first) starts at the end-point of the previoug curve in the
sequence

NOTEH A composite curve, as a set of direct positions, has all the properties of a curve.

4.1
composite solid
conngcted set of solids adjoining one another along shared’boundary surfaces

NOTE A composite solid, as a set of direct positions;;has all the properties of a solid.

412
composite surface
conngcted set of surfaces adjoining one‘ancther along shared boundary curves

NOTEH A composite surface, as a set of direct positions, has all the properties of a surface.

4.13
computational geometry
manipulation of and cdleulations with geometric representations for the implementation ©f geometric
operations

EXAMPLE Computational geometry operations include testing for geometric inclusion or intersection, the calculation
of convex hulls-or'buffer zones, or the finding of shortest distances between geometric objects.

414
computational topology
topolegieal-coneep betures—and-algebrath i j eration opelegical objects

usually performed in computational geometry

4.15

connected

property of a geometric object implying that any two direct positions on the object can be placed on a
curve that remains totally within the object

NOTE A topological object is connected if and only if all its geometric realizations are connected. This is not
included as a definition because it follows from a theorem of topology.

4.16

connected node
node that starts or ends one or more edges

© 1SO 2003 — Al rights reserved 5
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417
convex hull

2003(E)

smallest convex set containing a given geometric object [Dictionary of Computing [7]]

NOTE

“the intersection of all convex sets that contain the geometric object”.

418
convex set

“Smallest” is the set theoretic smallest, not an indication of a measurement. The definition can be rewritten as

geometric set in which any direct position on the straight-line segment joining any two direct positions in
the geometric set is also contained in the geometric set [Dictionary of Computing [7]]

NOTE C
considered to
considered to

419
coordinate
one of a seq
NOTE In

4.20

coordinate dimension

number of m

4.21
coordinate
coordinate

4.22
coordinate
set of mathe

4.23
curve

1-dimensiondl geometric primitive, representing the continuous image of a line

NOTE TH
are identical, 4
point, and theg
topological theg

4.24

curve segm
1-dimension
interpolation

nvex sets are “simply connected”, meaning that they have no interior holes, and can norma
ologically isomorphic to a Euclidean ball of the appropriate dimension. So the surface of a sphere g
be geodesically convex.

Lience of N-numbers designating the position of a point in N-dimensional.space [ISO 19111

a coordinate reference system, the numbers must be qualified by units.

Pasurements or axes needed to describe a position in a coordinate system

eference system
ystem that is related to the real world by a datumyISO 19111]

ystem
atical rules for specifying how coordinates are to be assigned to points [ISO 19111]

e boundary of a curve is the set of points at either end of the curve. If the curve is a cycle, the twg
nd the curve (if topologically closed) is considered to not have a boundary. The first point is called thd

orem states that'a ¢ontinuous image of a connected set is connected.

nt
| geometric object used to represent a continuous component of a curve using homoger
and, definition methods

ly be
an be

ends
start

last is the end point) Connectivity of the curve is guaranteed by the “continuous image of a line” clajise. A

eous

NOTE

4.25
cycle
(geometry) s

NOTE

The geometric set represented by a single curve segment is equivalent to a curve.

patial object without a boundary

Cycles are used to describe boundary components (see shell, ring). A cycle has no boundary because it

closes on itself, but it is bounded (i.e., it does not have infinite extent). A circle or a sphere, for example, has no boundary,
but is bounded.

4.26

direct position
position described by a single set of coordinates within a coordinate reference system
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directed edge
directed topological object that represents an association between an edge and one of its orientations

NOTE

A directed edge that is in agreement with the orientation of the edge has a + orientation, otherwise, it has the

opposite (=) orientation. Directed edge is used in topology to distinguish the right side () from the left side (+) of the
same edge and the start node (-) and end node (+) of the same edge and in computational topology to represent

these

4.28

concepts.

directed face

direc

ted topological object that represents an association between a face and one of its orients

tions

NOTH
positi
from

same
relatid

The orientation of the directed edges that compose the exterior boundary of a directed)fa
e from the direction of this vector; the orientation of a directed face that bounds a topological solid
he topological solid. Adjacent solids would use different orientations for their shared bourdary, cons
sort of association between adjacent faces and their shared edges. Directed faces are ‘used in thg
n to maintain the spatial association between face and edge.

4.29

dire

NOTH
node
vecto
4.30

dire

orienfations
NOTH Directed solids are used in the coboundary relation to maintain the spatial association betwy
topolpgical solid. The orientation of a solid is With respect to a face, “+” if the upNormal is outward, “-” if

consi

4.31

diredted topological object

direﬂted node

direﬂted solid

ted topological object that represents an association between a node and one of its orient

Directed nodes are used in the coboundary relation to maintain' the spatial association betw
The orientation of a node is with respect to an edge, “+” for end nede, “-” for start node. This is cong
notion of “result = end - start”.

ted topological object that represents an association between a topological solid ar

stent with the concept of “up = outward” for a surface bounding a solid.

ce will appear
will point away
istent with the
b coboundary

Ations

ben edge and

istent with the

d one of its

een face and
nward. This is

or two nodes

topojogical object that represents a logical association between a topological primitive afd one of its
orienfations

4.32

domﬁin

well-glefined set [ISO/TS 19103]

NOTE Domains are used to define the domain and range of operators and functions.

4.33

edge

1-dimensional topological primitive

NOTE The geometric realization of an edge is a curve. The boundary of an edge is the set of one
associated to the edge within a topological complex.

4.34

edge-node graph

graph embedded within a topological complex composed of all of the edges and connected nodes within
that complex

NOTE The edge-node graph is a subcomplex of the complex within which it is embedded.

©1SO

2003 — Al rights reserved


https://standardsiso.com/api/?name=ebfffd3774024197113d19f324f1ce80

ISO 19107:2003(E)

4.35
end node

node in the boundary of an edge that corresponds to the end point of that edge as a curve in any valid
geometric realization of a topological complex in which the edge is used

4.36
end point

last point of a curve

4.37
exterior
difference be

NOTE TH

4.38
face

2-dimensional topological primitive

NOTE Th
the same top
rings.

4.39
feature
abstraction o

feature instanice also has an attribute value taken.from the value domain.

NOTE A
is meant.
4.40

feature attri
characteristidg
NOTE A
4.41
function

rule that ass
another dom

4.42
geographic
information
[1ISO 19101]

tween-the-uriverse-and-the-elosure
ure

e concept of exterior is applicable to both topological and geometric complexes.

e geometric realization of a face is a surface. The boundary of a face is thelset of directed edges
blogical complex that are associated to the face via the boundary relations™ These can be organiz

f real world phenomena [ISO 19101]

feature may occur as a type or an instance. Feature type or feature instance should be used when on

bute
of a feature [ISO 19101]

feature attribute has a name, a data type, and a value domain associated to it. A feature attributg

bciates each element’from a domain (source, or domain of the function) to a unique elem

hin (target, co-dofmain, or range)

nformation
toncerning phenomena implicitly or explicitly associated with a location relative to the

within
ed as

y one

for a

BNt in

Farth

4.43

geometric aggregate
collection of geometric objects that has no internal structure

NOTE No assumptions about the spatial relationships between the elements can be made.

4.44

geometric boundary
boundary represented by a set of geometric primitives of smaller geometric dimension that limits the
extent of a geometric object
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4.45

geometric complex

set of disjoint geometric primitives where the boundary of each geometric primitive can be represented
as the union of other geometric primitives of smaller dimension within the same set

NOTE The geometric primitives in the set are disjoint in the sense that no direct position is interior to more than
one geometric primitive. The set is closed under boundary operations, meaning that for each element in the geometric
complex, there is a collection (also a geometric complex) of geometric primitives that represents the boundary of that
element. Recall that the boundary of a point (the only 0D primitive object type in geometry) is empty. Thus, if the largest
dimension geometric primitive is a solid (3D), the composition of the boundary operator in this definition terminates after at
most three steps. It is also the case that the boundary of any object is a cycle.

4.46

geometric dimension
largept number n such that each direct position in a geometric set can be associated with-a supset that has
the djrect position in its interior and is similar (isomorphic) to R", Euclidean n-space

NOTE Curves, because they are continuous images of a portion of the real line, (have geometriq dimension 1.
Surfages cannot be mapped to R2 in their entirety, but around each point position, a small neighbourhood can be found
that resembles (under continuous functions) the interior of the unit circle in R2, and. ‘are therefore 2-dimefsional. In this
International Standard, most surface patches (instances of GM_SurfacePatch) are_mapped to portions fof R2 by their
definipg interpolation mechanisms.

4.47
geometric object
spatial object representing a geometric set

NOTH A geometric object consists of a geometric primijtive, a collection of geometric primitives, pr a geometric
complex treated as a single entity. A geometric object may be the spatial representation of an object such gs a feature or
a sigrfificant part of a feature.

4.48
geometric primitive
geometric object representing a single, eannhected, homogeneous element of space

NOTH Geometric primitives are non-decomposed objects that present information about geometric| configuration.
They |nclude points, curves, surfaces,.and solids.

4.49
geometric realization
geometric complex whose geometric primitives are in a 1-to-1 correspondence to the|topological
prim|tives of a topolegical complex, such that the boundary relations in the two complexes agree

NOTH In such’a'realization the topological primitives are considered to represent the interiors of the [corresponding
geomegtric primitives. Composites are closed.

4.50
geometric set
set of direct positions

NOTE This set in most cases is infinite.

4.51

graph

set of nodes, some of which are joined by edges

NOTE In geographic information systems, a graph can have more than one edge joining two nodes, and can have
an edge that has the same node at both ends.
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4.52

homomorphism

relationship between two domains (such as two complexes) such that there is a structure-preserving
function from one to the other

NOTE Homomorphisms are distinct from isomorphisms in that no inverse function is required. In an isomorphism,
there are essentially two homomorphisms that are functional inverses of one another. Continuous functions are
topological homomorphisms because they preserve “topological characteristics”. The mapping of topological complexes to
their geometric realizations preserves the concept of boundary and is therefore a homomorphism.

4.53
instance
object that r¢alizes a class

4.54
interior
set of all dir¢ct positions that are on a geometric object but which are not on its boundary.

NOTE The interior of a topological object is the homomorphic image of the interior-of any of its geometric
realizations. This is not included as a definition because it follows from a theorem of topology-

4.55
isolated node
node not related to any edge

4.56
isomorphism
relationship between two domains (such as two complexes) such that there are 1-to-1, structure-presegrving
functions frgom each domain onto the other, and the composition of the two functions, in either order, |s the
correspondirlg identity function

NOTE A |[geometric complex is isomorphic to a topological complex if their elements are in a 1-to-1, dimepsion-
and boundary-preserving correspondence to one anothenr:

4.57

neighbourhpod
geometric spt containing a specified direct position in its interior, and containing all direct positions within a
specified disfance of the specified directjposition

4.58
node
0-dimensional topological-primitive

NOTE THe boundary)of a node is the empty set.

4.59
object

entity with a wetrdefinedboundary and-identity thatencapsutates stateanmd-betaviour foMtSemnmamntics119]]

NOTE This term was first used in this way in the general theory of object oriented programming, and later adopted for
use in this same sense in UML. An object is an instance of a class. Attributes and relationships represent state.
Operations, methods, and state machines represent behaviour.

4.60
planar topological complex
topological complex that has a geometric realization that can be embedded in Euclidean 2 space

4.61

point
0-dimensional geometric primitive, representing a position

10 © 1SO 2003 — Al rights reserved
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NOTE The boundary of a point is the empty set.

4.62
record
finite, named collection of related items (objects or values)

NOTE Logically, a record is a set of pairs <name, item>.
4.63

ring
simple curve which is a cycle

NOTE Rings are used to describe boundary components of surfaces in 2D and 3D coordinate systems.

4.64
sequence
finite| ordered collection of related items (objects or values) that may be repeated

NOTEH Logically, a sequence is a set of pairs <item, offset>. LISP syntax, which delimits sequences with parentheses
and spparates elements in the sequence with commas, is used in this International Standard.

4.65
set
unordered collection of related items (objects or values) with no repetition

4.66
shell
simplle surface which is a cycle

NOTH Shells are used to describe boundary comperénts of solids in 3D coordinate systems.

4.67
simplle
propgrty of a geometric object that its interior is isotropic (all points have isomorphic neighbodrhoods), and
hencg everywhere locally isomorphic t6 an open subset of a Euclidean coordinate space of th¢ appropriate
dimepsion

NOTH This implies that no interior direct position is involved in a self-intersection of any kind.

4.68
solid
3-dimensional geometric primitive, representing the continuous image of a region of Euclidean 3 space

NOTH A solid'is realizable locally as a three parameter set of direct positions. The boundary of a golid is the set
of orig¢nted, cloesed surfaces that comprise the limits of the solid.

4.69
spatial object
object used for representing a spatial characteristic of a feature

4.70
spatial operator
function or procedure that has at least one spatial parameter in its domain or range

NOTE Any UML operation on a spatial object would be classified as a spatial operator as are the query operators in
Clause 8 of this International Standard.
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4.71

start node

node in the boundary of an edge that corresponds to the start point of that edge as a curve in a valid
geometric realization of the topological complex in which the edge is used

4.72
start point
first point of a curve

4.73

strong substitutability
ability for any-instanee-ef-a-€le a a a
or interface [o be used in lieu of an instance of its ancestor in any context

type

NOTE The weaker forms of substitutability make various restrictions on the context of the implied substitution.

4.74
subcompleX
complex all pf whose elements are also in a larger complex

NOTE Sihce the definitions of geometric complex and topological complex require only that they be closed junder
boundary opprations, the set of any primitives of a particular dimension and below.is always a subcomplex pf the
original, largef complex. Thus, any full planar topological complex contains an edge<node graph as a subcomplex.

4.75
surface
2-dimensiondl geometric primitive, locally representing a continugus image of a region of a plane

NOTE THe boundary of a surface is the set of oriented, closed curves that delineate the limits of the sufface.
Surfaces that|are isomorphic to a sphere, or to an n-torus (a topolegical sphere with n “handles”) have no boundary] Such
surfaces are cplled cycles.

4.76
surface pat¢h
2-dimensional, connected geometric object used to represent a continuous portion of a surface psing
homogeneods interpolation and definition methods

4.77
topological poundary
boundary represented by a set.of oriented topological primitives of smaller topological dimension that[limits
the extent of|a topological object

NOTE ThHe boundary;efia topological complex corresponds to the boundary of the geometric realization [of the
topological coplex.

4.78
topological pomplex

collection of topotogicatprimitivesthatistlosedunderthe boundary operations

NOTE Closed under the boundary operations means that if a topological primitive is in the topological complex,
then its boundary objects are also in the topological complex.

4.79

topological dimension

minimum number of free variables needed to distinguish nearby direct positions within a geometric object
from one another

NOTE The free variables mentioned above can usually be thought of as a local coordinate system. In a 3D
coordinate space, a plane can be written as P(u, v) = A+ u X + v Y, where u and v are real numbers and A is any point on
the plane, and X and Y are two vectors tangent to the plane. Since the locations on the plane can be distinguished by u
and v (here universally), the plane is 2D and (u, v) is a coordinate system for the points on the plane. On generic surfaces,
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this cannot, in general, be done universally. If we take a plane tangent to the surface, and project points on the surface
onto this plane, we will normally get a local isomorphism for small neighbourhoods of the point of tangency. This “local

coord

inate” system for the underlying surface is sufficient to establish the surface as a 2D topological object.

Since this International Standard deals only with spatial coordinates, any 3D object can rely on coordinates to establish its
topological dimension. In a 4D model (spatio-temporal), tangent spaces also play an important role in establishing
topological dimension for objects up to 3D.

4.80

topological expression
collection of oriented topological primitives which is operated upon like a multivariate polynomial

NOTE

4.81
topo

Topological expressions are used for many calculations in computational topology.

ogical object

spatial object representing spatial characteristics that are invariant under continuous‘transforma

NOTH
comyg

4.82
topo
topo

NOTH
geon

4.83

topo
3-din
NOTEH

4.84

A topological object is a topological primitive, a collection of topological primitives, or
lex.

ogical primitive
ogical object that represents a single, non-decomposable element
A topological primitive corresponds to the interior of asgeometric primitive of the same d
etric realization.
ogical solid
ensional topological primitive

The boundary of a topological solid consists of a set of directed faces.

universal face

unbo

NOTH
data 4
repre
scher

4.85

Lnded face in a 2-dimensionakcomplex

The universal face-is.normally not part of any feature, and is used to represent the unbounded
et. Its interior boundary.(itthas no exterior boundary) would normally be considered the exterior bound

has may find it convenient to do so.

universal solid

ions

A topological

mension in a

portion of the
ary of the map

tented by the data-set” This International Standard does not special case the universal face, ut application

hot part of any

unbolnded-fopological solid in a 3-dimensional complex

NOTH The universal solid is the 3-dimensional counterpart of the universal face, and is also normally
feature.

4.86

vector geometry

repre

©1SO

sentation of geometry through the use of constructive geometric primitives
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5 Symbols, notation and abbreviated terms

5.1 Prese

5.1.1

ntation and notation

Unified Modeling Language (UML) concepts

In this International Standard, conceptual schemas are presented in the Unified Modeling Language (UML).

A UML class is a description of a set of objects that share the same attributes, operations, methods,
relationships, and semantlcs A parameterlzed class is a single descrlptlon of a set of classes with common

operations,
control the {
parameters
(called instar

The fact th{
International
implemented
values. Most
its attributes

precise structure of the attrlbutes and the behawour of the operatlons For example i
are used to fix the size of certain attribute arrays within realizations of the parameterized

tiated classes).

t an element of geometry or topology has been modelled in one way_or ‘another in
Standard should not be considered a restriction on implementationsy ‘Attributes m3g
either directly as data or as a pair of “accessor” and “mutator” operations\for getting and s
diagrams in this document are “context diagrams” which center abouta single class and d
operations, and important relationships. Other diagrams are overviews of class relations

UML does n¢t require all relationships to be displayed in all diagrams, and someé_of the more trivial ones

been left out
Set<GM_Ob

of some diagrams to keep them simple. For example, GM_Obje¢t has an obvious relations
ect>, but this is not explicitly shown in the context diagram fop GM_ Object.

5.1.2 Attrihutes, operations, and associations

Attributes an
UML notatior

Attrib

multip]
cardin

UML notatior

H operations are presented in the UML diagrams in compliance with the UML Notation Guide
for an attribute has the form:

te-declaration :==
A\Y ” Stereotype A\Y ”

« » A\

type = initial-value {property,
icity :== “[” cardinalityc-fange,..
blity-range begin-value {“..

visibildity name multiplicity
o}
ANY J ”

== ”

end-value}

for an operation has the form:

Operatjon :== “«” stereotype “»” visibility
name Y (Y“parameterlist “)” ™ ” [return-typel],
{™"{"” preperty{=value}, .“}"},..
parameterlist ~%= [direction] parameter-name “ 7 type [“=" default-value

where the va

rious'parts of the above syntax are as follows:

this
y be
btting
Splay
hips.
have
nip to

[18].

a)

stereotype — use tag for the attribute or operation being defined (see below)

b)

14

visibility — public (+), private (=) or protected (#) indicating the visibility of this attribute or operation from
outside the object. If the visibility includes “/”, then the attribute is derived from some other part of the
model.

name — the name of the attribute or operation.
multiplicity — the number of values that this attribute can have, assumed to be organized as a set unless

otherwise specified; this is an extension of and consistent with the “size” mechanism of ISO/IEC 11404,
except for the use of “[..]” which is UML notation. To maintain consistency of concept, this International
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Standard uses a single multiplicity syntax (from UML) even when using it in conjunction with the “size”
subtyping of ISO/IEC 11404.

begin-value — any integer, a valid multiplicity; if no end-value follows, then only the begin-value is added
as a possible multiplicity.

end-value — any integer bigger than the preceding begin-value, or “n” meaning infinity or an unbounded
cardinality-range, the meaning of “a..b” is any integer j such that a < j < b; [a..a] is assumed to mean the

same as [a].

parameter,,; — a comma separated list of parameter declarations.

arameter-name — name of a parameter to the operation, usually indicative of the role(of tILe parameter
ih the operation being defined. Note that the syntax structures for an operation andfer an| attribute are
identical except than an operation includes a parameter list and an attribute includes a 'multiplicity.

irection — optional indicator of direction flow for this parameter being i’y (the value iIs set before
ihvocation of and affects the operation), 'out' (the value is set during the “operation and its value is
ccessible by the invoker upon completion of the operation) , or 'inout” (the value is s¢t before the
invocation, and affects the operations, and is reset by the operation by.a’value accessible by the invoker
pon completion of the operation). The default direction of any parameter is “in”.

pe — the type, either object or value of the preceding parameter or attribute.

efault-value — the value of an in or inout parameterif not specified by the invoker. Thg value of an
dbject's attribute if not set by any constructor.

fleturn-type — the type of the return value or object\for the operation, essentially the type of the operation.
iroperty — additional information about the attribute or operation, such as NOT NULL or UNIQUE. Can

e structured as a property name followed-by a value, such as “{size = [0..n]}". (See ISO/IEC 11404 for
gome interpretations of properties as.subtypes.)

}. — the preceding can be repeated any number of times.

ihitial-value — default valué_of the attribute, used when a new object is constructed unless specifically
¢verridden by the constructor's parameter list.

In th¢ text, notation from the Object Constraint Language (OCL) is used with some slight modifications. The
“ocl” prefix was dropped-from many operators, since it was unnecessary and confusing, especially since these

operators appeardn_the basic types section of ISO TS 19103 without the prefix. The

is| a resolution

operator indicating-the name space of that which follows. In most cases in OCL, the name spaceg is the class
in which the eperation is defined, but it can also include the package name in which a class is d¢fined. In this

document all\name spaces are class identifier and can take only one of two forms:

dlass-identifier :== class-name | package-name::class-identifier
type :== class-identifier

Unless there is a potential of confusion or a need for emphasis, the package name is not included. In this
International Standard, all class names include a two-letter package-identifier prefix followed by an underscore

and are unique within the model. This avoids the need for package names resolution in type and class

names. Profiles of this International Standard are encouraged to retain this convention if possible. For
attributes, role names and operations, the text description is as follows:

attribute-name {multiplicity} : attribute-type
{association-name “::”}role-name {multiplicity} attribute-type
{type-1“::”}operation-name (name-2 “ : ” type-2, name-3 “ : ” type-3, ..)
“ : " return-type

N
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For roles, if the multiplicity is not [1], then the assumption is that the role values are organized as a set. If the
role values need to be organized in some other manner, then the attribute-type with the appropriate collection
parameterized class should be used, with the multiplicity given as a size in accordance with ISO/IEC 11404 as
in:

boundary : CircularSequence<GM OrientableCurve> {size = [1l..n]}

Object-oriented operator notation (such as would be used in C++) places the first parameter before the
operation as in a method declaration as follows:

return-type type-1l::operation(type-2, type-3 ..)

Such methodis are restricted in name space, in the sense that they are available only if the “object:type-1”
name space| is available. In addition, during invocation, the identification of the implicit parameter ofl type
“type-1” is kmown. In OCL, this object is identified as “self’. In C++, this object is identified as \‘this”. In| non-
object languages or for free functions in an object language, the functional notation for an-opération dods not
distinguish tHe first parameter in any manner and is written:

operatjon (name-1 : type-1, name-2 : type-2, name-3 : type-3-.) : return-type,

These notatipns are equivalent (except for emphasis) and both may beused in profiles of this International
Standard.

These operation definitions are called “operation signatures” or “protocols”. This distinguishes the opefation
from the invqcation mechanism. In UML, the formal notation defifies protocols, and the operations assogiated
to them are defined only informally in the associated documentation, which can include OCL constraints.

In the view that an attribute can be considered a type of dperation (mutator and accessor pairs), this terrh can
be extended|to include attribute “signatures”. The definition of a signature includes the operation namg¢; the
parameter names and types; and the return type. Methods or attributes can be overridden by providing 3 new
method whope signature is the same as the ,original except that some of the types have been replaced,
usually by sybtypes of the originals. The reuse-of signatures is called “polymorphism”. Polymorphism afising
from class inheritance is called “structural’. Rolymorphism arising from semantic similarity is called “natural” or
“generic”. For example, in the geometry@nd topology classes, the common protocol for “boundary” is a natural
i in that it arises from an operational constraint based on the definition of topology. It is jnot a
structural polymorphism, since the fwo packages do not share a common superclass ancestor. Assuming that
the class inhgritance hierarchy is-based on semantics of the objects, then structural polymorphism is ngtural.
that does not depend on semantic similarity is “ad-hoc”. For example, the use of “+” in numbers
to denote addition and in eharacter string classes to denote concatenation is ad-hoc polymorphism. Agd-hoc
polymorphism is semantically confusing, and is therefore not used in this International Standard, and should
be avoided i profiles ©fthis International Standard.

in”), and the (enly modification or creation of objects is done by using the return type in an assignment
operator. In describing interiaces, the adjective this  indicates y j being
invoked. In OCL, this object is referred to as “self’. If an object is passed as a parameter to the method of
another object, it is referred to as a “passed” object.

Classi widget

. Class2
Relation gadget

Figure 1 — UML example association
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Each association in the model is given an association name, and each class that participates in the
association is given a role name. In the case where “Class1” has an association “Relation” with “Class2” as
diagrammed in Figure 1, then the two classes when implemented would normally include as “attributes”
references to the other class named for the roles of the relation such as:

Or,

Note
colle

Most
be ci
appr
weak
class

51.3

Most
objeq
desc

a)

b)

© 1SO 2003 — Al rights reserved

Set<Class2> // this is a many to many,
Set<Classl>

Classl::gadget
Class2::widget

2 E= SN

T

Classl

£ [
S

T~

k!

T

ol 3
T = 1=

G—eset ooty +
Class2::widget [1l..n]
that the role name for Class2 is used as the variable name in Class1 that points.to Class2
tion given will depend upon the type of sort criteria for the role.

ordeq

d // this is the many(te many,

// strong linkagé

lassl::gadget Sequence<Class2>

Class2::widget Set<Classl>

roles will either correspond to Set (unordered relation) or Sequence (ordered relation). Sg
cular Sequences when the ordering does not have a natural start position. This notation is
priate in the text below, but this is not meant to imply*a“particular implementation of assq
linkages, where the target class does not depend on the existence of the association, the p
Reference<.> is used where appropriate, as in:

g : Reference<€lass2>
[1..n] Classl

// weak linkage
// strong linkage

lassl::gadget [1..n]
Class2::widget

Stereotypes

entities in a UML model canvbe described by a “stereotype” which is included near the
t and enclosed in guillemets “«” and “»”. The stereotype allows the model to extend UN

iptions of elements of the-model. In this International Standard the following stereotypes are

Interface» — theCelass is not directly instantiable, but is used as an abstract collection
gignatures. Thé_purpose of an «Interface» class is to define a reference class for
polymorphismfor operations. In various programming languages, such a class might be call

strong linkage

kage

. The type of

ed,

me roles will
used where
ciations. For
hrameterized

name of the
IL to include
used:

of operation
a structural
pd “virtual” or
5 visible from

abstract’snthe UML standard, «Interface» classes must not have attributes or association
the interface. An interface may participate in an association provided the interface ca

not see the

association; that is, a class (other than an interface) may have an association to an intgrface that is
andard, within

of emas—hon=interface—Classes—w e—samehame—as—a erfa ctass from this
International Standard cannot be incorporated in an application schema without a logical contradiction.

«Type» — the class is not directly instantiable, but is used as an abstract collection of operation, attribute
and relation signatures. The purpose of a «Type» class is to define a reference class for a structural
polymorphism that includes attributes and associations. The actual internal organization of the attributes
and associations is implementation dependent. Because the organization of these elements is not known,
UML does not allow «Type» classes to have any methods (implementations of operations). As used in
this International Standard, within application schemas, Implementation Classes with the same name as a
Type from this International Standard may be created as long as that Type is not also Abstract (as
indicated through UML symbology, the name in an italics font).

17
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d)

f)

g)

«Abstract» — (also represented in UML by the class name being in an italics font) the class is similar to a
«Type» except that methods are allowed. Such classes define a root class for a structural polymorphism
that includes these additional elements. As used in this International Standard, within application
schemas, Concrete Classes with the same name as an Abstract Class from this International Standard
cannot be incorporated in an application schema without a logical contradiction.

«DataType» — the class is directly instantiable and its primary purpose is the encapsulation of data, as
opposed to taxonomic or behavioural descriptions. «DataTypes» do not have an identity of their own and
must be strongly aggregated into some sort of container such as being an attribute in another class, or
being the target class of a strong aggregation. «DataType» types cannot be used as the target of weak
aggregations, nor can they be used in the Reference< > parameterized class.

«Uniony|— a type consisting of one and only one of several alternatives (listed as member attributés)| This
is similaf to a discriminated union in many programming languages. In some languages using.pointers,
this reqyires a “void” pointer that can be cast to the appropriate type as determined by a.discrim|nator
attribute

«Leaf»
definitio
in leaf p

- applicable to packages that contain no subpackages, only object classes and intdrface
s. Although not a technical requirement, this International Standard places all object definjtions
ckages, which are then organized, in larger, non-leaf packages.

«CodeList» — similar to an enumeration, in that one of a number of values is-possible, but differs in iptent,
in that 4 code list may be expanded over time. Most code list are stored as numeric values, but pome
implemgntations use character strings. In this International Standatd, ‘code list are declared as hpving
charactgr string codes, but this is an implementation detail, and pure.numeric codes are acceptable.

5.1.4 Data

Several colle
specific in tg
usage of the

The most cg
class type ¢
environment

types and collection types

ction types are required to make the standard, consistent, but these types do not have
Object Constraint Language (OCL), see ISO TS 19103.

mmon of these interfaces is the finite-set. If we have a type “T”, we denote a new instan

alled “Set<T>" to consist of all finite, unordered sets of objects of type “T”. Implemen
5 often supply several common collection types such as arrays, and we do not wish to

fo be

rms of their interfaces. While these types ake not included in UML, they are often implied by

iated
ation
fry to

impose a unjversal interface on these types. ISO TS 19103 includes an example interface definition for fhese

types. This International Standard doés ot restrict the use of logically equivalent types native to partjcular

implementatipn environments. Sonte, basic class types and parameterized types, such as these collegtions
types that ar¢ used in this Interndtional Standard include the following:

a) TransfinjteSet<T> — a.possibly infinite set; restricted only to values. For example, the integers and the
real numbers are transfinite sets. This is actually the usual definition of set in mathematicq, but
programming languages restrict the term set to mean finite set.

b) Set<T> |- adfinite set, usable for object types. Each object is considered to be in the set only oncg. Not
usually & strohg aggregation since each object can be an element of many sets. Unless otherwise roted,
this Int;mmmwnmw—mmmwﬁmmnong
aggregation of the form Set<Reference<T>>).

c) Bag<T> - a finite, unordered set where each object may be considered to be in the set multiple times.
Can be logically thought of as a set of pairs <object T, count Integer>.

d) Sequence<T> — an ordered finite set of objects, possibly with repeated values. Can be logically thought of
as a set of pairs <object : T, offset : Integer>, where the offset gives the position of the object in the
sequence. Depending on the implementation, offsets can be counted from 1, 0 or any arbitrary point.
Projection onto the object of each pair produces a Bag. Elimination of duplicates produces a Set.
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CircularSequence<T> — a sequence that wraps back on itself and is considered identical to all of its

circular shifts. Can be considered as an equivalence class of Sequences, differing from one another by a
circular shift of offset.

f)

Reference<T> — a reference to an identifiable object of class T, equivalent to a pointer in C++, a REF in

SQL99 (previously called SQL 3), or a Java class variable. In the text declaration of classes in this
International Standard, a weak association is represented as a reference to the appropriate class. Strong
aggregations are represented in the same manner as attributes.

g)

primitives within the environment, see ISO TS 19103.

Number, Float, Integer, Real — various simple value types usually instantiated as programming language

h) :Le
eter or acre, see ISO TS 19103.

NOTE

genetators for UML. Association roles have been used as member names of type Reference<T> where

class
space
done
assod
targef
of the

generator has been used, the backward generation of UML association_{lacking any other information) m

engin

Somj
termg
with

repla

K

Note
are d
stand

ngth, Area, Distance — various scalar values, associated to a particular unit of measurg

Representations of associations, in the “code listings”, have used the convention \most cor

of the role name in the association. In cases where ambiguity could exist, the association name is use
for the role <association_name>::<role_name> : Reference<target_class>. Logically, this could a
by using the source class of the association, <source_class>::<role_name>\+Reference<target |
iation is a strong aggregation then the reference can logically be removed, <source_class>::<
| class. The semantics of a strong aggregation, one-way association is logically identical to a member
sources of alternative designs in UML is the use of associations versus-the use of role-like attributes

ber to pairs of role-like attributes.

b data types are simply instances of the Record type_defined in ISO TS 19103 and in slig

in ISO/IEC 11404. Since the latter International Standard has a specification that might
barameter lists, this International Standard uses,avslightly modified syntax ( “(.)” externa
ced by “<.>”):

ecord Type “<” field-name
Record Instance

[= default-value],.. “>”"
7 field-value,.. “>”"

” type
“<”<field-name

AN

that the syntax for a multiple return type is consistent with this syntax for Record, except th
mitted. This International Standard uses the Record syntax above when it is stand-alone,
ard UML multiple return‘type syntax when specifying operations that return record-like

anon

Sev
NUL

5.1.5

ymous types.

al of the operations defined in this International Standard use NULL and EMPTY as pos
means that thé value asked for is undefined. This International Standard assumes that all

such as the

hmon in code
T is the target
d as the name
so have been
class>. If the
role_name> :
attribute. One
. Once a code
ight round-trip

htly different
be confused
parenthesis

bt the braces
but uses the
structures as

sible values.
NULL values
bn is that no
5 sets of one
systems that
there is one
ner set doing

Strong substitutability

& is assumed

This International Standard assumes that implementation profiles and transfer schemas will be built using a
strong version of substitutability. This means that at several places in designing an application schema, a
profile builder may use a class in lieu of one defined in this schema as long as it supports the data, operation
and associations required of the base class. The method of implementation of this substitutability is not
normative, and may be done in a variety of manners depending on the characteristics of the implementation
environment. This is especially true of transfer standards, which by their nature depend on data types. Entities
in transfer sets may only be tenuously related to the base class in this International Standard, in that they may

©1SO
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be data-only representational forms. Places where substitutability is most useful are examined in subclauses
associated to the class most likely to take advantage of this technique.

This assumption requires a strict adherence to the semantics of subclassing as an “is type of” hierarchy. Each
instance of a class must be a member of all of the sets defined by the semantics of the supertypes of that
class. Thus, we can define a Circle to be a subtype of Ellipse, but not the other way around, even though this
is counterintuitive to the notion that subtypes are more complex than their supertypes.

5.2 Organization

The clauses in this document are organized in terms of UML packages. A package is a set of related types

and interfacds that form a consistent component of a software system design. Packages do not usually
complete sygtem since they often invoke the services provided by other packages in the system. Whe
package, acling as a client, uses another, acting as a server, to supply needed services, the client packa

said to be d
accesses an
to be purely
classes are
dependencig
must be refl
using the grg

Because of
schemas. A
International

Table 6 sum
normative. T
basis for th
standards, s

package fromn ISO TS 19703. They are replicated here to the extent needed to provide a complete

readable pict

pendent on the server package. This dependency occurs when an object class.in’ tHe pac
bther object defined in the server package. Since it is rare in geographic information for geo
client or server, these stereotypes are not used in this International Standard:, Since depe
associated to their server via an association that can carry the request; most object
s derive from object class associations. Each dependency between objects in different pach
bcted by a package dependency. This package dependency is indicated in package diad
phic notation as in Figure 2.

|

«Client»
Dependent package

3

«Server»
Independent package

Figure 2 — UML example package dependency

his client-server relation, inter-package dependencies define the criterion for viable applic
h application schema that contains an implementation of any package defined from
Standard shall also contain implementations all of its dependencies.

marizes the packages_specified in this International Standard. Packages in Clauses 6 and

a)

b external interface for compliant systems. Additional packages are referenced from
Lich as the Spatialreferencing by Coordinates package from ISO 19111 and the Basic T

ure of potential spatial schemas.

brm a
h one
ge is
kage
metry
ndent
class
ages
rams

ation
this

7 are

hey provide the geometry and topology components for an application schema that can forin the

other

ypes
and
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Table 6 — Package and classes

Clause Package Name Major classes included
number
6 Geometry geometry classes
6.2 Geometry root root classes for geometry
6.3 Geometric primitive geometric primitives
6.4 Coordinate geometry coordinate geometry classes
6.5 Geometric aggregates aggregates
6.6 Geometric complex geometric complexes and composites
7 Topology topology classes
7.2 Topology root root classes for topology
7.3 Topological primitive topological primitives
7.4 Topological complex topological complexes

Figure 3 shows the leaf packages for the normative clauses of this International Standard.

-

<<Leaf>> <<Leaf>>
Geometric o _____>| Geometryfoot
aggregates (from Geometry)
(from Geometry) _ \ -
| s i’ I N
| » 4 \V > ~ N
: o <<Leaf>> o
\i/ 7 Coordinate So
s geometry SN
| g N, - - -7 (from Geometry)
<<Leaf>> o <<Leaf>>
Geometric - Geométric
primitive complex
(from Geometry) 55 et (from Gedmetry)
A A
: <<Leaf>> :
{ (fTopo_Irogy Iroot) |
[ rom Topolo |
| 7 pology <.
<<l gaf>> _ - = — <<l aaf>>
Topological i Topological
primitive > complex
(from Topology) ST T TTToTToTTTooTomoooooooooes (from Topology)

Figure 3 — Normative clause as UML package dependencies

NOTE Examples in the text are given where they are most appropriate to understanding the items in this International
Standard, and, as such, often use implicit forward references to other items discussed later in the document. For example,
the discussion of GM_Envelope includes a forward reference to GM_LineString. In most cases, this is not confusing, since
the item (type, operation, or attribute) of the forward reference is often semantically rich and corresponds closely to a
commonly used term. If the reader finds this confusing, it is suggested that the entire document be read skipping the
examples to establish an overview, and then reread carefully to include the examples.
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5.3 Abbreviated terms

ATS Abstract test suite

API Application program interface

C++ Programming language based on C with object-oriented extensions

LISP Programming language based on LISt Processing. The standard is called Common LISP.

MBR Minimum Bounding Region

OCL Object Constraint Language

SQL 3 Common name for SQL 99 during its development

SQL 99 The SQL language specification adopted in 1999, which includes object-oriented~data-type
extension mechanisms

TIN Triangulated Irregular Network

UML Unified Modelling Language

2D 2-dimensional

3D 3-dimensional

6 Geometry packages

6.1 Semantics

The geometrly packages (Figure 4) contain the various classes for coordinate geometry. All of these classes
through the oot class GM_Object inherit an optional association to a coordinate reference system. All direct
positions exposed through the interfaces defined in this\International Standard shall be in the coordinate
reference system of the geometric object accessed. All elements of a geometric complex, composife, or
aggregate shall be associated to the same coordinate*reference system. When instances of GM_Obje¢t are
aggregated jn another GM_Object (such as a..GM_Aggregate, or GM_Complex) which already Has a
coordinate reference system specified, then these elements are assumed to be in that same coordinate
reference system unless otherwise specified.

The geometily package has several internal packages that separate primitive geometric objects, aggrepates
and complexes, which have a more.elaborate internal structure than simple aggregates. Figure 4 shows the
dependencigs between the geometry'packages as well as a list of classes for each package.

Figure 5 shows the basic classes defined in the geometry packages. Any object that inherits the semantjcs of
the GM_Obijéct acts as a‘set’of direct positions. Its behaviour will be determined by which direct positipns it
contains. Objects under, GM_Primitive will be open, that is, they will not contain their boundary points; cluirves
will not contdin their*end points, surfaces will not contain their boundary curves, and solids will not cqntain
their bounding surfaces. Objects under GM_Complex will be closed, that is, they will contain their boupdary
points. This [eads\to some apparent ambiguity. A representatlon of aline as a pr|m|t|ve must reference its end
points, but w X will
also reference its end points, and will contaln these points as a set of direct positions. Th|s means that
identical digital representations will have slightly different semantics depending on whether they are accessed
as primitives or complexes.

This difference of semantics is most striking in the GM_CompositeCurve. Composite curves are used to
represent features whose geometry could also be represented as curve primitives. From a cartographic point
of view, these two representations are not different. From a topological point of view, they are different. This
distinction appears in the inheritance diagram (Figure 5) as an inheritance relationship between
GM_CompositeCurve and GM_OrientableCurve. The primary semantics of a GM_CompositeCurve (see
6.6.5) is as a closed GM_Obiject, but it may also act as an open GM_Object under GM_Primitive operations
(see 6.3.10). Interface protocols depending upon the topological details of this object will have to be
distinguished as to whether they have been inherited from GM_Primitive or GM_Complex, where the
distinction first occurs. Even though these protocols have been inherited from the same operations defined at
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GM_Obiject, they will act differently depending upon the branch of the inheritance tree from which they have
inherited semantics. Creators of implementation profiles may take this into account and use a proxy
mechanism for realization relationships that cause semantic dissonance. Such a procedure will be necessary
in object-oriented programming and databases in systems that disallow multiple inheritance or make limiting
assumptions about method binding.

]
<<Leaf>>

Coordinate geometry

+ DirectPosition
+ GV AffimePtacemment]

]

<<Leaf>> + GM Arc
Geometric aggregates + GM_ArcByBulge
+ GM_Aggregate + GM_ArcString

+ GM MultiCurve
+ GM MultiPoint
+ GM MultiPrimitive
+ GM MultiSolid
+ GM MultiSurface

<<Leaf>>
Geometry root

+ GM_ArcStringByBulgd
+ GM Bezier

+ GM pBitubicGrid

+ GM BilinearGrid

. GM_BSplineCurve
+GM_BSplineSurface
+ GM_BSplineSurfaceFprm
+ GM Circle

+ GM Clothoid

+ GM Cone

+ GM Conic

+ GM_CubicSpline
+ GM_Curvelnterpolation
+ GM_CurveSegment
+ GM_Cylinder

+ GM_Envelope

+ GM GenericCurve
+ GM GenericSurface
+ GM Geodesic

+ GM_Object

]

<<Leaf>> + GM_GeodesicString
Geometric primitive + GM GriddedSurface
+ Bearing + GM Knot

+ GM_KnotType

+ GM_LineSegment
+ GM_LineString
] + GM OffsetCurve

+ GM_Boundary

+ GM_ComplexBoundary
+ GM Curve

+ GM_CurveBoundary

+ GM_SolidBoundary

+ GM_OrientableCurve <<Leaf>> + GM ParametricCurvepBurface
+ GM OrientablePrimitive Geometric complex + GM Placement

+ GM OriéntableSurface + GM_Complex + GM_PointArray

+ GM <Point + GM_Composite + GM PointGrid

+ GM\Primitive + GM_CompositeCurve + GM PointRef
+GM_PrimitiveBoundary + GM_CompositePoint + GM Position

+HGM_Ring + GM_CompositeSolid +GM_Polygon

+GM shell + GM_CompositeSurface G _PotyromiatSpie

+ GM Solid + GM_PolyhedralSurface

+ GM SurfacePatch

+ GM Surface + GM Tin

+ GM_SurfaceBoundary + GM_Triangle
+ GM_TriangulatedSurface
+ GM_Sphere

+ GM_SplineCurve

+ GM_SplineCurveForm

+ GM_Surfacelnterpolation

+ TransfiniteSet<DirectPosition>

Figure 4 — Geometry package: Class content and internal dependencies
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<<Type>>
GM_Object
| |
<<Type>> <<Type>>
GM_Complex GM_Aggregate
R&Typc)) Type>> X Type>>
GM Primitive GM_Composite GM MultiPrimitive
| | [
<<Type>> 1 <<Type>> <<Type>>
GM Point GM_CompositePoint GM MultiPoint
<<Type>>
GM_OrientablePrimitive
(flom Geometric primitive)
<qType>> <<T
N ype>> <<Type>>
GM Orl,ntapIeQuryg < GM_CompositeCurve GM MultiCurve
(from Geometric primitive)

<<Type>>
GM OrientableSurface
rpm Geometric primitive)

<<fype>>
GM_GCompositeSurface

<<Type>>
GM MultiSurface

—

(

<<Type>3
GM Curv

o

<<Type>>
GM Surface

<<Type>>
GM_CompositeSolid

<<Type>>
GM MultiSolid

<<Type>> 1
GM Solid

Figure 5 — Geometry basic classes with specialization relations

6.2 Geonietry root package

6.2.1 Semantics

A geometric object shall be a combination of a coordinate geometry and a coordinate reference system. In all
of the operations, all geometric calculations shall be done in the coordinate reference system of the first
geometric object accessed, which is normally the object whose operation is being invoked. Returned objects
shall be in the coordinate reference system in which the calculations are done unless explicitly stated
otherwise. The interface protocols defined in this section are basically those of set theory. In general a
geometric object is a set of geometric points, represented by DirectPosition (see 6.4.1). Object instantiations
of geometric objects are GM_Objects. Object instantiations of geometric points, when used as values, are
DirectPositions. General set theory operations defined at GM_Object differentiate further down the class
hierarchy depending on whether or not the boundary DirectPositions are included as set elements. Subtypes
of GM_Primitive do not contain boundary points, while subtypes of GM_Complex do.
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GM_Object and GM_Primitive are purely abstract in the sense that no object or data structure from an
application schema can instantiate them directly. Instances of these classes must be instances of one of their
non-abstract subtypes, such as GM_Point, GM_Curve, or GM_Surface. This is not the case for GM_Complex,
which can be directly instantiated by an application schema, and need not be an instance of one of the non-
abstract subclasses of GM_Composite. Although GM_Complex is not explicitly implemented by this
International Standard, it would be valid for an application schema to include a concrete class called
“GM_Complex” in a class library conformant to this International Standard. Recall that the name space of the
application schema is different form that of the standard and such seemingly logical abuses of name are valid.
This is not the case for the abstract classes within this International Standard. These classes are logically
incapable of supporting an implementation directly. Constructors on these classes result in instances of
concrete subclasses of these types, not in direct logical instances of the abstract type.

is a stricter interpretation of “abstract” than is commonly used in UML, but it is appropriéte here as a
to application schema developers.

This
guide

6.2.2] GM_Object

6.2.2(1 Semantics

GM
all g
partid
the 4
colle
GM_
may

NOTH
Instar

6.2.2

The

implg
GM
the s
will b
enve

G

This
those

Dbject (Figure 6) is the root class of the geometric object taxonomy and’ supports interface
bographically referenced geometric objects. GM_Object instances“are sets of direct p
ular coordinate reference system. A GM_Object can be regarded as an infinite set of points
et operation interfaces for a set of direct positions, TransfiniteSet<DirectPosition>. Sing
tion class cannot be implemented directly, a Booleanstest for inclusion shall be pro
Dbject interface. This International Standard concentrates'on vector geometry classes, bu
Ise GM_Object as a root class without modification.

As a type, GM_Object does not have a well-défined default state or value representation a
tiated subclasses of GM_Object will.

2 mbRegion

ment it in different ways. It shall return a region in the coordinate reference system that
Dbject. The default shall be te.xeturn an instance of an appropriate GM_Object subclass th
bme spatial set returned from the operator “GM_Object::envelope”. The most common use
e to support indexing methods that use extents other than minimum bounding rectang
opes).

M Object::mpRe&gion() : GM Object

does nof\restrict the returned GM_Object from being a non-vector geometric representat
types.are not defined within this International Standard.

6.2.2

5 common to
Dsitions in a
that satisfies
e an infinite
ided by the
t future work

5 a data type.

bperation “mbRegion” is included here only as an interface, as different applications may choose to

contains this
At represents
of mbRegion
les (MBR or

on, although

13 -~ representativePoint

The operation “representativePoint” is included here only as an interface that may be implemented in different
ways. It shall return a point value (DirectPosition) that is guaranteed to be on this GM_Object. The default
logic may be to use the DirectPosition of the point returned by the operation “GM_Object::centroid” if that point
is on the object.

GM Object::representativePoint () : DirectPosition

Another use of representativePoint may be for the placement of labels in systems based on graphic
presentation. Definitions for symbology and type placement are outside the scope of this International
Standard.
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<<Interface>> - : : : N
TransfiniteSet<DirectPosition> {dimension() > boundary().dimension}
(from Coordinate geometry) {boundary().notEmpty() implies
boundary().dimension() = dimension() -1}
A St {boundary().isEmpty() = isCycle()}
| |
<<Type>>
GM_Object

+ mbRegion() : GM_Object

+ reprpsentativePoint() : DirectPosition
+ boundary() : GM_Boundary

+ clospire() : GM_Complex

+ isSimple() : Boolean

+ isCyfcle() : Boolean

+ distance(geometry : GM_Object) : Distance +object Coordinate Reference Qystem
+ dime¢nsion(point : DirectPosition = NULL) : Integer 0.n
+ cooldinateDimension() : Integer
+ maxymalComplex() : Set<GM_Complex> {Refefence}
+ trangform(newCRS : SC_CRS) : GM_Object 0.1 +CRS
+ envglope() : GM_Envelope
+ centyoid() : DirectPosition <<Abstract>>
+ conyexHull() : GM_Object SC_CRS
+ buff¢r(radius : Distance) : GM_Object (from_Spatial Referencing by Coordinates
<KType>> <<Type>> <<Type>>
GM Primitive GM_Complex GM_Aggregate
(from Gepmetric primitive) (from Geometric complex) (from Geometric aggregates)

Figure 6 — GM_Object
6.2.2.4 bqundary

The operation “boundary’zshall return a finite set of GM_Objects containing all of the direct positions gn the
boundary of this GM_Object. These object collections shall have further internal structure where approgriate,
and shall be fepresented as subclasses of the datatype GM_Boundary that is a subtype of GM_CompleX. The
finite set of GM_QObjects returned shall be in the same coordinate reference system as this GM_Object. [If the
GM_Obiject is in"fa GM_Complex, then the boundary GM_Objects returned shall be in the same GM_Conplex.
If the GM_Qbject is not in any GM_Complex, then the boundary GM_Objects returned may have |been
constructed in response to the operation.

GM Object::boundary() : GM Boundary
The organization of the set returned is dependent on the type of GM_Object. Each of the subclasses of
GM_Object described below specifies the organization of its boundary set more completely.
The elements of a boundary shall be smaller in dimension than the original element.

-- all objects in the boundary are of at least 1 dimension smaller

-- than the originalGM Object:
boundary—select (dimension) <= self.dimension - 1
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closure

The operation “closure” shall return a finite set of GM_Objects containing all of the points on the boundary of
this GM_Object and this object (the union of the object and its boundary). These object collections shall have
further internal structure where appropriate. The finite set of GM_Objects returned shall be in the same
coordinate reference system as this GM_Object. If the GM_Object is in a GM_Complex, then the boundary
GM_Objects returned shall be in the same GM_Complex. If the GM_Object is not in any GM_Complex, then
the boundary GM_Obijects returned may have been constructed in response to the operation.

GM Object::closure()

6.2.2

The

tangsq
metri
dime

Since
Eucli

that
This

G

GM Complex

6 isSimple

bperation “isSimple” shall return TRUE if this GM_Object has no interior point of self-interse
ncy. In mathematical formalisms, this means that every point in the interior of.the object
C neighborhood whose intersection with the object is isomorphic to an m-Sphere, wh

9

hsion of this GM_Object.

M Object::isSimple() : Boolean

most coordinate geometries are represented, either directly. or indirectly by functions frg
Hean space of their topological dimension, the easiest test for simplicity to require that a 1
is 1-to-1 and bicontinuous (continuous in both directions)~Such a function is a topological

est does not work for “closed” objects (that is, objects for-which the isCycle operation return

ction or self-
must have a
ere n is the

m regions in
unction exist
somorphism.
5 TRUE).

Whilg GM_Complexes shall contain only simple GM\ Objects, non-simple GM_Objects are dften used in

“spaghetti” data sets.
NOTH “Spaghetti” is a pejorative (uncomplimentary) term, usually indicative of an unacceptable levgl of geometric
anomglies and inconsistencies in the data that\must be “cleaned” before use is made of it. Such inconpistencies can

include (but are not limited to) any or all of the.following anomaly types:

) An undershot line is a line that should intersect another, but falls short leaving a small gap between it
and the point of intersection. This is often hard to distinguish from real “near misdes” between
features (such as where’ a road is separated from another by a wall only one brick thick). This
problem is especially,difficult to handle when the undershoot fails to close a surfacg or polygon
boundary. This is.often indicative of the digitizer working at too small a scale and failing to “snap” to
the end of lines.

a)

-

An overshot line is a line that should intersect and terminate at another, but goes too
small-excess line on the far side of the point of intersection. This is often indicative o
working at too small a scale and trying to visually “snap” the end of lines.

ar, leaving a
the digitizer

End loop (a line that should intersect and terminate at another, but goes too far and fthen returns,
leaving-a-smal-excesstoop-on-thefarside-of- the-peint-of-intersection—Fhis-is-oftenin

exeesso icative of the
digitizer working at too small a scale and “snapping” a line after he has already overshot it.

Slivers and gaps are multiple lines that should represent the same geometry, but do not coincide,
leaving areas of overlap between two surface boundaries (slivers), and gaps between them. This
problem is particularly difficult to deal with in areas of braided streams, where the real geometry of
the natural feature resembles the sliver and gaps of simple bad digitization practice. This is often
indicative of multiple sources for the same data, which have been merged (but not properly
conflated), into the same database.

The real problem with “spaghetti” comes in that the heuristics (either manual or automated) used to correct the
problems often result in additional, but different factual errors. This can be a severe quality issue for geometry.
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6.2.2.7 isCycle

The operation “isCycle” shall return TRUE if this GM_Object has an empty boundary after topological
simplification (removal of overlaps between components in non-structured aggregates, such as subclasses of
GM_Aggregate). This condition is alternatively referred to as being “closed” as in a “closed curve.” This
creates some confusion since there are two distinct and incompatible definitions for the word “closed”. The
use of the word cycle is rarer (generally restricted to the field of algebraic topology), but leads to less
confusion. Essentially, an object is a cycle if it is isomorphic to a geometric object that is the boundary of a
region in some Euclidean space. Thus a point is a cycle as a boundary of it is emply. A curve is a cycle if it is
isomorphic to a circle (has the same start and end point). A surface is a cycle if it is isomorphic to the surface
of a sphere, or some torus. A solid, with finite size, in a space of dimension 3 is never a cycle.

GM Objgct::isCycle(): Boolean

EXAMPLE The following OCL uses the boundary operator to produce a GM_Object and then tests.for an em
using the operator TransfiniteSet<DirectPosition>::isEmpty().

ty set

GM Objegct:
1sCycle () = boundary () .isEmpty ()
6.2.2.8 diptance

This
b that

The operatig
distance is @

n “distance” shall return the distance between this GM.Object and another GM_Obiject,
efined to be the greatest lower bound of the set of distances between all pairs of points

include one
associated t(
be transform

each from each of the two GM_Objects. A “distance” value shall be a non-negative ny
a distance unit such as meter or standard foot. If necessary, the second geometric object
ed into the same coordinate reference system as-the first before the distance is calculated.

mber
shall

GM Objgct::distance (geometry GM_ Objgegort) Distance

If the geon
implementati
implementati

etric objects overlap, or touchy_then their distance apart shall be zero. Some clirrent
pns use a “negative” distance.for such cases, but the approach is neither consistent betieen
pns, nor theoretically viable:
“Distance” is|one of the units of measure data types defined in ISO TS 19103.
NOTE TH

of distances f{|
distance, and

e role of the reference system in distance calculations is important. Generally, there are at least three
hat may be defined between points (and therefore between geometric objects): map distance, ge
errain distance,

types
desic

Map distance
when scale i
behaved deriv

s the distance between the points as defined by their positions in a coordinate projection (such as on
taken_into account). Map distance is usually accurate for small areas where scale functions have
ptives.

h map
well-

Geodesic dist being
used by the coordinate reference system. Geod es the
earth's curvature into account. It is especially handy for air and sea navigation, although care should be taken to
distinguish between rhumb line (curves of constant bearing) and geodesic curve distance.

Terrain distance takes into account the local vertical displacements (hypsography). Terrain distance can be based either
on a geodesic distance or a map distance.

6.2.2.9 dimension

The operation “dimension” shall return the inherent dimension of this GM_Object, which shall be less than or
equal to the coordinate dimension. The dimension of a collection of geometric objects shall be the largest
dimension of any of its pieces. Points are 0-dimensional, curves are 1-dimensional, surfaces are 2-
dimensional, and solids are 3-dimensional. Locally, the dimension of a geometric object at a point is the
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dimension of a local neighborhood of the point — that is the dimension of any coordinate neighborhood of the
point. Dimension is unambiguously defined only for DirectPositions interior to this GM_Object. If the passed
DirectPosition is NULL, then the operation shall return the largest possible dimension for any DirectPosition in
this GM_Object.

GM Object::dimension (point DirectPosition NULL)

Integer

6.2.2.10 coordinateDimension

The operation “coordinateDimension” shall return the dimension of the coordinates that define this GM_Obiject,
whiclirmust be the same as the coordinate dimension of the coordinate rererence system for this 3M_Object.
g

M Object::coordinateDimension(): Integer

6.2.2111 maximalComplex
X, referred to
omplex. The

EM_Object is

As a|set of primitives, a GM_Complex may be contained as a set in another larger GM_Comple
as a ['super complex” of the original. A GM_Complex is maximal if there is ho’such larger super
operation “maximalComplex” shall return the set of maximal GM_Complexes within which this (
contgined.

g

M Object::maximalComplex () Set<GM Complex>

If the

NOTH
comp
the ag
of vie|
could

6.2.2

The
GM_|

6.2.2

The

application schema used does not include GM_Complex, then this operation shall return a N

The usual semantics of maximal complexes;daés not allow any GM_Primitive to be in more tha
ex, making it a strong aggregation. This is not an-absolute, and depending on the semantics of the in
sociation between GM_Primitives and maximalGM_Complexes could be many to many. From a prog

be quite useful in minimizing redundant'data inherent in two representations of the same primitive geo
12 transform

operation “transform” shall return a new GM_Object that is the coordinate transform

M Object::transform(newCRS SC_CRS) GM Object

13 envelope

ppération “envelope” shall return the minimum bounding box for this GM_Object. This

Dbject into the passed coordinate reference system within the accuracy of the transformation.

IULL value.

N one maximal
hplementation,
ramming point

v, this would be a difficult (but not impossible) dynamic structure to maintain, but as a static query-only structure, it

metric object.

ation of this

shall be the
ctPositions in

COoo0rq

inate region spanning the minimum and maximum value for each ordinate taken on by Dire

this GM_Object. The simplest representation for an envelope consists of two DirectPositions, the first one
containing all the minimums for each ordinate, and second one containing all the maximums. However, there
are cases for which these two positions would be outside the domain of validity of the object's coordinate
reference system. This operation is included here only as an interface, as applications may choose to
implement in different manners.

GM Object::envelope () GM_Envelope
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6.2.2.14 centroid

The operation “centroid” shall return the mathematical centroid for this GM_Object. The result is not
guaranteed to be on the object. For heterogeneous collections of primitives, the centroid only takes into
account those of the largest dimension. For example, when calculating the centroid of surfaces, an average is

taken weighted by area. Since curves have no area they do not contribute to the average.

GM Object::centroid()

NOTE
reference sys

DirectPosition

m, but this is ||n|i|{n|y‘ since the domain-of \lalidif\/ of most coordinate reference Q\JIQmeQ is_convex

unlikely case 9

6.2.2.15 cq
The operatio

GM_Obj4

NOTE TH
coordinate ref
convex. If this

Convexity re
may result i
appropriate
one will be v
other.

6.2.2.16 bu

The operatio|
less than or
system as tH
coordinate d

hould arise the implementation shall decide on appropriate action.

nvexHull
n “convexHull” shall return a GM_Obiject that represents the convex hull of this.\GM_Obiject.

bct: :convexHull () GM Object

ere may be cases for which this GM_Object would be partially outside the~domain of validity of the o
erence system, but this is unlikely, since the domain of validity of most coordinate reference systd
unlikely case should arise the implementation shall decide on appropriate action.

uires the use of “lines” or “curves of shortest length” and-the use of different coordinate sys
h different versions of the convex hull of an objectZEach implementation shall decide ¢
olution to this ambiguity. For two reasonable coordinate systems, a convex hull of an obj
ery closely approximated by the transformed image of the convex hull of the same object

ffer

h “buffer” shall return a GM_Object containing all points whose distance from this GM_Obj
pqual to the “distance” passed as a parameter. The GM_Obiject returned is in the same refe
is original GM_Object. The~dimension of the returned GM_Object is normally the same 4
mension - a collection offGM_Surfaces in 2D space and a collection of GM_Solids in 3D s

There may be cases for which this position would be outside the domain of validity of the object's coordinate

If this

bject's
ms is

tems
n an
bct in
n the

et is
fence
s the
bace,

but this may pe application defined;,
GM Objg¢ct::buffer (radius Distance) GM Object
NOTE There are cases for which this GM_Object would be partially outside the domain of validity of the object's

coordinate refi

brence system. If this case should arise the implementation shall decide on appropriate action.

6.2.2.17 CTordinate Reference System association

The association role “Coordinate Reference System::CRS” links this GM_Obiject to the coordinate reference
system used in its DirectPosition coordinates. If this association is empty, then the GM_Object uses the
SC_CRS from another GM_Obiject in which it is contained.

GM_Object::CRS[0,1] : SC_CRS

NOTE The most common example where this association can be empty is the elements and subcomplexes of a
maximal GM_Complex. The GM_Complex can carry the SC_CRS for all GM_Primitive elements and for all GM_Complex
subcomplexes. This association is only navigable from GM_Object to SC_CRS. This means that the coordinate reference
system objects in a data set do not keep a list of GM_Objects that use them.
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6.2.2.18 Operations from TransfiniteSet realization

6.2.2.18.1 Semantics

The TM_Object realizes the following operations from the Interface TransfiniteSet<DirectPosition>
(ISO/TS 19103).

6.2.2.18.2 contains

The Boolean valued operation “contains” shall return TRUE if this GM_Object contains another GM_Object, or
a single point given by a coordinate (DirectPosition). The purpose of this operator is to instantiate
TransfiniteSet<DirectPosition>::contains.

dM Object::contains(pointSet : GM Object) : Boolean // subset operatqr
dM Object::contains(point : DirectPosition) : Boolean // elemént’ confjainment
operator

If thg passed GM_Object is a GM_Point, then this operation is the equivalent of a set-element test for the
DiregtPosition of that point within this GM_Object. Since point and other, geometric objects shafje a common
anceptor (GM_Object), it is not normally necessary to differentiate between point containment and set
contginment for GM_Object. The following OCL reiterates basic set theory axioms.

gM Object:
dontains (that : GM Object) and that.containgflother : GM Object) implies
contains (other)

dontains (that : GM Object) and that.comfains(p : DirectPosition) implies
contains (p)
dontains (point : GM Point) implies-:¢&ontains(point.position)
NOTE “Contains” is strictly a set theoretic gantainment, and has no dimensionality constraint. In a GM_Complex, no

GM_Rrimitive will contain another unless a dimension is skipped. See 6.3.11.3.

6.2.2|18.3 intersects

The Boolean valued operation\{intersects” shall return TRUE if this GM_Object intersects anothef GM_Obiject.
The purpose of this operatar is’to instantiate TransfiniteSet<DirectPosition>::intersects.

gM Object::intérsects (pointSet : GM Object) : Boolean

Within a GM<€omplex, the GM_Primitives do not intersect one another. In general, topologically structured
data pses shared geometric objects to capture intersection information.

NOTH This intersect is strictly a set theoretic common containment of DirectPositions. Two GM_(Qurves (under
GM_Primitive) do not intersect if they share a common end point because GM_Primitives are considered to be open (do
not contain their boundary). If two GM_CompositeCurves (under GM_Complex) share a common end point, then they
intersect because GM_Complexes are considered to be closed (contain their boundary).

6.2.2.18.4 equals

The Boolean valued operation “equals” shall return TRUE if this GM_Object is equal to another GM_Object.
The purpose of this operator is to instantiate TransfiniteSet<DirectPosition>::equals.

GM Object::equals (pointSet : GM Object) : Boolean
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if they return the same Boolean value for the operation

GM_Object::contains for every tested DirectPosition within the valid range of the coordinate reference system
associated to the object.

NOTE

Since an infinite set of direct positions cannot be tested, the internal implementation of equal must test for

equivalence between two, possibly quite different, representations. This test may be limited to the resolution of the
coordinate system or the accuracy of the data. Application schemas may define a tolerance that returns true if the two
GM_Objects have the same dimension and each direct position in this GM_Object is within a tolerance distance of a direct

position in the

passed GM_Obiject and vice versa.

6.2.2.18.5 union

The “union” ¢
The purpose

GM_Ob3g

6.2.2.18.6 i

The “interse
GM_Obiject.

The purpose

GM_Ob7g

6.2.2.18.7

The “differepce” operation shall return the set theoretic difference of this GM_Object and the pa

GM_Obiject.
The purpose

GM_Objq

difference

peration shall return the set theoretic union of this GM_Object and the passed GM_CObject:
of union is to instantiate TransfiniteSet<DirectPosition>::union.
bct::union (pointSet

GM Object) GM Object

ntersection

ction” operation shall return the set theoretic intersection of this“GM_Object and the pa

of intersection is to instantiate TransfiniteSet<DirectPosition>::intersection.

bct::intersection (pointSet GM Object) GM Object

of difference is to instantiate dransfiniteSet<DirectPosition>::difference.

bct::difference (poinfSet GM Object) GM Object

ssed

ssed

NOTE The difference operation is not symmetric and A.difference(B) is usually not the same as B.difference(A)
6.2.2.18.8 g$ymmetricDifference
The “symmefricDifference” operation shall return the set theoretic symmetricDifference of this GM_Objeqdt and
the passed GM_Obiject. The purpose of symmetricDifference is to instaptiate
TransfiniteSet<DirectPosition>::symmetricDifference.

GM Object::symmetricDifference (pointSet GM Object) GM Object

6.3 Geometric primitive package

6.3.1

Semantics

The Geometric primitive package contains all the geometric primitives and supporting data types used in

describing th

32

eir boundaries.
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6.3.2 GM_Boundary

The abstract root data type for all the data types used to represent the boundary of geometric objects is
GM_Boundary (Figure 7). Any subclass of GM_Object will use a subclass of GM_Boundary to represent its

boundary through the operation GM_Object::boundary. By the nature of geometry, boundary objects are
cycles.

GM Boundary:

{isCycle () = TRUE}

<<Type>>
GM_Complex
(from Geometric complex)

I

<<Abstract>>
GM_Boundary

7

{isCycle() = TRUE} ﬁ

<<Abstract>>
GM_PrimitiveBoundary

1

<<Type>>
GM_ComplexBoundary

<<Type>>
GM_CurveBoundary

<<Type>>
GM_SurfaceBoundary

<<Type>>
GM_SolidBoyndary

0..n 0..n 1 1 1 1
1 <<Type>> 1 0..1 <<Type>> 0..n 0..1 | <<Type>% | 0..n
+statPoint | M Point [Landpoint  +exterior | CM_RING | Yinterior +vexterior | CM Shel = inierior
<<Type>> <<Type>>
GM_CompositeSurface GM_CompositeCurve
(from Geometric complex) (from Geometric complex)
<<Type>> o N <<Type>>
oM. Sl {isSimple() = TRUE GMy%ing
= {isCycle() = TRUE} -
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6.3.3 GM_ComplexBoundary

The boundary operation for GM_Complex objects shall return a GM_ComplexBoundary, which is a collection
of primitives and a GM_Complex of dimension one less than the original object.

6.3.4 GM_PrimitiveBoundary

The abstract class GM_PrimitiveBoundary is the root for the various return types of the boundary operator for
subtypes of GM_Primitive. Since points have no boundary, no special subclass is needed for their boundary.

6.3.5 GM_CurveBoundary

6.3.5.1 Semantics
The boundary of GM_Curves shall be represented as GM_CurveBoundary.
6.3.5.2 sthrtPoint, endPoint
A GM_CurvgBoundary contains two GM_Point references.

GM CuryeBoundary::startPoint : Reference<GM Point>;

GM CuryeBoundary::endPoint : Reference<GM Point>;
6.3.6 GM_Ring
A GM_Ring |s used to represent a single connected componént of a GM_SurfaceBoundary. It consistg of a
number of references to GM_OrientableCurves connected:ifi‘a cycle (an object whose boundary is empty)).
A GM_Ring is structurally similar to a GM_CompositeCurve in that the endPoint of each GM_OrientableCurve
in the sequepce is the startPoint of the next GM_~QrientableCurve in the Sequence. Since the sequence is
circular, ther¢ is no exception to this rule. Eaching, like all boundaries is a cycle and each ring is simple,

GM Ring:

isSimple () = TRUE}

Even thoughl each GM_Ring is«simple, the boundary need not be simple. The easiest case of this is Where
one of the ipterior rings of a‘surface is tangent to its exterior ring. Implementations may enforce strpnger
restrictions oh the interaction\ef boundary elements.
6.3.7 GM_$urfaceBoundary
6.3.7.1 STmantics

The boundary of GM_Surfaces shall be represented as GM_SurfaceBoundary.

6.3.7.2 exterior, interior

A GM_SurfaceBoundary consists of some number of GM_Rings, corresponding to the various components of
its boundary. In the normal 2D case, one of these rings is distinguished as being the exterior boundary. In a
general manifold this is not always possible, in which case all boundaries shall be listed as interior boundaries,
and the exterior will be empty.

GM SurfaceBoundary::exterior[0,1]
GM SurfaceBoundary::interior[0..n]

: GM_Ring;
: GM_Ring;
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NOTE The use of exterior and interior here is not intended to invoke the definitions of “interior” and “exterior” of
geometric objects. The terms are in common usage, and reflect a linguistic metaphor that uses the same linguistic
constructs for the concept of being inside an object to being inside a container. In normal mathematical terms, the exterior
boundary is the one that appears in the Jordan Separation Theorem (Jordan Curve Theorem extended beyond 2D). The
exterior boundary is the one that separates the surface (or solid in 3D) from infinite space. The interior boundaries
separate the object at hand from other bounded objects. The uniqueness of the exterior comes from the uniqueness of
unbounded space. Essentially, the Jordan Separation Theorem shows that normal 2D or 3D space separates into
bounded and unbounded pieces by the insertion of a ring or shell, respectively. It goes beyond that, but this International
Standard is restricted to at most three dimensions.

EXAMPLE 1 If the underlying manifold is an infinite cylinder, then two transverse cuts of the cylinder define a compact
surface between the cuts, and two separate unbounded portlons of the cyllnders In thls case, elther cut could reasonably
“interior” set.

EXAMPLE 2 Taking the equator of a sphere, and generating a 1 m buffer, we have a surfac¢e with tivo isomorphic
boundary components. There is no unbiased manner to distinguish one of these as an exterior.

6.3.8)| GM_Shell
A G _Shell is used to represent a single connected component of a GNI~SolidBoundary. It ¢onsists of a
number of references to GM_CQOrientableSurfaces connected in a topological‘cycle (an object whgse boundary
is empty). Unlike a GM_Ring, a GM_Shell's elements have no natural sert order. Like GM_Rings$, GM_Shells
are sjmple.

dv Shell:
{isSimple () = TRUE}
6.3.9] GM_SolidBoundary

6.3.9{1 Semantics

The Boundary of GM_Solids shall be represented as GM_SolidBoundary.

6.3.912 exterior, interior

GM_pBolidBoundaries are similar to GM_SurfaceBoundaries. In normal 3-dimensional Euclidean space, one
shell|is distinguished as the.exterior. In the more general case, this is not always possible.

()

M SolidBoundary::exterior[0,1] : GM Shell;
gM SolidBodndéary::interior[0..n] : GM_ Shell;

NOTE An-alternative use of solids with no external shell would be to define “complements” of finite| solids. These
infinit¢ solids would have only interior boundaries. If this International Standard is extended to 4D Euclidepn space, or if
3D cgmpact manifolds are used (probably not in geographic information), then other examples of bounded solids without
exterior boundaries are possible.

6.3.10 GM_Primitive

6.3.10.1 Semantics

GM_Primitive (Figure 8) is the abstract root class of the geometric primitives. Its main purpose is to define the
basic “boundary” operation that ties the primitives in each dimension together. A geometric primitive
(GM_Primitive) is a geometric object that is not decomposed further into other primitives in the system. This
includes curves and surfaces, even though they are composed of curve segments and surface patches,
respectively. This composition is a strong aggregation: curve segments and surface patches cannot exist
outside the context of a primitive.
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NOTE Most geometric primitives are decomposable infinitely many times. Adding a centre point to a line may split
that line into two separate lines. A new curve drawn across a surface may divide that surface into two parts, each of which
is a surface. This is the reason that the normal definition of primitive as “non-decomposable” is not plausible in a geometry
model — the only non-decomposable object in geometry is a point.

Any geometric object that is used to describe a feature is a collection of geometric primitives. A collection of
geometric primitives may or may not be a geometric complex. Geometric complexes have additional
properties such as closure by boundary operations and mutually exclusive component parts.

GM_Primitive and GM_Complex share most semantics, in the meaning of operations, attributes and
associations. There is an exception in that a GM_Primitive shall not contain its boundary (except in the trivial
case of GM_Point where the boundary is empty). while a GM_Complex shall contain its boundary in all cases.

that if an instantiated object implements GM_Object operations both as GM_Primitive and
X, the semantics of each set theoretic operation is determined by the its name resol

as a
ition.

for a particular object such as GM_CompositeCurve, GM_Primitive::contains (returns FALYE for
5 different from GM_Complex::contains (returns TRUE for end points). Further, f, that obj

bct is

M_Primitive value and as a GM_Complex value, then the two values need\nhot be equal as

{dimension() >= containedPrimitive.dimension()}

+containedPrimitive

0..n

Interior

0..n

o

This means
GM_Comple
Specifically,
end points) i
cast as a G
GM_Obijects
<<Type>>
GM_Object
(from Geometry root)
Complex 1.n <<Type>>
GM Primitive
+element
+ boundary() : GM PrimitiveBoundary
+ GM_Primitive(e : GM_Envelope) : GM_Primitive
+complex $
0..n
<Type>>
GM |Complex <<Type>>
(from Geolnetric complex) GM _CrientablePrimitive

+containingPrimitive

1

<<Type>>
GM _OrientableCurve

<<Type>>

GM_OCrientableSurface
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1

1

<<Type>> <<Type>>
GM_Point GM_Curve

<<Type>>

GM_Surface

Figure 8 — GM_Primitive

<<Type>>
GM_Solid
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6.3.10.2 boundary

The operation “boundary” shall return the boundary of a GM_Primitive as a set of GM_Primitives. This is a
specialization of the operation at GM_Object, which does not restrict the class of the returned collection. The
organization of the boundary set of a GM_Primitive depends on the type of the primitive.

GM Primitive::boundary() : GM PrimitiveBoundary

6.3.10.3 GM_Primitive (constructor)

GM_Envelope will often be used In query operations, and therefore must have a cast operation jhat returns a
GM_Dbject. The constructor at GM_Primitive provides this.

QM Primitive::GM Primitive (env : GM Envelope) : GM Primitive.
NOTEH The actual return of the operation depends upon the dimension of the coordinate reference system and the

extenf of the envelope. In a 2D system, the primitive returned will be a GM_Surface (if{the envelope does ngt collapse to a
point pr line). In 3D systems, the usual return is a GM_Solid.

EXAMPLE In the case where the GM_Envelope is totally contained,in-the domain of validity of its SC_CRS
(coordlinate reference system) object, its associated GM_Primitive is theconvex hull of the various permptations of the
coordjnates in the corners. For example, suppose that a particular envelope in 2D is defined as (we ignorg¢ the SC_CRS
below, assuming that it is a global variable):

gnv : GM Envelope = <lowerCorner = (x1, y&), upperCorner = (x2, y2)>

Then|we can take the various permutations of the coerdinate values to create a list of polygon coiners:

multi point : GM MultiPoint =_{ Mx1, yl), (x1, y2), (x2, yl), (x2, v94) }

If welthen apply the convex hull function defined at GM_Object to the multi_point, we get a polygan,

nulti point.convexHull / () — polygon : GM Surface

The ¢xtent of a polygon.in2D is totally defined by its boundary (internal surface patches are planar and do not
need|interior control{aints) which gives us a data type to represent GM_Surface in 2D:

dolygonoundary — ring : GM Ring = { string : GM Linestring =
<tx1, yl), (x1, y2), (x2, y2), (x2, yl), (x1, yl)> }

So thatth

AL ralic fanmviany, aate havia e Ciat i) Al
Ty TCCOTrTU IS (CUTTVEA ST TTIave IO T T T

(¢

boundary : GM SurfaceBoundary = < exterior = ring, interior = { } >

See the relevant clauses for the formal definition of each of these types.

6.3.10.4 “Interior to” association
The “Interior to” association associates GM_Primitives which are by definition coincident with one another.

This allows applications to override the Set<DirectPosition> interpretation and its associated computational
geometry, and declare one GM_Primitive to be “interior to” another.
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This association should normally be empty when the GM_Primitives are within a GM_Complex, since in that
case the boundary information is sufficient for most cases.

GM Primitive::coincidentSubelement [0..n] : Reference<GM Primitive>
GM Primitive::superElement [0..n] : Reference<GM Primitive>

This association is constrained by the set theory operators and dimension operators defined at GM_Obiject.
GM Primitive:

superElement->includes (p: GM Primitive) = GM Object::contains (p)

GHmension{t—>=coincidentSubelementdimension{)

NOTE THhis association should not be used when the two GM_Primitives are not close to one another. .The intent is to
allow applications to compensate for inherent and unavoidable round off, truncation, and other mathematical proplems
indigenous to pomputer calculations.

6.3.10.5 Complex association

A GM_Primifive may be in several GM_Complexes, see 6.6.2. This association ‘may not be navigable ip this
direction (fropn primitive to complex), depending on the application schema.

GM Primitive::complex [0..n] : Reference<GM Complex>

6.3.11 GM_Point

6.3.11.1 Sémantics

GM_Point (Fjgure 9) is the basic data type for a geomeétric object consisting of one and only one point.

<<Type>> <<DataType>>
GM_Primitive Bearing
+ angle[0,1,2] : Angle
+ direction[0,1] : Vector

<<Jype>>
GM- Point -
-- at least one value is not NULL
+ positior] : DirectPosition {angle.isEmpty{} implies Not direction.isEmpty()}
+ boundaly ()7“NULL {direction.isEmpty{} implies Not angle.isEmpty()}
+ bearing(toRoint : GM Position) : Bearing
+ GM_Point(position : GM_Paosition) : GM_Point

Figure 9 — GM_Point
6.3.11.2 position

The attribute “position” shall be the DirectPosition of this GM_Point.

GM Point::position : DirectPosition
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GM_Point is the only subclass of GM_Primitive that cannot use GM_Positions to represent its defining
geometry. A GM_Position is either a DirectPosition or a reference to a GM_Point (from which a DirectPosition
may be obtained). By not allowing GM_Point to use this technique, infinitely recursive references are
prevented. Applications may choose another mechanism to prevent this logical problem.

NOTE In most cases, the state of a GM_Point is fully determined by its position attribute. The only exception to this is
if the GM_Point has been subclassed to provide additional non-geometric information such as symbology.

6.3.11.3 boundary

The operation “GM_Point::boundary” is a specialization of the boundary operation at GM_Object, and shall

EAADD

T\L 1 - (M .
returpramEMPTFY-vatue-indicatiomanmempty-set:

gM Point::boundary() : EMPTY

6.3.11.4 bearing

The pperation “bearing” shall return a Bearing of the tangent (at this GM_Point) to the curve petween this
GM_Point and a passed GM_Position.

gM Point::bearing(toPoint : GM Position) : Bearifig
The ¢hoice of the curve type for defining the bearing is dependent on the SC_CRS in which this| GM_Point is
defingd. For example, in the Mercator projection, the curye is the rhumb line. In 3D, geocentrjc coordinate
systgm, the curve may be the geodesic joining the two points along the surface of the geoid or elllpsoid in use.

Implgmentations that support this function shall specifythe nature of the curve to be used.

NOTE The type “Vector” is a common data type défined in ISO/TS 19103.

6.3.11.5 GM_Point (constructor)
The ¢onstructor GM_Point creates a GM_Point at a given position.

gM Point::GM Point (position : GM Position) : GM Point

6.3.12 Bearing

6.3.12.1 Semantics

Bearing is_acdata type used to represent direction in the coordinate reference system. In a 2D coordinate
nce system, this can be accomplished using a “angle measured from true north” or a 2D vpctor point in
irection. In a 3D coordinate reference system, two angles or any 3D vector is possible. If|both a set of

6.3.12.2 angle

In this variant of Bearing usually used for 2D coordinate systems, the first angle (azimuth) is measured from
the first coordinate axis (usually north) in a counterclockwise fashion parallel to the reference surface tangent
plane. If two angles are given, the second angle (altitude) usually represents the angle above (for positive
angles) or below (for negative angles) a local plane parallel to the tangent plane of the reference surface.

Bearing::angle [0,1,2] : Angle
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6.3.12.3 direction

In this variant of Bearing usually used for 3D coordinate systems, the direction is express as an arbitrary

vector, in the

Bearing::direction

coordinate system.

[0,1] : Vector

6.3.13 GM_OrientablePrimitive

6.3.13.1

Semantics

Orientable p
internal local
the curve is
being bound
the local cod
completing Z
solid is “belo

3-dimensional space.

GM_OrientablePrimitive objects are essentially references to geometric primitives that carry an “orient

reversal flag
the referencq

NOTE TH
matter of the
“positive” prim|
primitives wer
hold the same
“negative” prir
complexity to
oriented primi
primitives are

Orientable p
The sign da
and “<-, ¢c>”
lead to confu
can be perfo

For c,

6.3.13.2 orn

imitives (Figure 10) are those that can be mirrored into new geometric objects in terms)of
coordinate systems (manifold charts). For curves, the orientation reflects the direction’ in
raversed, that is, the sense of its parameterization. When used as boundary curves; the su

rdinate system can be viewed as right handed, the “top” or the surface being)the direction
~axis that would form a right-handed system. When used as a boundary, surface, the bou
W” the surface. The orientation of points and solids has no immediate geometric interpretat

“

(either “+” or “-”) that determines whether this primitive agrees‘or disagrees with the orientat

d object.

ere are several reasons for subclassing the “positive” primitives under the orientable primitives. Fir
semantics of subclassing. Subclassing is assumed to.be“a “is type of’ hierarchy. In the view use
tive is simply the orientable one with the positive orientation. If the opposite view were taken, and orie
b subclassed under the “positive” primitive, then by subclassing logic, the “negative” primitive would h
sort of geometric description that the “positive” primitive does. The only viable solution would be to se
nitives under the geometric root as being some(Sort of reference to their opposite. This adds a great d
the subclassing tree. To minimize the number of objects and to bypass this logical complexity, pos
ives are self-referential (are instances of_the corresponding primitive subtype) while negatively or|
not.

imitives are often denoted bysa\sign (for the orientation) and a base geometry (curve or sur

type is defined in ISO TS\19103. If “c” is a curve, then “<+, ¢>" is its positive orientable

s its negative orientable ‘eurve. In most cases, leaving out the syntax for record “< , >” doe

7P

sion, so “<+, c>" may be written as “+c” or simply “c”, and “<-, ¢c>" as “-c¢”. Curve space arith

med if the curves.align properly, so that:

d GM OrdentableCurves such that c.endPoint = d.startPoint then
c + d_)\==: GM CompositeCurve = < ¢, d >
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their
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The “orientation” of an orientable primitive determines which of the two possible orientations this object

represents.

GM OrientablePrimitive::orientation
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<<Type>>
GM_Primitive

{(orientation = "+") implies (primitive = self)}

|

0,2 <<Type>>

. GM_OrientablePrimitive j
Oriented +proxy = -

+ orientation : Sign

7

<<Type>> <<Type>>
GM_OrientableCurve GM\OQrientableSurface

+ boundary() : GM_CurveBoundary + baundary() : GM_SurfaceBoundary

<<Type>> <<Type>>
GM_Curve GM_Surface
AN -

AN -
N -

{orientation = "+"

fimitive.isTypeOf(GM_Curve)} Ij {primitive = self} B‘ {primitive.isTypeOf(GM_Su

6.3.1

Each
orien

(™)

Forc

face)} ﬁ

Figure 10 — GM_OrientablePrimitive

3.3 Oriented Association

GM_Primitive of dimension 1 or 2 is associated to two GM_OrientablePrimitives, one for €
ation.

M Primitive::proxy [0,2] : Reference<GM OrientablePrimitive>;
M OrientablePrimitive::primitive [1] : Reference<GM Primitive>;

ufves and surfaces, there are exactly two orientable primitives for each geometric object.

GM Primitive:

(proxy—notEmpty) = (dimension = 1 or dimension = 2);

GM OrientablePrimitive:

a, b :GM OrientablePrimitive

ach possible

((a.primitive=b.primitive)and(a.orientation=b.orientation)) implies a=b;

If the orientation is “+” (positive), then the GM_OrientablePrimitive shall be the corresponding GM_Curve or
GM_Surface.

GM OrientableCurve:

©1SO

orientation = “+” implies self.isTypeOf (GM Curve);
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GM OrientableSurface:
orientation = “+” implies self.isTypeOf (GM Surface);

6.3.14 GM_OrientableCurve

6.3.14.1 Semantics

GM_OrientableCurve consists of a curve and an orientation inherited from GM_OrientablePrimitive. If the
orientation is “+”, then the GM_OrientableCurve is a GM_Curve. If the orientation is “-”, then the
GM_OrientableCurve is related to another GM Curve with a parameterization that reverses the sense of the
curve traverdal.

GM Orig¢ntableCurve:

{Orienfation = "+" implies primitive = self};
{Orientation = "-" implies
primitive.parameterization (length()-s) = parameterization(s)};

6.3.14.2 bqundary
The operatign “boundary” is a specialization of the boundary operationXdefined at GM_Object anpd at
GM_Primitive. The boundary operation shall return an ordered pair of pointsy'which are the start point angl end
point of the qurve. If the curve is closed, then the boundary shall be empty: The data type GM_CurveBoupdary
is defined to gimplify the structure of the boundary of the curve, see 6:3.5.

GM Orig¢ntableCurve::boundary () : GM CurveBouhdary

6.3.15 GM_OrientableSurface

6.3.15.1 Semantics

GM_OrientableSurface consists of a surface and an orientation inherited from GM_OrientablePrimitive. [If the
orientation i$ “+”, then the GM_OrientableSurface is a GM_Surface. If the orientation is “-”, thep the
GM_OrientableSurface is a reference(to a GM_Surface with an upNormal that reverses the direction fdr this
GM_OrientableSurface, the sense ¢f\'the top of the surface” (see 6.4.33.2).

GM Orig¢ntableSurfacé~

Orientatiom "+" implies primitive = self};
(Orientat¥on = "-" and TransfiniteSet::contains(p : DirectPosition)
implies (primitive.upNormal (p) = - self.upNormal (p))};

6.3.15.2 bgqundary

The operation “boundary” specializes the boundary operation defined at GM_Object with the appropriate
return type for GM_OrientableSurface. It shall return the set of circular sequences of GM_OrientableCurve
that limit the extent of this GM_Surface. These curves shall be organized into one circular sequence of curves
for each boundary component of the GM_Surface.

GM OrientableSurface::boundary(): GM SurfaceBoundary;

In cases where “exterior” boundary is not well defined, all the rings of the GM_SurfaceBoundary shall be listed
as “interior”.
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The concept of exterior boundary for a surface is really only valid in a 2-dimensional plane. A bounded
cylinder has two boundary components, neither of which can logically be classified as its exterior. Thus, in three

6.3.16 GM_Curve

6.3.16.1 Semantics

GM_Curve (Figure 11) is a descendent subtype of GM_Primitive through GM_OrientablePrimitive. It is the
basis for 1-dimensional geometry. A curve is a continuous image of an open interval and so could be written
as a parameterized function such as c(t):(a, b)>E" where “t” is a real parameter and E" is Euclidean space

ension n (usually two or three, as determined by the coordinate reference system
paramneterization that results in the same image curve, traced in the same direction, such asan

of da[;n
and

ositive scales such as e(t) = c(a + t(b-a)):(0,1) —»E", is an equivalent representatiomof the,

). Any other
linear shifts
same curve.

For the sake of simplicity, GM_Curves should be parameterized by arc length, so that the parameterization

operation inherited from GM_GenericCurve (see 6.4.7) will be valid for parameters between 0 a

of the

Curves are continuous, connected, and have a measurable length in terms.of the coordinate

orien

which approximates the derivative function of the parameterization andyshall always point in
ion. The parameterization of the reversal of the curve defined by c(t):(a, b)—>E" would be

direc
funct

A cu
using

curve.

nd the length

system. The

ation of the curve is determined by this parameterization, and is consistent with the tandent function,

on of the form s(t) = c(a + b - t):(a, b)>E".

he “forward”
defined by a

ve is composed of one or more curve segments. Each curve segment within a curve mgy be defined

a different interpolation method. The curve segments’are connected to one another, with
of eaph segment except the last being the start point of the next segment in the segment list.

<<Type>>
GM_Primitjve

i

<<Type>>
GM _OrientablePrimitive

]

<<Interface>>
GM_GenericCurve
(from Coordinate geometry)

<<Type>>
GM_ OrientableCurve

+ boundary() : GM_CurveBoundary

A

A A

he end point

©1SO

<<Type>>
GM_Curve

+ GM_Curve(segment[1..*] : GM_CurveSegment) : GM_Curve

0..1 +curve

{sequence} 1.n

<<Abstract>>

Segmentation

+segment

GM_CurveSegment
(from Coordinate geometry)

Figure 11 — GM_Curve
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6.3.16.2 GM_Curve (constructor)

The constructor for GM_Curve takes a list of GM_CurveSegments with the appropriate end-to-start

relationships

GM Curve::GM Curve (segment[1l..n]

and creates a GM_Curve.

GM CurveSegment) GM Curve

6.3.16.3 Segmentation association

The association “segmentation” lists the components (GM_CurveSegments) of GM_Curve, each of which

defines the d
order in whid|

GM Cury

For a particu

irect position of points along a portion of the curve. The order of the GM_CurveSegments
h they are used to trace the GM_Curve.

fe::segment [1l..n]
bM CurveSegment: :curve

Sequence<GM CurveSegment>
[0,1] Reference<GM Curve>

ar parameter interval, the GM_Curve and GM_CurveSegment agree.

s the

GM CuryeSegment:
curve.startParam() <= self.startParam() };
curve.endParam() >= self.endParam() };
self.startParam() < self.endParam() };
s Distance (startParam() <= s <= endParam))
implies (curve.parameterization(s) = self.parameterization(s))};
NOTE In[this International Standard, curve segments do notcappear except in the context of a curve, and therefore

the cardinality
this manner. |
based on this

6.3.17 GM_{

of the “curve” role in this association could be “1”ahich would preclude the use of curve segments exq
Vhile this would not affect this International Standard, leaving the cardinality as “0..1” allows other star]
bne to use curve segments in a more open-=ended manner.

Surface

6.3.171 S

GM_Surface| (Figure 12) a sub¢lass of GM_Primitive and is the basis for 2-dimensional geon
Unorientable| surfaces such as the”Mo6bius band are not allowed. The orientation of a surface chooses a

mantics

eptin
dards

netry.

“up”

direction thrgugh the choice.of)the upward normal, which, if the surface is not a cycle, is the side ¢f the
which the exterior boundary appears counterclockwise. Reversal of the surface oriengation
reverses the|curve orientation of each boundary component, and interchanges the conceptual “up” and “down”

surface fro

direction of

e surface) If the surface is the boundary of a solid, the “up” direction is usually outward.

closed surfages, which have no boundary, the up direction is that of the surface patches, which m

For
t be

consistent with ofheanother. Its included GM_SurfacePatches describe the interior structure of a GM_Surface.

NOTE Other than the restriction on orientability, no other "valdity” condition IS required for GM_Surface.

6.3.17.2 GM_Surface (constructor)

The first version of the constructor for GM_Surface takes a list of GM_SurfacePatches with the appropriate
side-to-side relationships and creates a GM_Surface.
GM Surface::GM Surface (patch[1l..n]

GM SurfacePatch) GM_Surface

The second version, which is guaranteed to work always in 2D coordinate spaces, constructs a GM_Surface
by indicating its boundary as a collection of GM_Curves organized into a GM_SurfaceBoundary. In 3D
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coordinate spaces, this second version of the constructor shall require all of the defining boundary GM_Curve
instances to be coplanar (lie in a single plane) which will define the surface interior.

GM_Surface::GM Surface (bdy : GM SurfaceBoundary)

6.3.17.3 Segmentation association

GM_Surface

The “Segmentation” association relates this GM_Surface to a set of GM_SurfacePatches that shall be joined
together to form this GM_Surface. Depending on the interpolation method, the set of patches may require
significant additional structure. In general, the form of the patches shall be defined in the application schema.

@M _Surface::patch

If thg GM_Surface.coordinateDimension is 2, then the entire GM_Surface is one, logical patc

[1..n] : GM SurfacePatch

linear interpolation from the boundary.

NOTEH In this International Standard, surface patches do not appear except in\the’ context of a surface
the cqrdinality of the “surface” role in this association could be “1” which would préclude the use of surface
in thi$ manner. While this would not affect this International Standard, leaving the cardinality as “0..1

QM SurfacePatch::surface [0,1] : Reference<GM Surface>

standprds based on this one to use surface patches in a more open-ended/mmanner.

<<Type>>
GM_Primitive
<<Type>> <<Interface>>
GM_OrientablePrimitive GM_GenericSurface
(from Coordinate geometry)

i

<<Type>>
GM_OrientableSurface

+ boundary() : GM_SurfaceBoundary

A A\

<<Type>>

GM_Surface

h defined by

and therefore
atches except
" allows other

+ GM_Surface(patch[1..*] : GM_SurfacePatch) : GM_Surface
+ GM_Surface(bdy : GM_SurfaceBoundary) : GM_Surface

© 1SO 2003 — Al rights reserved

0..1 +surface

Segmentation 1.n

<<Abstract>>
GM_SurfacePatch

(from Coordinate geometry)

+patch

Figure 12 — GM_Surface
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6.3.18 GM_Solid

6.3.18.1 Semantics

GM_Solid (Figure 13), a subclass of GM_Primitive, is the basis for 3-dimensional geometry. The extent of a
solid is defined by the boundary surfaces.

<<Type>>
GM_Primitive

6.3.18.2 bg

The operatio

the approprigte return type. It shall return a sequence of sets of GM_Surfaces that limit the extent

GM_Solid. T
GM_Solid. E

GM_Sol]

NOTE TH
Euclidean oneg

<<Type>>
GM_Solid

+ area() : Area
+ volume() : Volume

+ boundary() : GM_SaolidBoundary

+ GM_Solid(boundary : GM_SolidBoundary). ~GM_Solid

undary

d: :boundary ()

Figure 13 — GM_Solid

n “boundary” specializes the boundary-operation defined at GM_Object and at GM_PrimitivCI with

hese surfaces shall be organized into one set of surfaces for each boundary component
ch of these shells shall be a«cyele (closed composite surface without boundary).

: GM\SolidBoundary

f this
f the

e exterior shell ofZansolid is defined only because the embedding coordinate space is always|a 3D
. In general, a solid\in'a bounded 3-dimensional manifold has no distinguished exterior boundary.

In cases where “exterier{boundary is not well defined, all the shells of the GM_SolidBoundary shall be Jisted

as “interior”.

The GM_Or

GM_Surface

entableSurfaces that bound a solid shall be oriented outward — that is, the “top” of |each

asdefined h\]/ its arientation shall face away from the interior of the solid

Each GM_Shell, when viewed as a composite surface, shall be a cycle (see 6.2.2.6).

6.3.18.3 area

The operation “area” shall return the sum of the surface areas of all of the boundary components of a solid.

GM Solid::area() : Area
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The class Set<GM_Surface> has a “column operation” called “area” that accumulates the area of the
components of the set. Using this, it can be said that for a GM_Solid:

GM Solid:
area () = boundary() .areaf()

6.3.18.4 volume

The operation “volume” shall return the volume of this GM_Solid. This is the volume interior to the exterior
boundary shell minus the sum of the volumes interior to any interior boundary shell.

gM Solid::volume() : Volume

6.3.1B.5 GM_Solid (constructor)

Sincg this International Standard is limited to 3-dimensional coordinate referénce systems,|any solid is
definpble by its boundary. The default constructor for a GM_Solid is from,_a“properly strugtured set of
GM_Bhells organized as a GM_SolidBoundary.

gM Solid::GM Solid(boundary : GM SolidBoundary) : GM'Solid
6.4 | Coordinate geometry package
6.4.1] DirectPosition

6.4.111 Semantics

DiregtPosition object data types (Figure 14) hold the coordinates for a position within some coordinate
refergnce system. The coordinate reference system is described in ISO 19111. Since DirectPosifions, as data
typed, will often be included in largeri-objects (such as GM_Objects) that have rgferences to
ISO1P111::SC_CRS, the DirectPosition:icordinateReferenceSystem may be left NULL if this particular
DireqgtPosition is included in a larger~object with such a reference to a SC_CRS. In thjs case, the
DiregtPosition::cordinateReferenceSystem is implicitly assumed to take on the value of the contajning object's
SC_CRS.

6.4.112 coordinate

The attribute “coordinate” is a sequence of Numbers that hold the coordinate of this position in [the specified
refergnce system.

irectPOsdtion: :coordinate : Sequence<Number>

6.4.113 dimension

The attribute “dimension” is the length of coordinate sequence (the number of entries). This is determined by
the reference system.

/ DirectPosition::dimension : Integer = (coordinate.length)

6.4.1.4 coordinateReferenceSystem

The association role “coordinateReferenceSystem” is the coordinate system in which the coordinate is given.
The type SC_CRS is described in ISO 19111.

DirectPosition::cordinateReferenceSystem [0,1] : ISO19111::SC CRS
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<<DataType>>
GM_Envelope

upperCorner : DirectPosition
lowerCorner : DirectPosition

{coordinateReferenceSystem.dimension =
coordinate.size =
dlmelnsmn} +
! +
|
|
<<DataType>>

DirectPosition

+ coordinate

/+ dimension : Integer

. Sequence<Number>

<<Union>>
GM_Position

+ direct : DirectPosition

0..n

0.1

+directPosition

_| if not populated, then the NameSpace of the
datatype determines the CRS, e.g. the CRS of
the including GM_Object

+coordinateReferenceSystem

(from Spatial

<<Abstract>>
SC_CRS
Referencing by Coordinates)

+ indirect : GM_PointRef

<xDataType>>
GM_PointRef

0..n

+point 1

<<Type>>
GM_Point
(from Geometric primitive)

+column <<Union>>

g > GM_Position

<<DataType>> +row | <<DataType>>
GM |PointGrid | i : Integer «@———=>{ GM_PaointArray | : Integer
1..n
:
:_ _______ row.column.count. is constant Iﬁ

Figure 14 — DirectPosition

6.4.2 GM_PointRef

A GM_PoinfRef is used to reference an existing point. It is an instantiation of the template

Reference<GM_Point>!

GM_PoiTtRef::

point :: Reference<GM Point>

1..n

class

6.4.3 GM_Envelope

6.4.3.1 Semantics

GM_Envelope is often referred to as a minimum bounding box or rectangle. Regardless of dimension, a
GM_Envelope can be represented without ambiguity as two direct positions (coordinate points). To encode a
GM_Envelope, it is sufficient to encode these two points. This is consistent with all of the data types in this
International Standard, their state is represented by their publicly accessible attributes.
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.2  upperCorner

The “upperCorner” of a GM_Envelope is a coordinate position consisting of all the maximal coordinates for

each

dimension for all points within the GM_Envelope.

GM Envelope::upperCorner : DirectPosition

6.4.3

3 lowerCorner

The “lowerCorner” of a GM_Envelope is a coordinate position consisting of all the minimal coordinates for

each

€

6.4.4

Much
Direa

6.4.5

The

GM_|
posit
indire

g
g

dimension for all points within the GM_Envelope

M Envelope::lowerCorner : DirectPosition

TransfiniteSet<DirectPosition>

of the functionality of geometric objects is derived from viewing them. as potentially in
tPositions (see Figure 6). The parameterized class TransfiniteSet<T> is-defined in ISO TS 1

GM_Position

data type GM_Position is a union type consisting of either“a DirectPosition or of a re
Point from which a DirectPosition shall be obtained. The use. of this data type allows the ider

on either directly as a coordinate (variant direct) or indirectly as a reference to a GM_§
ct).

M Position::direct [0,1] : DirectPosition

M Position::indirect [0,1] : GM PeointRef

M Position:

{direct.isNull = indfrect.isNotNull}

finite sets of
D103.

ference to a
tification of a
Point (variant

6.4.6] GM_PointArray, GMPointGrid
Many of the geometric constructs in this International Standard require the use of reference points which are
organized into sequences or-grids (sequences of equal length sequences).
gM PointArray:)icolumn[l..n] : GM Position
gM PointGridr:row[l..n] : GM PointArray
6.4.7) GMxGenericCurve
6.4.7"4+—Semanties

GM_Curve and GM_CurveSegment both represent sections of curvilinear geometry, and therefore share a
number of operation signatures. These are defined in the interface class GM_GenericCurve (Figure 15).

6.4.7

.2 startPoint, endPoint

The operations “startPoint” and “endPoint” shall return the DirectPositions of the first point and last point,
respectively on the GM_GenericCurve. This differs from the boundary operator in GM_Primitive, since it
returns only the values of these two points, not representative objects.

GM GenericCurve::startPoint () : DirectPosition
GM GenericCurve::endPoint () : DirectPosition
© 1SO 2003 — Al rights reserved
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Figure 15 — Curve segment classes
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6.4.7.3 tangent

The operation “tangent” shall return the tangent vector along this GM_GenericCurve at the passed parameter
value. This vector approximates the derivative of the parameterization of the curve. The tangent shall be a unit
vector (have length 1.0), which is consistent with the parameterization by arc length.

GM GenericCurve::tangent (s : Distance) : Vector

6.4.7.4 startParam, endParam

The gtartParam and endParam indicate the parameters for the startPoint and endPoint respectivdly:

gM GenericCurve::startParam() : Distance

gM GenericCurve::endParam() : Distance

gM GenericCurve:
{parameterization(startParam()) = startPoint() };
{parameterization (endParam()) = endPoint() };
{length () = endParam() - startParam()}

The gtart and end parameter of a GM_Curve shall always be 0 and<the arc length of the curve|respectively.
For GM_CurveSegments within a GM_Curve, the start and end parameters of the GM_CurveSegment shall
be equal to those of the GM_Curve where this segment begins ‘and ends respectively in the $egmentation
assogiation (see 6.3.16.3), so that the startParam of any segment (except the first) shall be |equal to the
endParam of the previous segment. If a GM_GenericCurve is used for other purposes, there shall be a
restriction that the two parameters must differ by the arc.Jength of the GM_GenericCurve.

6.4.715 paramForPoint

The |operation “paramForPoint” shall return“the parameter for this GM_GenericCurve at|the passed
DiregtPosition. If the DirectPosition is not on the curve, the nearest point on the curve shall be us¢d.

gM GenericCurve::paramForPolnt (p : DirectPosition) : Set<Distance>,
DirectPosition

The |DirectPosition closest_is the actual value for the “p” used, that is, it shall be the point on the
GM_{GenericCurve closestto the coordinate passed in as “p”. The return set will contain only ¢ne distance,
unlegs the curve is not simple. If there is more than one DirectPosition on the GM_GenericCurvg at the same
minimal distance ftom the passed “p”, the return value may be an arbitrary choice of one of|the possible

answers.

6.4.7]6 _ param

S image of a
the distance
passed. The parameterization shall be by arc length, i.e. distance along the GM_GenericCurve measured
from the start point and added to the start parameter.

GM GenericCurve::param(s : Distance) : DirectPosition

6.4.7.7 startConstrParam, endConstrParam

The “startConstrParam” and “endConstrParam” indicate the parameters used in the constructive
paramerization for the startPoint and endPoint respectively:
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Real
Real

GM GenericCurve:

constrParam(startConstrParam() )
constrParam(endConstrParam() )

startPoint () ;
endPoint () ;

There is no assumption that the startConstrParam is less than the endConstrParam, but the parameterization

must be stric

NOTE

tly monotonic (strictly increasing, or strictly decreasing).

Constructive parameters are often chosen for convenience of calculation, and seldom have any simple

relation to arc_distances which are defined as the default parameterization. Normally, geometric constructions wijll use
constructive parameters, as the programmer deems reasonable, and calculate arc length parameters when queried.
6.4.7.8 cgnstrParam
The operation “constrParam” shall be an alternate representation of the curve as the continuous image of a
real number|interval without the restriction that the parameter represents the arc length’of the curveg, nor
restrictions Hetween a GM_Curve and its component GM_CurveSegments. The most common use df this
operation is {o expose the constructive equations of the underlying curve, especially-useful when that cufve is
used to construct a parametric surface.

GM GengricCurve::constrParam(cp Real) DirectPosighon
6.4.7.9 lepgth
The length ¢f a piece of curvilinear geometry shall be a pumeric measure of its length in a coordinate
reference syptem. Since length is an accumulation of distance, its return value shall be in a unit of megsure
appropriate for measuring distances. The operation “length” shall return the distance between the two points
along the clirve. The default values of the two parameters shall be the start point and the end point,
respectively.|If either of the points is not on the curve, then it shall be projected to the nearest DirectPgsition
on the curve|before the distance is calculated. If\the curve is not simple and passes through either of the two
points more {han once, the distance shall be the.minimal distance between the two points on this GM_Curve.

GM GengricCurve::length (pointl GM Position = startPoint(),

point2 GM Position = endPoint() ) Length

The second [form of the operation length shall work directly from the constructive parameters, allowing the
direct convernsion between the)variables used in parameterization and constrParam.

GM GengricCuryes:length (cparaml Real = startConstrParam(),

cparam? Real = endConstrParam()) Length

Distances betweendirect puaitiw rs—cdetermined by the-defauit parametet izattonare ailllpiy the-difference-of the
parameter. The length function also allows for the conversion of the constructive parameter to the arc length
parameter.

If p = length(startConstrParam, p2) + startParam

then parameterization (p)

constrParam (p2)

6.4.7.10 asLineString

The function “asLineString” constructs a line string (sequence of line segments) where the control points (ends
of the segments) lie on this curve. If “maxSpacing” is given (not zero), then the distance between control
points along the generated curve shall be not more than “maxSpacing”. If “maxOffset” is given (not zero), the
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distance between generated curve at any point and the original curve shall not be more than the “maxOffset”.
If both parameters are set, then both criteria shall be met. If the original control points of the curve lie on the
curve, then they shall be included in the returned GM_LineString's controlPoints. If both parameters are set to

zero, then the line string returned shall be constructed from the control points of the original curve.

NOTE

GM GenericCurve::asLineString (spacing Distance offset

GM LineString

0,

Distance

0)

This function is useful in creating linear approximations of the curve for simple actions such as display. It is

often referred to as a “stroked curve”. For this purpose, the “maxOffset” version is useful in maintaining a minimal
representation of the curve appropriate for the display device being targeted. This function is also useful in preparing to

transfprm a curve from one coordinate reference system to another by transforming its control points.-In|this case, the

“max$pacing” version is more appropriate. Allowing both parameters to default to zero does not seem(te-hfve any useful

geogtaphic nor geometric interpretation unless further information is known about how the curves were_consfructed.

6.4.8| GM_Curvelnterpolation

GM_Curvelnterpolation is a list of codes that may be used to identify the interpolation mechanigms specified

by an application schema. As a code list, there is no intention of /Aimiting the potential values of

GM_Curvelnterpolation. Subtypes of GM_CurveSegment can be spawned-directly through supclassing, or

indirgctly by specifying an interpolation method and an associated controlParameters record o support it.

Valid|meanings for “interpolation” include, but are not limited, to the following:

a) linear (linear) — the interpolation mechanism shall return DirectPositions on a straight line between each
onsecutive pair of controlPoints.

b) (eodesic (geodesic) — the interpolation mechanism“shall return DirectPositions on a gepdesic curve
etween each consecutive pair of controlPointss*A geodesic curve is a curve of shortest length. The
eodesic shall be determined in the coordinate reference system of the GM_Curve in which the
5M_CurveSegment is used.

c) Circular arc by three points (circularAr¢3Points) — for each set of three consecutive contiolPoints, the
iddle one being an even offset from*the beginning of the sequence of control points, the|interpolation
echanism shall return DirectPositions on a circular arc passing from the first point through the middle
oint to the third point. The sequence of control points shall have an odd number of element$. Note: if the
ree points are co-linear, the circular arc becomes a straight line.

d) ircular arc by two pgints and bulge factor (circularArc2PointWithBulge) — for each consegutive pair of
ontrolPoints, the interpolation mechanism shall return DirectPositions on a circular arc pasging from the
rst controlPoint-{a_the second controlPoint, such that the associated control parameter dgtermines the
ffset of the egenter of the arc from the center point of the chord, positive for leftward and| negative for
ightward. This form shall only be used in two dimensions because of the restricted nature of the
efinitionfechnique.

e) lliptical arc (elliptical) — for each set of four consecutive controlPoints, the interpolation meghanism shall
etdrn DirectPositions on an elliptical arc passing from the first controlPoint through the middle
controlPoints in order to the fourth controlPoint. Note: if the four controlPoints are co-linear, the arc
becomes a straight line. If the four controlPoints are on the same circle, the arc becomes a circular one.

f)  Clothoid (clothoid) — uses a Cornu's spiral or clothoid interpolation.

g) Conic arc (conic) — same as elliptical arc but using five consecutive controlPoints to determine a conic

section.

h) Polynomial Spline (polynomialSpline) — the controlPoints are ordered as in a line-string, but they are

spanned by a polynomial spline function. Normally, the degree of continuity is determined by the degree

of the polynomials chosen.
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Cubic spline (cubicSpline) — the control points are interpolated using initial tangents and cubic
polynomials, a form of degree 3 polynomial spline.

j)  Rational Spline (rationalSpline) — the controlPoints are ordered as in a line string, but they are spanned
by a rational (quotient of polynomials) spline function. Normally, the degree of continuity is determined by
the degree of the polynomials chosen.

This list shall be implemented by a code list, and may vary in actual values from the above strings.

GM CurvelInterpolation::
linear
eodesic
ircularArc3Points
ircularArc2PointWithBulge

¢lliptical

lothoid

onic

polynomialSpline

ubicSpline

rationalSpline
6.4.9 GM_CurveSegment
6.4.9.1 Sémantics
GM_CurveSggment defines a homogeneous segment of a GM:Clrve. Each GM_CurveSegment shall be in,
at most, one(GM_Curve.
6.4.9.2 interpolation
The attribut¢ “interpolation” specifies the curve~interpolation mechanism used for this segment.| This

mechanism the control this

GM_CurveS

uses
pgment.

points and/ c¢ontrol parameters to determine the position of

GM CuryeSegment::interpolatipn GM Curvelnterpolation

6.4.9.3 nymDerivatives

The attribute
curve segm
successor. |
The attribut

5 “numDerivativesAtStart” and “numDerivativesAtEnd” specify the type of continuity betwee
nt and its \immediate neighbors, the first value for its predecessor, and the second f
this is the\first or last curve segment in the curve, one of these values, as appropriate, is ign
“numpBerivativesinterior” specifies the type of continuity that is guaranteed interior to the g

n this
Dr its
ored.
urve.

level
is referred t e are
continuous at the appropriate end point: “C!” continuity. A value of “n” for any integer means the function and
its first n derivatives are continuous: “C"” continuity.

The default yalue of “0” means simple continuity, which is a mandatory minimum level of continuity. This
[Tal LB . . . . . .

GM CurveSegment::numDerivativesAtStart [0,1]: Integer = O;
GM CurveSegment::numDerivativesInterior [0,1]: Integer = 0;
GM CurveSegment::numDerivativesAtEnd [0,1]: Integer = 0O;

NOTE Use of these values is only appropriate when the basic curve definition is an underdetermined system. For
example, line strings and segments cannot support continuity above CO, since there is no spare control parameter to
adjust the incoming angle at the end points of the segment. Spline functions on the other hand often have extra degrees of
freedom on end segments that allow them to adjust the values of the derivatives to support C* or higher continuity.
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6.4.9.4 samplePoint

The operation “samplePoint” returns an ordered array of point values (GM_PointArray) that lie on the
GM_CurveSegment. In most cases, these will be related to control points used in the construction of the

segment.

GM CurveSegment::samplePoint ()

NOTE

GM PointArray

The controlPoints of a curve segment are use to control its shape, and are not always on the curve segment

itself. For example in a spline curve, the curve segment is given as a weighted vector sum of the controlPoints. Each

weig

t function will have a maximum within the constriictive parameter interval which will roughly corresp

d to the point

on th

b curve where it passes closest that the corresponding controlPoint. These points, the values ofth

B curve at the

maxima of the weight functions, will be the sample points for the curve segment.
6.4.9|5 boundary
The pperation “boundary” on GM_CurveSegment operates with the same semantics as that on GM_Curve

exce
boun

NOTH
GM_(
(cons
positi
GM_(

6.4.9

bt that the end points of a GM_CurveSegment are not necessarily existing GM_Points
Hary may contain transient GM_Points.

M CurveSegment: :boundary () GM_CurveBoundary

The above GM_CurveBoundary will almost always be, two distinct positions, but, like
burveSegments can be cycles in themselves. The most likely ‘seenario is that all of the points used wi
ructed to support the return value), except for the startPoint’and endPoint of the aggregated GM_Cu
bns, in the case where the GM_Curve is involved in a GN\. Complex, will be represented as GM_Poin
Lomplex.

6 reverse

The reverse of a GM_CurveSegment simply reverses the orientation of the parameterizations of t

G

6.4.1

6.4.1

A GN
one f
a sin

M CurveSegment::reverse () GM CurveSegment

D GM_LineString

D.1 Semantics

I_LineString-(Figure 16) consists of sequence of line segments, each having a parameteriz
br GM_LiheSegment (see 6.4.11). The class essentially combines a Sequence<GM_LineSe
hle object; with the obvious savings of storage space.

and thus the

GM_Curves,
| be transients
ve. These two
ts in the same

he segment.

ation like the
gments> into

6.4.1

D.2) controlPoint

The controlPoints of a GM_LineString are a sequence of positions between which the curve is linearly
interpolated. The first position in the sequence is the startPoint of the GM_LineString, and the last point in the
sequence is the endPoint of the GM_LineString.

GM LineString::controlPoint

©1SO
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<<Abstract>>
GM_CurveSegment

T

<<Type>> <<Type>>
GM_LineString GM_GeodesicString
+ controlPaint - GM PaintArray + controlPoint * GM PaintArray 1
+ GM_LineSfring(points[2.."]: GM_Position) : GM_LineString + GM_GeodesicString(points[2.."] : GM_Position) : GM_GeodesicSlling
+asGM_Lin¢Segment() : Sequence<GM_LineSegment> +asGM_Geodesic() : Sequence<GM_Geodesic>
A i
|
|
|
|
<<Type>> <<Type>> |
GM_LineSegment GM_Geodesic |
|
|
+ GM_LineSg¢gment(point[2] : GM_Position) : GM_LineSegment + GM_Geodesic(point [2] : GM(Position) : GM_Geodesic :
| | |
| | |
| | :
| |
--all points|in the controlPoint --all points in the controlPoint {interpolation = "geodesic"}
sequence pre colinear sequence lie on the same geaodesic

Figure 16 — Linear, arc and geodesic interpolation

6.4.10.3 GM_LineString (constructor)

The construgtor for GM_LineString takes a sequence of points and constructs a GM_LineString with fhose
points as cortrolPoints.

The construgtor of a GM_LineString takés)two or more positions and creates the appropriate line string j¢ining
them.

GM LingString::GM LingString(points[2..n]:GM Position) :GM LineString

6.4.10.4 agGM_LineSegment

The operatioh asGM: LineSegment decomposes a line string into an equivalent sequence of line segmenis.

GM Lin¢String::asCGM LineSegment () : Sequence<GM LineSegment>

6.4.11 GM_LineSegment

6.4.11.1 Semantics

A GM_LineSegment consists of two distinct DirectPositions (the startPoint and endPoint) joined by a straight
line. Thus its interpolation attribute shall be “linear”. The default GM_GenericCurve::parameterization = c(s) is:

(L : Distance) = endParam — startParam
c(s) = ControlPoint[l]+((s-startParam)/L)* (ControlPoint[2]-ControlPoint[1l])
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Any other point in the controlPoint array must fall on this line. The control points of a GM_LineSegment shall
all lie on the straight line between its start point and end point. Between these two points, other positions may
be interpolated linearly.

NOTE The linear interpolation, given using a constructive parameter t, 0 <t < 1.0, where c(0) = c.startPoint() and
c(1)=c.endPoint(), is:

c(t)=cO)(1—1)+ ()

6.4.11.2 GM_LineSegment (constructor)

The constructor of a GM LineSegment takes two positions and creates the appropriate line segment joining
them| Constructors are class scoped.

gM LineSegment::GM LineSegment (point[2] : GM Position) : GM LingSegmgnt

6.4.12 GM_GeodesicString

6.4.12.1 Semantics

A GIM_GeodesicString consists of sequence of geodesic segments.“The class essentially [combines a
Sequence<GM_Geodesic> into a single object, with the obvious sayings of storage space.

6.4.12.2 controlPoint
The | controlPoints of a GM_GeodesicString are ."a“ sequence of positions between| which the
GM_{GeodesicString is interpolated using geodesics ffom the geoid or ellipsoid of the coordinate reference
systgm being used. The organization of these pointsis identical to that in GM_LineString (6.4.10.2).

gM GeodesicString::controlPointXs/ GM PointArray

The ipterpolation for a GM_GeodesicString is “geodesic”.

gM GeodesicString::intg&rpolation : GM Curvelnterpolation = “geodesic’

6.4.12.3 GM_GeodesicString (constructor)
The ¢onstructor of a.GM_GeodesicString takes two or more positions, interpolates using a geodlesic defined
from |the geoid. (or- ellipsoid) of the coordinate reference system being used, and creates the appropriate
geodpsic string.joining them.

gM, GeodesicString: :GM GeodesicString (points[2..n]:GM Position) :GeodegicString

6.4.12.4 asGM_Geodesic

The operation “asGM_Geodesic” decomposes a geodesic string into an equivalent sequence of geodesic
segments.

GM GeodesicString::asGM Geodesic () : Sequence<GM Geodesic>
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6.4.13 GM_Geodesic

6.4.13.1 Semantics

A GM_Geodesic consists of two distinct positions joined by a geodesic curve. The control points of a
GM_Geodesic shall all lie on the geodesic between its start point and end point. Between these two points, a
geodesic curve defined from the ellipsoid or geoid model used by the coordinate reference system may be
used to interpolate other positions. Any other point in the controlPoint array must fall on this geodesic.

6.4.13.2 interpolation

The interpoldtion for a GM_Geodesic is “geodesic”.

GM Geodlesic::interpolation : GM Curvelnterpolation = “geodesic”

6.4.13.3 GM_Geodesic (constructor)

The construgtor of a GM_Geodesic takes two positions and creates the appropriate geodesic joining them.
Constructors|are class scoped.

GM Geodlesic:: GM Geodesic(point[2] : GM Position) : @GM\Geodesic

6.4.14 GM_ArcString

6.4.14.1 Semantics
A GM_ArcString (Figure 17) is similar to a GM_LineString except that the interpolation is by circular|arcs.
Since it reqyires three points to determine a circular;arc, the controlPoints are treated as a sequenge of
overlapping $ets of three GM_Positions, the start ofieach arc, some point between the start and end, and the

end of each|arc. Since the end of each arc is-the start of the next, this GM_Position is not repeated in the
controlPoint sequence.

6.4.14.2 nymArc

The attributg “numArc” shall be-the’ number of circular arcs in the string. Since the interpolation method
requires overlapping sets of three-positions, the number of arcs determines the number of controlPoints.

GM Arc$tring:numdird” : Integer = ((controlPoint.length - 1)/2)

6.4.14.3 cqgntrolPoint

The attrlbut\, “aantralDaint” o tha cantinnen Af natnate tiond tn ~AantrAl thia Arne 1n thic otrines Tha firot I’hree

GOt o Ot 1ot ST qU T T O PO o 0ST U toO— CoOMr ot ar o trito—othrig—— T i ot U

GM_Positions in the sequence determines the first arc. Any three consecutive GM_Positions beginning with
an odd offset, determine another arc in the string.

GM ArcString:controlPoint : GM PointArray {size = 2*numArc +1}

6.4.14.4 interpolation
The interpolation for a GM_ArcString is “circularArc3Points”.

GM ArcString::interpolation : GM Curvelnterpolation = “circularArc3Points”
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Figure 17 — Arcs
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6.4.14.5 GM_ArcString (constructor)

The constructor GM_ArcString takes a sequence of points defined by GM_Positions and constructs a
sequence of 3-point arcs jointing them. By the nature of an arc string, the sequence must have an odd number

of positions.

GM ArcString::GM ArcSting( point|[3,

5, 7...] GM Position): GM ArcString

6.4.14.6 asGM_Arc

The operato

GM Arc$tring::asGM Arc() Sequence<GM_Arc>
6.4.15 GM_Arc
6.4.15.1 Semantics
A GM_Arc ig defined by three points, and consists of the arc of the circle determined by the three p

starting at th
then the arc
and end ang

NOTE In
This may be
(with additiona
complex in th
computational

In its simples
order, the in
GM_Arc.

GM Arc

If additional
the control p
order in whid|

NOTE TH

asGIV_Arc constructs a sequence of arcs that IS the geometric equivalent of this arc string.

e first, passing through the second and terminating at the thirdsIf the three points are co-I
shall be a 3-point line string, and will not be able to return<valdes for center, radius, start
e.

the model, a GM_Arc is a subclass of GM_ArcString, being a trivial arc string consisting of only on
ounter-intuitive in the sense that subclasses are often thought of as more complex than their supe
| methods and attributes). A GM_Arc is simpler than.a*GM_ArcString in that it has less data, but it is
at it can return geometric information such as fcenter”, “start angle”, and “end angle”. This add

t representation, the three points jn‘the controlPoint sequence for an GM_Arc shall consist

:controlPoint GM_ BointArray = < startPoint GM Position,
midPoint GM_ Position,
endPoint GM Position>

points are given,'then all points must lie on the circle defined by any three non-colinear poi
bint array,-All'points shall lie on the same circle, and shall be given in the controlPoint array
h they occur on the arc.

e Use 'of the term “midPoint” for the center GM_Position of the controlPoint sequence is not me

require that th

pints,
near,
Bngle

e arc.
rclass
more
tional

complexity forces the subclassing to be the wayit is. In addition the “is type of’ semantics works this way
and not the other.

of, in

tial point on the arc, some point or’the arc neither at the start or end, and the end point ¢f the

nts in
n the

ant to

e GM Position be the geometric midpoint of the arc. This is the best choice for this GM Position f

fjom a

computational

stability perspective, but it is not absolutely necessary for the mathematics to work.

6.4.15.2 GM_Arc (constructor)

The constructor GM_Arc takes three positions and constructs the corresponding arc.

GM Arc:

:GM Arc (point[3] GM Position): GM Arc

The second constructor GM_Arc takes two positions and the offset of the midpoint of the arc from the midpoint

of the chord,

GM Arc:

60

given by a distance and direction, and constructs the corresponding arc.

:GM Arc (point([2] GM Position, bulge Real, normal : Vector)

GM Arc
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The midpoint of the resulting arc is given by:

midPoint = ((startPoint + endPoint)/2.0) + bulge*normal
In 2D coordinate reference systems, the bulge can be given a sign and the normal can be assumed to be the
perpendicular to the line segment between the start and end point of the arc (the chord of the arc), pointing

left.

EXAMPLE If the two points are Py = (Xg, Yg) and P4 = (x4, y¢), and the bulge is b, then the vector in the direction of
P4 from Py is:

n =(u0,u1)=(x1 —X0, )1 yy
\/(x1 ~x0)2+(y1-0)?

To complete a right-handed local coordinate system {u,v }, the two vectors must haye_a vector dot product of
zero pnd a vector cross product of 1. By inspection, the leftward normal to complete’the pair is:

b = (vo,vq) = (-uq,ug)
The midpoint of the arc, which is the midpoint of the chord offset by the bulge, becomes:

Fo + Py +bv

This [s leftward if b > 0 and rightward if b < 0.

6.4.1p.3 center
The pperation center calculates the center of‘the circle of which this arc as a direct position. The coordinate
refergnce system of the returned DirectPosition will be the same as that for the GM_Arc. In spme extreme
case$, the DirectPosition as calculated-may lie outside the domain of validity of the coordinate reference
systgm used by the GM_Arc (especially“if the underlying arc has a very large radius). Applicafion schemas
may £hoose an appropriate course_af.action in such cases.

gM Arc::center() : DirectPosition

6.4.1p.4 radius
The ¢peration radius calculates the radius of the circle of which this arc is a portion.

gM Arngiv:radius() : Distance

6.4.15.5 startOfArc

The operation startOfArc calculates the bearing of the line from the center of the circle of which this arc is a
portion to the start point of the arc. In the 2D case this will be a start angle. In the 3D case, the normal bearing
angle implies that the arc is parallel to the reference circle. If this is not the case, then the bearing must
include altitude information.

GM Arc::startOfArc() : Bearing
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6.4.15.6 endOfArc

The operation endOfArc calculates the bearing of the line from the center of the circle of which this arc is a
portion to the end point of the arc. In the 2D case this will be a end angle. In the 3D case, the normal bearing
angle implies that the arc is parallel to the reference circle. If this is not the case, then the bearing must

include altitu

GM Arc

6.4.16 GM_

Same as GN
bearing for th

NOTE
extended until

6.4.17 GM_|

6.4.171

This variant ¢f the arc simply stores the parameters of the second constructor of the component GM_Arc

recalculates

GM_ArcStrin

sequence sh

6.4.17.2 by

The bulge cd

exactly one
points in the

GM ArcByBulge::bulge :

The bulge is
is determine
International
length to ong

The midpoin{

midPoiTt

TH

Seémantics

de information.

::endOfArc() : Bearing

Circle

e first controlPoint listed.

is still requires at least three distinct non-co-linear points to be unambiguously defined{ The arc is
the first point is encountered.

ArcStringByBulge

the other attributes of the standard arc. The controlRoint sequence is similar to th
g, but the midPoint GM_Position is not needed sincekitiis to be calculated. The control
all consist of the start and end points of each arc.

Ige

ess than the length of the control point array, since a bulge is needed for each pair of adj
control point array.

Sequence<Real>

not given by a distance;’since it is simply a multiplier for the normal, the unit of the offset dis
] by the length function for vectors in the coordinate reference system. In the examples i
Standard, the sormal is often given as a Euclidean unit vector, which may or may not

depending_of/he distance formulae used for the coordinate reference system.

of theesulting arc is given by:

((startPoint + endPoint)/2.0) + bulge*normal

I_Arc, but closed to form a full circle. The “start” and “end” bearing are equal and shall-b

e the

Eimply

5 and
at in
point

ntrols the offset of each arc's midpoint. The attribute “bulge” is the real number multiplier for the
normal that getermines the offset direction of the midpoint of each arc. The length of the bulge sequer

ce is
hcent

ance
h this
ix its

6.4.17.3 numArc

The attribute “numArc” shall be the number of circular arcs in the string. Since the interpolation method
requires overlapping sets of two positions, the number of arcs determines the number of controlPoints.

GM ArcStringByBulge:numArc

62

Integer

((controlPoint.length - 1))
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6.4.17.4 normal

The attribute “normal” is a vector normal (perpendicular) to the chord of the arc, the line joining the first and
last point of the arc. In a 2D coordinate system, there are only two possible directions for the normal, and it is
often given as a signed real, indicating its length, with a positive sign indicating a left turn angle from the chord
line, and a negative sign indicating a right turn from the chord. In 3D, the normal determines the plane of the
arc, along with the start and endPoint of the arc.

The normal is usually a unit vector, but this is not absolutely necessary. If the normal is a zero vector, the
geometric object becomes equivalent to the straight line between the two end points. The length of the normal
sequence is exactly the same as for the bulge sequence, one less than the control point sequence length.

€

NOTE

M ArcByBulge::normal : Sequence<Vector>

A derived attribute “midPoint” may be defined as the midpoint of the arc as determined by

normal attributes.

=

If eag
pointg
GM_4
6.4.1

Thei

6.4.1

The
main

G

GM ArcByBulge::midPoint : Sequence<GM Position>
idpoint (n) = (controlPoint (n) + contolPoint(n))/2.0)CAH"bulge*normal

h controlPoint pair were interspersed with its associated midpoint, then the result would be a valid
for an GM_ArcString (which uses the 3-point interpolation method) that is geometrically equ
rcStringByBulge.

7.5 interpolation

hterpolation attribute of a GM_ArcStringByBulge:is always “circularArc2PointWithBulge”.

7.6 GM_ArcStringByBulge (constructor)

constructor is equivalent to the second constructor of GM_Arc, except the bulge repr
ained internal to the object.
M ArcByBulge::GM ArcByBulge( point[2..n] : GM Position,

bulge[l..n] :(Real, normal[l..n] : Vector ) : GM ArcStringByBy

The nidpoints of the resulting arc is given by:

|

6.4.1

idPoint (n)¥= ((point(n) + point(n+l))/2.0) + (bulge * normal)

7.74._asGM_ArcString

the bulge and

set of control
valent to this

psentation is

lge

Each GM_ArcStringByBulge can be recast as a base GM_ArcString using the AsGM_ArcString operations.

GM ArcStringByBulge::asGM ArcString() : GM ArcString;

6.4.18 GM_ArcByBulge

6.4.18.1 Semantics

GM_ArcByBulge is a restriction of GM_ArcStringByBulge (see 6.4.17). GM_ArcByBulge instances shall have
all control points on the same circle.

©1SO
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6.4.18.2 GM_ArcByBulge (constructor)

The constructor is equivalent to the second constructor of GM_Arc, except the bulge representation is

maintained.

GM ArcByBulge::GM ArcByBulge ( point[2]
bulge

: GM _Position,

: Real, normal : Vector ) : GM ArcByBulge

The midpoint of the resulting arc is given by:

Midpoi pe——rtstartPotrt—t+—endPotre /26 Houte rormat)
6.4.19 GM_Conic
6.4.19.1 Se¢mantics
The type GM_Conic (Figure 18) represents any general conic curve. Any of the conie-section curves can be
canonically represented in polar co-ordinates (o, ¢) as:

P - V4

p:1_+6COS((0) for 2 S?s3
where

P is semi-latus rectum;

e s the eccentricity.
This gives a fonic with focus at the pole (origin), and:the vertex on the conic nearest this focus in the dirgction
of the polar axis, ¢ = 0 (at (o,p) = ((%)0] in polar coordinates). For e = 0, this is a circle. For 0 < ¢ < 1,
this is an ellipse. For e = 1, this is a parabela. For e > 1, this is one branch of a hyperbola.
These generjc conics can be viewed,in a 2-dimensional Cartesian parameter space (u, v) given by the usual

coordinate ¢
system by us

N o=
S S

I~

bnversions u = pcas(e) and v = psin(e) . We can then convert this to a 3D coordinate refe
ing an affine transformation, (u, v) — (X, y, z) which is defined by:

ence

This gives us ¢ as the constructive parameter. The DirectPosition given by (X, Yq, Zj) is the image of the origin
in the local coordinate space (u, v).

Alternatively,

the origin may be shifted to the vertex of the conic as

u'=pCOS((0)—(%+e) and v'= psin(p)

and v can be

used as the constructive parameter (see definition at GM_GenericCurve, 6.4.7.7 ).

In general, conics with small eccentricity and small P, use the first or “central” representation. Those with large
eccentricity or large P tend to use the second or “linear” representation.
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<<Abstract>>
GM_CurveSegment

<<Interface>>
GM_Placement

+ inDimension() : Integer
+ outDimesion() : Integer
+ transform(in : Vector) : Vector

<<Type>>

GM_Conic A
!
+ position : GM_AffinePlacement I
+ shifted : Boolean <<Type>>
+ eccentricity : Real GM_AffinePlacement
+ semiLatusRectum : Real —
+ startConstrParam : Real + location : GM_Position
+ endConstrParam : Real + refDirection[1..*] OVector

N
I A
| \

| . . . . . .
; {refDirection->dirpension = outDimension}
{interpolation = "conic"} ﬁ {refDirection.count = inDimension}

Figure 18 — Conics and'placements

6.4.1p.2 position

the cpordinate space of the target coordinatereference system of the conic corresponding to the coordinate

The Ettribute “position” will be an affine transformation object that maps the conic from parametgr space into
refer

nce system of the GM_Object. This affine transformation is given by the formulae in the preyious clause.

gM Conic::position : GM AffinePlacement

6.4.1p.3 shifted
The attribute “shifted” is EALSE if the affine transformation is used on the unshifted (u, v) and| TRUE if the
affing transformation is”applied to the shifted parameters (U', V'). This controls whether the focus|or the vertex
of the conic is at theorigin in parameter space.

gM Conigwishifted : Boolean

6.4.1p.4" “eccentricity

The attribute “eccentricity” is the value of the eccentricity parameter “€” used in the defining equation above. It
controls the general shape of the curve, determining whether the curve is a circle, ellipse, parabola, or
hyperbola.

GM Conic::eccentricity : Real

6.4.19.5 semilLatusRectum

The attribute “semiLatusRectum” is the value of the parameter “P” used in the defining equation above. It
controls how broad the conic is at each of its foci.

GM Conic::semilLatusRectum : Real
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6.4.19.6 startConstrParam, endConstrParam

The

“startConstrParam”

and “endConstrParam” indicate the parameters used

parameterization, given in 6.4.19.1, for the startPoint and endPoint respectively:

GM Conic::startConstrParam :
GM_ Conic::endConstrParam :

Real
Real

GM_ Conic:

constrParam(startConstrParam)
constrParam (endConstrParam)

startPoint () ;
endPoint () ;

in the constructive

There is no §
must be stric

6.4.20 GM_

6.4.20.1
A placemen
transformatig
system being

(u, v, w) in 3L
either (x, y) ir

6.4.20.2 in
The operatio

GM Pla

6.4.20.3 ot
The operatio

GM Pla

NOTE N
is not the ca
dimension par

ssumption that the startConstrParam is less than the endConstrParam, but the parametétiz
tly monotonic (strictly increasing, or strictly decreasing).

Placement

Seémantics

takes a standard geometric construction and places it in geographic space. It defir
n from a constructive parameter space to the coordinate space~0of the coordinate refe
used. Parameter spaces in formulae in this International Standard are given as (u, v) in 2[
D. Coordinate reference systems positions are given in formulae,/in this International Standa
2D, or (X, Y, 2) in 3D.

Dimension
h “inDimension()” shall return the dimension of thginput parameter space.

ement::inDimension () Integer

tDimension
h “outDimension()” shall returiithe dimension of the output coordinate reference system.

ement::outDimensdon () Integer

rmally, outDimefision (the dimension of the coordinate reference system) is larger than inDimension.
be, the transformation is probably singular, and may be replaceable by a simpler one from a s
pmeter spaee

6.4.20.4 transform

ation

es a
ence
D and
d, by

If this
Mmaller

The operatiu. “transform® naps the parameter coordinate puilltb to—the—coordinate puilltb m—the output
Cartesian space:

GM Placement::transform(in :Vector {size
Vector {size

66

inDimension () }) :

outDimension () }
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6.4.21 GM_AffinePlacement

6.4.21.1 Semantics

These placements are defined by linear transformation from the parameter space to the target coordinate
space. 2-dimensional Cartesian parameter space, (U, v), transforms into a 3-dimensional coordinate reference

system, (X, y, 2), by using an affine transformation, (u, v) — (X, y, 2), which is defined:

X Uy Vy X0
u

ey W

[Z] [u-v.] = [%0]
Then, given this equation, the GM_AffinePlacement::location is the direct position (Xg, Y, 7).
targe} position of the origin in (u, v). The two reference directions (u,, Uy, U,) and (¥, vy, V,) g
directions of the unit basis vectors at the origin in (u, v).
6.4.211.2 location
The gttribute “location” gives the target of the parameter space origincFhis is the vector (x,,

formdilae above.

gM AffinePlacement::location : GM Position

6.4.211.3 refDirection

The attribute “refDirection” gives the target directions’for the coordinate basis vectors of the para
Thef} are the columns of the matrix in the formulae given above. The number of directions g
inDinpension. The dimension of the directions shall be outDimension.

gM AffinePlacement::refDirection [inDimension] : Vector {size = outDi

6.4.2p GM_Clothoid

6.4.22.1 Semantics

GM_Clothoid (Figure-19) implements the clothoid (or Cornu's spiral), which is a plane curve whd

which is the
re the target

Vo> Zp) in the

meter space.
ven shall be

mension}

se curvature

is a fixed function gf its' length. In suitably chosen co-ordinates it is given by Fresnel's integrals:
4 2

l 2
(t):jcos(%)dr and y(t)=ISin(A;

Yt

See [T6]in the bibliography Tor further properties of clothoid curves and piecewise clothoid curves.

This geometry is mainly used as a transition curve between curves of type straight line/circular arc or circular
arc/circular arc. With this curve type it is possible to achieve a C2-continous transition between the above
mentioned curve types. One formula for the clothoid is A2 = R*t where A is a constant, R is the varying radius
of curvature along the curve and t is the length along the curve and given in the Fresnel integrals.

6.4.22.2 refLocation

The attribute “refLocation” is an affine mapping that places the curve defined by the Fresnel Integrals into the
coordinate reference system of this object.

GM Clothoid::refLocation : GM AffinePlacement
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6.4.22.3 scaleFactor

The attribute

“scaleFactor” gives the value for A in the equations above.

GM Clothoid::scaleFactor: Number

6.4.22.4 startParameter

The attribute “startParameter” is the arc length distance from the inflection point that will be the start point for
this curve segment. This shall be lower limit “t” used in the Fresnel integral and is the value of the constructive

parameter off
parameter “t’

GM_ Clof
NOTE If

through the cl
changes side

parameter space, and its relation to arc length after use of the placement, and with respect to the coordinate refe

system of the

6.4.22.5 er

The attribute
this curve se

of this curve segment at its end point. The “endConstrParam” garn be either positive or negative.
GM Clothoid:: endParameter: Real

6.4.23 GM_OffsetCurve

6.4.23.1 Semantics

An offset cu
simple altern

6.4.23.2 bsg
The attribute

GM Off

this curve segment at 1ts start point. The “startParameter’ can be erther positive or negatve
acts as a constructive parameter, see 6.4.7.8.

hoid::startParameter Real

0.0 (zero), lies between the startConstrParam and endConstrParam of the clothoid; then the curve
bthoid's inflection point, and the direction of its radius of curvature, given by the second derivative
5 with respect to the tangent vector. The term “length” for the parameter*“t} is applicable only

Curve is not deterministic.
dParameter

“ endParameter ” is the arc length distance from the inflection point that will be the end po

ptive to constructing.eurves that are offsets by definition.

seCurve
“baseCurve’ is a reference to the curve from which this curve is defined as an offset.

etCurve: :baseCurve Reference<GM Curve>

. The

goes
ector,
n the
rence

nt for

gment. This shall be upper limit “t” used in the Fresnelintegral and is the constructive parameter

ve is a curve at a constant distance from the basis curve. They can be useful as a cheap and

6.4.23.3 distance

The attribute “distance” is the distance at which the offset curve is generated from the basis curve. In a 2D
system, positive distances are to be left of the basis curve, and negative distances are right of the basis curve.

GM OffsetCurve::distance

68

Length
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Figure 19 — Spline and specialty curves
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6.4.23.4

refDirection

The attribute “refDirection” is used to define the vector direction of the offset curve from the basis curve. It can
be omitted in the 2D case, where the distance can be positive or negative. In that case, distance defines left
side (positive distance) or right side (negative distance) with respect to the tangent to the basis curve.

In 3D the basis curve shall have a well-defined tangent direction for every point. The offset curve at any point

(parameter) on the basis curve

S=vxt

@0

c” is in the direction

where Vv = crefDirection() and f = c.tangent()

For the offse

direction as |

GM_Off3

The default
for the curve

NOTE If
points to the le

6.4.24 GM_Knot

6.4.24.1

GM_Knot is
sequence is
knot sequen

were (u;) and

6.4.24.2 v3lue

The attribute
non-decreas
previous kno

GM_ Knof

6.4.24.3 m

Semantics

t direction to be well-defined, v shall not on any point of the curve be in the same, or opp

etCurve::refDirection : Vector

alue of the refDirection shall be the local coordinate axis vector for elevation, which indicat
in a geographic sense.

the refDirection is the positive tangent to the local elevation axis (“points_upward”), then the offset
ft of the curve when viewed from above.

used to control the constructive parameter.space for spline curves and surfaces. Each
used for a dimension of the spline's parameter space. Thus, in a surface spline, there will b
bes, one for each parameter (u, v). The i, would be (u;, v)), where the original knot sequs

(v;). Each knot of a spline curve or surface is described using a GM_Knot.

“value” is the value of the parameter at the knot of the spline. The sequence of knots shal
ng sequence. That is,~each knot's value in the sequence shall be equal to or greater tha
I's value. The use ofrequal consecutive knots is normally handled using the multiplicity.

::value : Rea¥®

ultiplicity

psite,

BS up

vector

knot
e two
nces

be a
h the

The attributg

fmultiplicity” is the multiplicity of this knot used in the definition of the spline (with the

same

weight).

GM Knot::multiplicity :

Integer

6.4.24.4 weight

The attribute

GM Knot::weight

70

“weight” is the value of the averaging weight used for this knot of the spline.

: Real

© 1SO 2003 — Al rights reserved


https://standardsiso.com/api/?name=ebfffd3774024197113d19f324f1ce80

ISO 19107:2003(E)

6.4.25 GM_KnotType

A B-spline is uniform if and only if all knots are of multiplicity one and they differ by a positive constant from
the preceding knot. A B-spline is quasi-uniform if and only if the knots are of multiplicity (degree+1) at the
ends, of multiplicity one elsewhere, and they differ by a positive constant from the preceding knot. This code
list is used to describe the distribution of knots in the parameter space of various splines. The possible values

are:

— uniform: the form of knots is appropriate for a uniform B-spline.

— quasiUniform: the form of knots is appropriate for a quasi-uniform B-spline.

— ;|>iecewiseBezier : the form of knots is appropriate for a piecewise Bezier curve.

G

6.4.2

6.4.2

GM_
eithe

6.4.2

The
that t

€

6.4.2

The
GM_

6.4.2

M KnotType::
uniform
quasiUniform
piecewiseBezier

b GM_SplineCurve

p.1 Semantics

SplineCurve (Figure 19) acts as a root for subtypes of GM' CurveSegment using some vers
[ polynomial or rational functions.

.2 knot

pttribute “knot” shall be the sequence of.distinct knots used to define the spline basis fung
he knot data type holds information on-knot multiplicity.

M SplineCurve::knot : Sequence<GM Knot>

6.3 degree

attribute “degree’“~shall be the degree of the polynomial used for interpola
PolynomialSpling!

M Spline@uxve::degree : Integer

p.4"\ controlPoints

ion of spline,

tions. Recall

ion

in

this

The attribute “controlPoints” shall be an array of points that are used in the interpolation in this
GM_SplineCurve.

GM SplineCurve::controlPoints : GM PointArray

6.4.27 GM_PolynomialSpline

6.4.27.1 Semantics

An “nth degree” polynomial spline shall be defined piecewise as an n-degree polynomial, with up to C"-1
continuity at the control points where the defining polynomial changes. This level of continuity is controlled by
the attribute numDerivativesinterior. Parameters shall include directions for as many as degree — 2 derivatives

©1SO
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of the polynomial at the start and end point of the segment. GM_Linestring is equivalent to a 15t degree
polynomial spline. It has simple continuity at the controlPoints (C0), but does not require derivative information
(degree — 2 = -1).

NOTE

splines pass through their control points, making the control point and sample point array identical.

6.4.27.2

Interpolation

The interpolation mechanism for a GM_PolynomialSpline is “polynomialSpline”.

The major difference between the polynomial splines and the b-splines (basis splines) is that polynomial

GM_Polj

6.4.27.3 ve

The attribute
interpolation

GM_Polj

6.4.27.4 vdctorAtEnd

The attribute
interpolation

GM_Polj

6.4.28 GM_

Cubic spline
function. A c
degree polyn
polynomial.
(constructive
in GM_Gene

The function
points, and {
is defined by
and second
vectorAtStar
n = controlPg

Interpolation

TTOMIgrSPrine s
GM InterpolationMethod = “polynomialSpline”

ctorAtStart

“vectorAtStart” shall be the values used for the initial derivative (up to degree — 2) use
in this GM_PolynomialSpline at the start point of the spline.

rnomialSpline: :vectorAtStart Sequence<Vector> {sgze degree - 2}

“vectorAtEnd” shall be the values used for the final derivative (up to degree — 2) use
in this GM_PolynomialSpline at the start point of the_spline.

rmomialSpline: :vectorAtEnd :SequengéXVector> {size

degree - 2}

CubicSpline

5 are similar to line strings in that they are a sequence of segments each with its own de
Libic spline uses the control points and a set of derivative parameters to define a piecewise
omial interpolation. Unlike linge=strings, the parameterization by arc length is not necessarily

parameter) and the one)that has been reparameterized by arc length to satisfy the requirer
ricCurve.

describing the eurve must be C2, that is, have a continuous first and second derivative
ass throughthe controlPoints in the order given. Between the control points, the curve seg
a cubic-polynomial. At each control point, the polynomial changes in such a manner that th
derivative vectors are the same from either side. The control parameters record must cq
, and vectorAtEnd which are the unit tangent vectors at controlPoint[1] and controlPoint[n] v
int.count.

d for

d for

fining
third
still a

bplines have two parameterizations that are used in this International Standard, the defining one

nents

at all
ment
b first
ntain
vhere

The restriction on “vectorAtStart” and “vectorAtEnd” reduce these sequences to a single tangent vector each.

GM CubicSpline::vectorAtStart
GM CubicSpline::vectorAtEnd :

NOTE

: Vector \\ “degree - 2” is 1
Vector \\ “degree - 2” is 1

unique. See [2], [10], [12], [18], and [19] in the bibliography for examples of implementations.

The interpolation mechanism for a GM_CubicSpline is “cubicSpline”.

GM CubicSpline::interpolation

72

GM InterpolationMethod = “cubicSpline”

The actual implementation of the cubic polynomials varies, but the curve so generated is guaranteed to be

© 1SO 2003 — Al rights reserved


https://standardsiso.com/api/?name=ebfffd3774024197113d19f324f1ce80

ISO 19107:2003(E)

The degree for a GM_CubicSpline is “3”.

GM CubicSpline::degree : Integer = “3”

6.4.29 GM_SplineCurveForm

This code list is used to indicate which sort of curve may be approximated by a particular B-spline. The
potential values are:

— polyine form: a connected sequence of line segments represented by a one degree B-spline (a line

—

$tring).

ircular Arc: an arc of a circle or a complete circle.

— ¢lliptic Arc: an arc of an ellipse or a complete ellipse.

— parabolic Arc: an arc of a finite length of a parabola.

— hyperbolic Arc: an arc of a finite length of one branch of a hyperbola.

G

6.4.3

6.4.3

A B-
point
ration
splin
“deg
piece
simp

6.4.3

M SplineCurveForm::
polylineForm
circularArc
ellipticalArc
parabolicArc
hyperbolicArc

D GM_BSplineCurve

D.1 Semantics

bpline (Figure 19) is a piecewise -parametric polynomial or rational curve described in ter
5 and basis functions. If the weights in the knots are equal then it is a polynomial spline. If n
al function spline. If the Boolean “isPolynomial” is set to TRUE then the weights shall all be

curve is a piecewise-Bézier curve if it is quasi-uniform except that the interior knots ha

s of control
t, thenitis a
set to 1. A B-
e multiplicity

juivalent to a

e” rather than having-multiplicity one. In this subtype the knot spacing shall be 1.0, starfing at 0.0. A
wise Bézier curve-that has only two knots, 0.0, and 1.0, each of multiplicity (degree+1), is e
e Bézier curve:s
D.2 degree

The attribute “degree” shall be the algebraic degree of the basis functions.

M BoplinelLurve: . degree o Integer

6.4.30.3 curveForm

The attribute “curveForm” is used to identify particular types of curve which this spline is being used to
approximate. It is for information only, used to capture the original intention. If no such approximation is
intended, then the value of this attribute is NULL.

GM BSplineCurve::curveForm : GM SplineCurveForm
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6.4.30.4 knotSpec

The attribute “knotSpec” gives the type of knot distribution used in defining this spline. This is for information
only and is set according to the different construction-functions.

GM BSplineCurve: :knotSpec[0, 1]

6.4.30.5
The attribute

GM BSp]

6.4.30.6 GM_BSplineCurve (constructor)

The class cq
and construc
evenly space
degree+1. If

GM BSp]

NOTE If
knotType is “d
last have mult

6.4.31 GM_|
GM_Bezier 3
long control

These curve
by:

‘]n,i(t):

The set of

GM KnotType

isPolynomial

“isPolynomial” is set to “True” if this is a polynomial spline.

ineCurve::isPolynomial : Boolean

nstructor “GM_BSplineCurve” takes the pertinent information described-in the attributes 3
ts a B-spline curve. If the knotSpec is not present, then the knotType is-uniform and the kno
d, and except for the first and last have multiplicity = 1. At the ends ¢heknots are of multipli

the knotType is uniform they need not be specified.
ineCurve::GM BSplineCurve (deg : Integer, pts~H®N/GM PointArray,
[0,1] Sequence<GM Knot>, ks [0,1] GM KnotType) : GM BSplineCur:

he B-spline curve is uniform and degree = 1, the B-spline\is equivalent to a polyline (GM_LineString)
iecewiseBezier”, then the knots are defaulted so thatithey are evenly spaced, and except for the fir
plicity equal to degree. At the ends the knots are of multiplicity = degree+1.

Bezier
re polynomial splines that use Bézier or Bernstein polynomials for interpolation purposes.

point array shall create a polynemial curve of degree n that defines the entire curve seg
5 are defined in terms of a set.of basis functions called the Bézier or Bernstein polynomials
n!

+1” controlpgints Py, P,... P, shall determine a curve segment given by:

n

,jt" (1-1)"" whére (’:J

fori=0,1,2...n

l

| P, (1) forte[0,1].

é(t) = z

bove
s are
City =

re

If the
5t and

An n-
ment.
given

The sample points of this segment are the values of the curve defined at the maximum of each of the
polynomials (i/n):

S. =

i C

NOTE

[i

n

J fori=0,1,2...n

For n = 1, the two weight functions are as follows:

J1’O(t)_[;]to(1_t)1_(1—t) and J1’1(t)_[:3t1(1—l‘)11—t

74
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Given Py and P4, the curve segment becomes:

&(t)=(1-1)Py +tP; fort e [0,1].

In other words, for n = 1, the Bezier polynomial is geometrically equivalent to a simple line segment.

6.4.32 GM_Surfacelnterpolation

GM_Surfacelnterpolation (Figure 20) is a list of codes that may be used to identify the interpolation
mechanisms specified by an application schema. Valid values for “interpolation” include, but are not limited, to
the following:

a)

one (none) — the interior of the surface is not specified. The assumption is that the surfac
eference surface defined by the coordinate reference system.

e follows the

y in this case

bgments.

nal grid and

-dimensional

bnal grid and

gles, each of

e used.

b) lanar (planar) — the interpolation method shall return points on a single plane. The boundar
hall be contained within that plane.
c) pherical (spherical), Elliptical (elliptical), Conic (conic) — the surface isza-section of a spheffical, elliptical
r conic surface.
d) TIN (tin) — the control points are organized into adjoining triangless. which form small planar s
e) [Parametric Curve (parametricCurve) — the control pointsiare organized into a 2-dimensic
ach cell within the grid is spanned by a surface which shall be defined by a family of curves
f) olynomial Spline (polynomialSpline) — the control<points are organized into an irregular 2
rid and each cell within this grid is spanned by a‘polynomial spline function.
g) ational Spline (rationalSpline) — the control points are organized into an irregular 2-dimensi
ach cell within this grid is spanned by a rational (quotient of polynomials) spline function.
h) Triangulated Spline (triangulatedSpline) — the control points are organized into adjoining trian
vhich is spanned by a polynomial spline function.
If mofe than one interpolation description fits the method used, then the most restrictive one will b
gM Surfacelnterpelation::
none
planar,
sphexical
elliptical
condc
tin
parametricCurve
polynomialSpline
rationalSpline
triangualtedSpline

6.4.33 GM_GenericSurface

6.4.33.1 Semantics

GM_Surface and GM_SurfacePatch both represent sections of surface geometry, and therefore share a
number of operation signatures. These are defined in the interface class GM_GenericSurface (Figure 20).
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<<Interface>>
GM_GenericSurface <<Type>>

<t--- GM_Surface
(from Geometric primitive)

+ upNormal(point : DirectPosition) : Vector
+ perimeter() : Length

+ area() : Area A <<CodelList>>
: GM_Surfacelnterpolation
% : + none
I + planar
<<Abstract>> | + spherical
GM_SurfacePatch I + elliptical
| ) .
+ interpolafion - GM_Surfacelnterpolation = "planar’ [ LI
+ numDerilativesOnBoundary[0,1] : Integer = O ' +tin _
<<Type>> + parametricCuve
+ boundary() : GM_SurfaceBoundary GM_PolyhedralSurface + polynomi&lSpline
+ rationalSpline
+ triangtlatedSpline
IK<Type>> <<Type>> <<Type>>
GM_ParametricCurveSurface GM_Polygon GM_TriangulatedSurface
<<T pe>> <<Type>> <<Type>>
GM_GridfledSurface GM_Triangle GM_Tin
l%
<<Type>p <<Type>> <<Type>> <<Type>> <<Type>> <<Type>>
GM_Cong¢ GM_BicubicGrid GM_Cylinder GM_BilinearGrid GM_Sphere GM_BSplineSurfgce
Figtre 20 — Surface patches
6.4.33.2 upNormal
The operatign “upNormal” return§’a vector perpendicular to the GM_GenericSurface at the DirectPosition
passed, whidgh must be on the:.GM_GenericSurface.
GM GengricSurfatet :upNormal (point : DirectPosition) : Vector

The upward [normal always points upward in a manner consistent with the boundary. This means that the
exterior bourldaty of the surface is counterclockwise when viewed from the side of the surface indicated hy the
upNormal. Interior boundaries are clockwise. The side of the surface indicated by the upNormal is referred to
as the “top”. The function “upNormal” shall be continuous and the length of the normal shall always be equal
to 1.0.

NOTE The upNormal along a boundary of a solid always points away from the solid. This is a slight semantics
problem in dealing with voids within solids, where the upNormal (for sake of mathematical consistency) points into the
centre of the voided region, which linguistically can be considered the interior of the void. What the confusion is here is
that the basic linguistic metaphors used in most languages for “interior of solid” and for “interior of container” use “inward”
in inconsistent manners from a topological point of view. The void “in” rock is not inside the rock in the same manner as
the solid material that makes up the substance of the rock. Nor is the coffee “in” the cup the same “in” as the ceramic
glass “in” the cup. The use of these culturally derived metaphors may not be consistent across all languages, some of
which may use different prepositions for these two different concepts. This International Standard uses the linguistically

neutral concept of “interior” derived from mathematics (topology).
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6.4.33.3 perimeter

The operation “perimeter’ shall return the sum of the lengths of all the boundary components of this
GM_GenericSurface. Since perimeter, like length, is an accumulation (integral) of distance, its return value
shall be in a reference system appropriate for measuring distances.

GM GenericSurface::perimeter () : Length
NOTE The perimeter is defined as the sum of the lengths of all boundary components. The length of a curve or of a

collection of curves is always positive and non-zero (unless the curve is pathological). This means that holes in surfaces
will cqntribute Innqitivply to the total pprimptpr

6.4.33.4 area
The area of a 2-dimensional geometric object shall be a numeric measure of its surface ‘area (in p square unit
of digtance). Since area is an accumulation (integral) of the product of two distances).its return value shall be
in a |unit of measure appropriate for measuring distances squared, such as“meters squargd (m2). The
operation “area” shall return the area of this GM_GenericSurface.

gM GenericSurface::area() : Area

The returned value shall take into account both the coordinate refefence system and shape of the surface.

NOTE Consistent with the definition of surface as a set of DirectPositions, holes in the surfaces will ngt contribute to
the tatal area. If the usual Green's Theorem (or more general Stokes' Theorem) integral is used, the intedral around the
holes|in the surface are subtracted from the integral about the exterior of the surface patch.

6.4.3¢@ GM_SurfacePatch

6.4.3¢.1 Semantics
GM_BurfacePatch (Figure 20) defines~a homogeneous portion of a GM_Surface. The multiplicity of the

assogiation “Segmentation” (Figuren12) specifies that each GM_SurfacePatch shall be in gt most one
GM_Burface.

6.4.33.2 interpolation
The attribute “interpetation” determines the surface interpolation mechanism used for this GM_SurfacePatch.
This |[mechanism <uses the control points and control parameters defined in the various spbclasses to
determine the position of this GM_ SurfacePatch.

gM SuxfacePatch::Interpolation : GM Surfacelnterpolation

6.4.34.3 numDerivativesOnBoundary

The attribute sequences “numDerivativesOnBoundary” specifies the type of continuity between this surface
patch and its immediate neighbours with which it shares a boundary curve. The sequence of values
corresponds to the GM_Rings in the GM_SurfaceBoundary returned by GM_GenericCurve::boundary for this
patch. The default value of “0” means simple continuity, which is a mandatory minimum level of continuity.
This level is referred to as “C0” in mathematical texts. A value of one means that the functions are continuous
and differentiable at the appropriate end point: “C'” continuity. A value of “n” for any integer means n-times
differentiable: “C™ continuity.

GM SurfacePatch::numDerivativesOnBoundary[0..1] : Integer
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6.4.34.4 boundary

The operation “boundary” shall return the boundary of this GM_SurfacePatch represented as a collection of
GM_OrientableCurves organized into GM_Rings by a GM_SurfaceBoundary.

GM_ SurfacePatch::boundary() : GM SurfaceBoundary

NOTE The semantics of this operation is the same as that of GM_Surface::boundary, except that the curves used
here may be not be persistent GM_OrientableCurve instances. Transient data type values of GM_Curve are also valid. In
the normal case, GM_SurfacePatches will share parts of their boundary with the aggregate GM_Surface, and other parts
with GM_SurfacePatches (not necessarily distinct). In Annex C, the solid example (C.1.3) uses a single patch folded back
on itself to form a topological cylinder, with two square end pieces to form a solid boundary. In this case, the first|patch
shares one boundary segment with each of the two endcaps, and another with itself.

6.4.35 GM_PolyhedralSurface

6.4.35.1 Semantics
A GM_PolyhedralSurface (Figure 21) is a GM_Surface composed of polygon~surfaces (GM_Polygon)

connected along their common boundary curves. This differs from GM_Surface*only in the restriction dn the
types of surface patches acceptable.

6.4.35.2 GM_PolyhedralSurface (constructor)

The construgtor for a GM_PolyhedralSurface takes the facet GM' Polygons and creates the necefsary
aggregate syrface.

GM PolyhedralSurface::GM_PolyhedralSurace(tiles[1l..n]: GM Polygon )
bM PolyhedralSurface

6.4.35.3 p]tch
The associa

on role “patch” associates this.surface with its individual facet polygons. It shall be non-empty.

GM PolyhedralSurface::pateh[1l,n] : Reference<GM Polygon>

6.4.36 GM_Polygon

6.4.36.1 Semantics

A GM_Polygpn (Figure 21) is a surface patch that is defined by a set of boundary curves and an undeflying
surface to whichsthese curves adhere. The default is that the curves are coplanar and the polygon uses glanar
interpolation ‘ritsmterior:

6.4.36.2 boundary
The attribute “boundary” stores the GM_SurfaceBoundary that is the boundary of this GM_Polygon.

GM Polygon::boundary : GM SurfaceBoundary
NOTE The boundary of a surface patch need not be in the same GM_Complex as the containing GM_Surface. The
curves that are contained in the interior of the GM_Surface (act as common boundary to two surface patches) are not part

of any GM_Complex in which the GM_Surface is contained. They are purely constructive and would not play in any
topological relation between GM_Surface and GM_Curve that defines the connectivity of the GM_Complex.
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Figure 21 — Polygonal surface
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6.4.36.3 spanningSurface

The optional

GM Polygon::spanningSurface

NOTE

spanning surface provides a mechanism for spanning the interior of the polygon.

[0,1] GM Surface

The spanning surface should have no boundary components that intersect the boundary of the polygon, and

there should be no ambiguity as to which portion of the surface is described by the bounding curves for the polygon. The
most common spanning surface is an elevation model, which is not directly described in this International Standard,

although Tins

and gridded surfaces are often used in this role.

6.4.36.4 Gh_Pongon (constructor)

This first va
curves (orga

GM_Polj

NOTE
polygon.

TH

This second
There is n
GM_Surface

GM_Polj

NOTE It

iant of a constructor of GM_Polygon creates a GM_Polygon directly from a set of bou

rgon: :GM Polygon (boundary GM_SurfaceBondary) GM_Pofdygon

e meaning of exterior in the GM_SurfaceBoundary is consistent with the-plane of the constructed

variant of a constructor of GM_Polygon creates a GM:Rolygon lying on a spanning su
b restriction of the types of interpolation used by’-the composite curves used in
Boundary, but they must all be lie on the “spanningSufface” for the process to succeed.

Fgon (boundary GM SurfaceBondary, spanSurf

GM_Surface) GM_Polyg

s important that the boundary components be“oriented properly for this to work. It is often the case

bounded manifolds, such as the sphere, there is an ambiguity unless the orientation is properly used.

6.4.37 GM_]

A GM_Trian
(GM_Triangl

6.4.38 GM_]

[riangulatedSurface

gulatedSurface (Figure 21)-“is a GM_PolyhedralSurface that is composed only of tria
£). There is no restriction on how the triangulation is derived.

[riangle

A GM_Triangle is a planari\GM_Polygon defined by three corners; that is, a GM_Triangle would be the

of a construc

GM_Polj

tor of thedform:

rgodi (GM_LineString (<P1, P2, P3, P1>))

ndary

nized into a GM_SurfaceBoundary) which shall be defined using coplanar GM\ Positiofs as
controlPointd.

blanar

face.
the

hat in

hgles

Fesult

where P1, P2, and P3 are three GM_Positions. GM_Triangles have no holes. GM_Triangle shall be used to
construct GM_TriangulatedSurfaces.

NOTE

The points in a triangle can be located in terms of their corner points by defining a set of barycentric

coordinates, three nonnegative numbers cq, ¢y, and c3 such that ¢4+ ¢, + c3 = 1.0. Then, each point P in the triangle can be

expressed for

some set of barycentric coordinates as:

P= C1P1 +C2P2 +03P3
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6.4.39 GM_Tin

6.4.39.1 Semantics

A GM_Tin (Figure 21) is a GM_TriangulatedSurface that uses the Delaunay algorithm or a similar algorithm
complemented with consideration for breaklines, stoplines and maximum length of triangle sides (Figure 22).
These networks satisfy the Delaunay criterion away from the modifications: For each triangle in the network,
the circle passing through its vertexes does not contain, in its interior, the vertex of any other triangle.

<\ . <N\ ~
N/

a)|First triangulation (Delauny) not using breakline b) Additional stoplines
c) Retriangulation using breakline d) Retriangulation using stoplines with rgsulting holes

and boundary changes
Figure 22 — TIN construction
6.4.3p.2 stopLines
Stoplines are lines-where the local continuity or regularity of the surface is questionable. In the area of these
pathglogies, triangles intersecting a stopline shall be removed from the TIN surface, leaving|holes in the

surfage. Ifccoincidence occurs on surface boundary triangles, the result shall be a change of the surface
bounfdary: The attribute “stopLines” contains all these pathological segments as a set of line strings.

GM Tin::stopLines : Set<GM _LineString>

6.4.39.3 breakLines

Breaklines are lines of a critical nature to the shape of the surface, representing local ridges, or depressions
(such as drainage lines) in the surface. As such their constituent segments must be included in the TIN even if
doing so violates the Delaunay criterion. The attribute “breakLines” contains these critical segments as a set
of line strings.

GM Tin::breakLines : Set<GM LineString>
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6.4.39.4 maxLength

Areas of the surface where the data is not sufficiently dense to assure reasonable calculations shall be
removed by adding a retention criterion for triangles based on the length of their sides. For any triangle sides
exceeding maximum length, the adjacent triangles to that triangle side shall be removed from the surface.

GM Tin:

:maxLength Distance

6.4.39.5 controlPoint

The corners

f the trianglpq in the TIN are often referred ta as posts The attribute “controlPaint” shall cq

ntain

a set of the (
three posts.
Application

reconstructio

GM Tin

NOTE TH

EM_ Positions used as posts for this TIN. Since each TIN contains triangles, there must be at
The order in which these points are given does not affect the surface that is repress
ichemas may add information based on the ordering of the control points to facilitat
n of the TIN from the controlPoints.

:controlPoint[3..n] GM Position

e control points of a TIN are often called “posts”.

6.4.39.6 GM_Tin (constructor)

The construd

tor for a restricted Delaunay network requires the triangle.corners (posts), breaklines, stop

and maximuin length of a triangle side.

GM Tin

6.4.40 GM_

6.4.40.1

The surface
are all contin

surfacq
By fixing the
ce (s)

The function
gives us the

:GM Tin (post Set<GM Position>, stoplfines Set<GM LineString>,
reakLines Set<GM LineString>, maxkéngth : Number): GM Tin
ParametricCurveSurface

Seémantics

uous families of curves, given by a constructive function of the form:

b (s,t): [a,blx[&yd] —DirectPosition

value of eithef)parameter, we have a one-parameter family of curves.

surface (s, t)

5 on GM_ParametricCurveSurface (Figure 23) shall expose these two families of curves. Th

‘harizantal” cross-sections-ef<) tha latar tha “vartical”
ROHZLOHE—GFOSS—SB8GHORS GRS tHe1ate e e rtica

cross-sactions e @) Thae termes “horiz
—tf GroSS AS-G51H—et8HRS—OHE

least
nted.
b the

ines,

patches that make up the parametric curve surfaces, GM_ParametricCurveSurface (Figurg¢ 23),

b first
bntal”

and “vertical” refer to the parameter space and need not be either horizontal or vertical curves in the
coordinate reference system. Table 7 lists some possible pairs of types for these surface curves (other
representations of these same surfaces are possible). The two partial derivatives of the surface
parameterization, i and j are given by:

dsurface d 0
= ————=—c,(5)=—surface(s,t
ds ds () Os face(s.1)
and
dsurface d 0
= ————=—c(t)=—surfacels,t
J 5 7 s(2) P face(s,t)
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Figure 23 — GM_ParametricCurveSurface and its subtypes
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The default upNormal for the surface shall be the vector cross product of these two curve derivatives when
they are both non-zero:

k=ix]j

If the coordinate reference system is 2D, then the vector k extends the local coordinate system by supplying
an “upward” elevation vector. In this case the vector basis (i, j)) must be a right hand system, that is to say, the
oriented angle from i to j must be less than 180°. This gives a right-handed “moving frame” of local coordinate
axes given by <i, j>. A moving frame is defined to be a continuous function from the geometric object to a
basis for the local tangent space of that object. For curves, this is the derivative of the curve, the local tangent.
For surfaces, this is a local pair of tangents. Parameterized curve surfaces have a natural moving frame and it

shall be useq-as-defined-in-this-paragraph-to-define-the-upNormal of the-surfacs-

NOTE THe existence of a viable moving frame is the definition of “orientable” manifold. This is why the existende of a
continuous upNormal implies that the surface is orientable. Non-orientable surfaces, such as the Mobius band and Klein
bottle are counter-intuitive. 6.3.17.1 forbids their use in application schemas conforming to this International Stapdard.
Klein bottles chnnot even be constructed in 3D space, but require 4D space for non-singular representations.

Table 7 — Various types of parametric curve surfaces

Surfacp type Horizontal curve type Vertical curve type
GM_Cylinde Circle, constant radii Line Segment
GM_Cone Circle, decreasing radii LineSegment
GM_Sphere Circle of constant latitude Circle of constant longitude
GM_Bilinear{rid Line string Line string
GM_Bicubicrid Cubic spline Cubic spline

6.4.40.2 hgrizontalCurveType

The attribut¢ “horizontalCurveType” indicates_the type of surface curves used to traverse the syrface

horizontally with respect to the parameter “s..

GM PargmetricCurveSurfaces:hOrizontalCurveType : GM Curvelnterpolation

6.4.40.3 vdrticalCurveType

The attribute| “verticalCurveType” indicates the type of surface curves used to traverse the surface vertically
with respect {o the parameter “t”.

GM PargmetricCurveSurface::verticalCurveType : GM Curvelnterpolation

6.4.40.4 horizontalCurve

The operation “horizontalCurve” constructs a curve that traverses the surface horizontally with respect to the

parameter “s’. This curve holds the parameter “t” constant.

GM_ ParametricCurveSurface::horizontalCurve(t : Real) : GM Curve
NOTE The GM_Curve returned by this function or by the corresponding vertical curve function, are normally not part
of any GM_Complex to which this surface is included. These are, in general, calculated transient values. The exceptions

to this may occur at the extremes of the parameter space. The boundaries of the parameter space support for the surface
map normally to the boundaries of the target surfaces.
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6.4.40.5 verticalCurve

The operation “verticalCurve” constructs a curve that traverses the surface vertically with respect to the
parameter “t”. This curve holds the parameter “s’ constant.

GM ParametricCurveSurface::verticalCurve (s : Real) : GM Curve

6.4.40.6 surface

The operation “surface” traverses the surface both vertically and horizontally.

gM ParametricCurveSurface::surface(s : Real, t : Real) : DirectPositjon

6.4.41 GM_GriddedSurface

6.4.41.1 Semantics

The GM_GriddedSurface (Figure 23) is a GM_ParametricCurveSurface defined from a rectangular grid in the
parameter space. The rows from this grid are control points for horizontal*surface curves; the|columns are
contrpl points for vertical surface curves. The working assumption is that/for a pair of parametri¢ coordinates
(s, t)) that the horizontal curves for each integer offset are calculated and evaluated at “s’. This defines a
sequence of control points:

s) : s =1 . columns>

From this sequence, a vertical curve is calculated for\“s’, and evaluated at “t”. In most cases,| the order of
calculation (horizontal-vertical versus vertical-horizontal) does not make a difference. Where| it does, the
horizpntal-vertical order shall be the one used.

NOTH The most common case of a gridded surface is a 2D spline. In this case the weight funclions for each
paranpeter make order of calculation unimportant:

row columns

surface(s,t) = Z z Wsi(S)Wtj(l‘)ﬁi’j
i=0 j=0
wherg ﬁi‘j is the control pgint in the it row and jt column.

Logiqally, any pair0f_curve interpolation types can lead to a subtype of GM_GriddedSurface. The following
clauses define semie of the most commonly encountered surfaces that can be represented in thismanner.

6.4.41.2 controlPoint

This |s'the doubly indexed sequence of control points, given in row major form.

GM GriddedSurface::controlPoint : GM PointGrid

NOTE There is no assumption made about the shape of the grid. For example, the positions need not effect a “2%2D”
surface, consecutive points may be equal in any or all of their ordinates. Further, the curves in either or both directions
may close.

6.4.41.3 rows
The derived attribute “rows” gives the number of rows in the parameter grid.

GM GriddedSurface::rows : Integer = controlPoint—row.count : Integer
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6.4.41.4 columns
The derived attribute “columns” gives the number of columns in the parameter grid.

GM GriddedSurface::rows : Integer = controlPoint—row—>column.count : Integer

6.4.42 GM_Cone

A GM_Cone is a GM_GriddedSurface given as a family of conic sections whose controlPoints vary linearly.

NOTE A B-point ellipse with all defining positions identical is a point. Thus, a truncated elliptical cone can be giyen as
a 2 x 5 set of control points <<P1, P1, P1, P1, P1>, <P2, P3, P4, P5, P6>>. P1 is the apex of the cone. P2, R3, P}, P5,
and P6 are ar)y five distinct points around the base ellipse of the cone. If the horizontal curves are circles as.oppoged to
ellipses; then & circular cone can be constructed using <<P1, P1, P1>, <P2, P3, P4>>.

6.4.43 GM_Cylinder

A GM_Cylingler is a GM_GriddedSurface given as a family of circles whose positions vary along a get of
parallel lines| keeping the cross sectional horizontal curves of a constant shape.

NOTE Given the same working assumptions as in the previous note, a GM_Cylinder can be given by two grcles,
giving us control points of the form <<P1, P2, P3>, <P4, P5, P6>>.

6.4.44 GM_$phere

A GM_Sphefe is a GM_GriddedSurface given as a family of circles whose positions vary linearly along the
axis of the dphere, and whose radius varies in proportion to‘the cosine function of the central angle| The
horizontal cifcles resemble lines of constant latitude, and the vertical arcs resemble lines of corstant
longitude.

NOTE If the control points are sorted in terms of inereasing longitude, and increasing latitude, the upNormg! of a
sphere is the gutward normal.

EXAMPLE If we take a gridded set of latitudes and longitudes in degrees, (u, v), such as
(-90, —180) (-907-90) (-90,0) (=90, 90) (=90, 180)
(-45, —180) (45, —90) (—45,0) (—45, 90) (45, 180)
(0, —180) (0, —90) (0,0) (0, 90) (0, 180)
(45, —180) (45, —90) (45,0) (45, —90) (45, 180)
(90, —180) (90, —90) (90,0) (90, —90) (90, 180)
And map thesg points to/3Diusing the usual equations (where R is the radius of the required sphere).
z = R $ingu
x =

(Rl|eds*u) (sin wv)
y = (R S—t)

L \
\ ~ 7

We have a sphere of radius R, centered at (0, 0), as a gridded surface. Notice that the entire first row and the entire last
row of the control points map to a single point each in 3D Euclidean space, North and South poles respectively, and that
each horizontal curve closes back on it self forming a geometric cycle. This gives us a metrically bounded (of finite size),
topologically unbounded (not having a boundary, a cycle) surface.

6.4.45 GM_BilinearGrid
A GM_BilinearGrid is a GM_GriddedSurface that uses line strings as the horizontal and vertical curves.

NOTE This is not a polygonal surface, since each of the grid squares is a ruled surface, and not necessarily planar.
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6.4.46 GM_BicubicGrid

6.4.46.1 Semantics

A GM_BicubicGrid is a GM_GriddedSurface that uses cubic polynomial splines as the horizontal and vertical
curves.

NOTE The initial tangents for the splines are often replaced by an extra pair of rows (and columns) of control points.

6.4.46.2 horiVectorAtEnd, horiVectorAtStart, vertVectorAtEnd, vertVectorAtStart

The horizontal and vertical curves require initial and final tangent vectors for a complete defipition. These
valugs are supplied by four attributes:

M BicubicSpline::horiVectorAtEnd : Sequence<Vector>;
M BicubicSpline::horiVectorAtStart : Sequence<Vector>;
M BicubicSpline::vertVectorAtEnd : Sequence<Vector>;
M BicubicSpline::vertVectorAtStart : Sequence<Vector>;

IANANANM)

6.4.47 GM_BSplineSurfaceForm

The ¢ode list “GM_BSplineSurfaceForm” shall be used to indicat€)avparticular geometric form represented by
a GM_BSplineSurface. The potential values are:

— planar — a bounded portion of a plane represented by(@ B-spline surface of degree 1 in each) parameter.
— ¢ylindrical — a bounded portion of a cylindrical surface represented by a B-spline surface.
— ¢onical — a bounded portion of the surface(of a right circular cone represented by a B-spline|surface.
— gpherical — a bounded portion of a_sphere, or a complete sphere represented by a B-spline $urface.
— foroidal — a torus or a portion of a‘torus represented by a B-spline surface.
— Unspecified — no particular strface is specified.

gM BSplineSurfacdelorm::

planar

cylindxical

conical

spherical

toroidal
Unspecified

6.4.48 GM_BSplineSurface

6.4.48.1 Semantics

A B-spline surface is a rational or polynomial parametric surface that is represented by control points, basis
functions and possibly weights. If the weights are all equal then the spline is piecewise polynomial. If they are
not equal, then the spline is piecewise rational. If the Boolean “isPolynomial” is set to TRUE then the weights
shall all be set to 1.
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6.4.48.2 degree

The attribute “degree” shall be the algebraic degree of the basis functions for the first and second parameter.

If only one value is given, then the two degrees are equal.

GM BSplineSurface::degree [1,2] : Integer

6.4.48.3 surfaceForm

The attribute “surfaceForm” is used to identify particular types of surface which this spline is being used to

approximate._It is for information only, used to capture the original intention. If no such approximatj
intended, thgn the value of this attribute is NULL.

GM BSplineSurface::surfaceForm: GM BSplineSurfaceForm

6.4.48.4 knot

The attribute|“knot” shall be two sequences of distinct knots used to define the B-spline basis functions f
two parametérs. Recall that the knot data type holds information on knot multiplicity:

GM BSplineSurface::knot [2] : Sequence<GM Knot>

6.4.48.5 knotSpec

The attribute| “knotSpec” gives the type of knot distribution used inzdefining this spline. This is for inforn
only and is sgt according to the different construction-functions.

GM BSplineSurface::knotSpec[0,1] : GM KnofType

6.4.48.6 isPolynomial
The attribute|“isPolynomial” is set to “True” if this“is a polynomial spline.

GM BSplineSurface::isPolyndmial : Boolean

6.4.48.7 GM_BSplineSurface (constructor)

The class cdnstructor “GM.‘BSplineSurface” takes the pertinent information described in the attributes 3
and construdts a B-spling ‘surface. If the knotSpec is not present, then the knotType is uniform and the
are evenly dpaced, andy except for the first and last, have multiplicity = 1. At the ends the knots &
multiplicity =|degree+4."If the knotType is uniform they need not be specified.

GM BSplineSurface::GM BSplineSurface (

on is

br the

ation

bove
knots
re of

tJtD . SC\_iu.Cll\/C G}.\IJ[._PUJI_lltAJ_J_Cl_Y 12

deg[l,2] : Integer,

k[0,2] : Sequence<GM Knot>,

ks[0,1] : GM KnotType) : GM BSplineSurface

6.5 Geometric aggregate package

6.5.1 Semantics

Arbitrary aggregations of geometric objects are possible. These are not assumed to have any additional

internal structure and are used to “collect” pieces of geometry of a specified type. In this respect they

differ

from “composites” and “complexes”, which are defined in 6.6. Operations on these aggregations shall be the
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accumulators that are derived from the class operations of their elements. Applications may use aggregates
for features that use multiple geometric objects in their representations, such as a collection of points to

repre

6.5.2

sent a tank farm or orchard.

GM_Aggregate

6.5.2.1 Semantics

The aggregates, GM_Aggregates (Figure 24) gather geometric objects. Since they will often use orientation
modification, the curve reference and surface references do not go directly to the GM_Curve and
GM_Surface, but are directed to GM_OrientableCurve and GM_OrientableSurface.

Most
aggr
refer
beloy

NOTEH
a spe

6.5.2

The
of G

G

6.5.2

The
GM

6.5.3

GM |
of Gl
GM |

3  fromSet

operation “fromSet” shall be a constructor that takes a set of the GM_Objects an
_Aggregate.

M Aggregate::fromSet (set'.: Set<GM Object>) : GM Aggregate

gations. For this reason, the collections described in this clause are all weak aggregations,
nces to include geometric objects. The type relation between the various reference obj
V.

The subclasses of GM_OrientablePrimitive are handled in such a manner that the reference ob
Cific orientation of that object.

2 element

ssociation role “element” shall be the set of GM_Objects contained in this GM_Aggregate. |
_Aggregate, the elements shall be restricted to specific types of GM_Primitives.

M Aggregate::element : Set<GM ObjectRefX

GM_MultiPrimitive
MultiPrimitive is the root class for all primitive aggregates. The association role “element” sh
M_Primitives contained in this GM_MultiPrimitive. The attribute declaration here specialize
A\ggregate toinclude only GM_Primitives in this type of aggregate.

M Mul&dPrimitive::element : Set<GM Primitive>

geometric objects are contained in features, and cannot be held in collections thal are strong

bhnd shall use
bcts is given

ect can link to

h subclasses

d creates a

all be the set
s the one at
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<<Type>>
GM_Object

(from Geometry root)

7

<<Type>>
GM_Aggregate

+element <<Type>>

+ fromSet(set: Set<GM_Object>) : GM_Aggregate

GM_Object
0..n | (from Geometry root)

A\
I_r

<<Type>>
GM_MultiPrimitive

{elements.subTypeOf(GM_Prim itive)}ﬁ

<<Type>>

5M_MultiPoint

[+ positio

h : Set<DirectPosition>

<<Type>>
GM_MultiCurve

/+length : Length

<<Type>> <<Type>>
GM_MultiSusface GM_MultiSolid
[+ area ~Area /+volume : Volume
[+ peritnéter : Length| |/+ area: Area

{element

subTypeOf(GM_Point)}

T
:
I
N I
I
I
I
I

T
|
|
{elementsubTypeOf(GM_OrientableSurface)} Ij |
|
|

{elem ent.subTypeOf(GM_OrientabIeCurve)}ﬁ {element.subTypeOf(GM_Solid }ﬁ

6.5.4 GM_MultiPoint

6.5.4.3 Semantics

GM_MultiPo
GM_Points d

GM_Mulf{

iPolfat: :element :

Figure 24 — GM_Aggregate

Set<GM Point>

Nt is an aggregate class containing only points. The association role “element” shall be the set of
ontained_ in\this GM_MultiPoint.

6.5.4.4 position

The derived attribute “position” shall be the set of DirectPositions of the GM_Points contained in this

GM_MultiPoi

nt.

GM MultiPoint::position :

90

Set<DirectPosition>
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6.5.5 GM_MultiCurve

6.5.5.1 Semantics

GM_MultiCurve is an aggregate class containing only instances of GM_OrientableCurve. The association role
“element” shall be the set of GM_OrientableCurves contained in this GM_MultiCurve.

GM MultiCurve::element : Set<GM OrientableCurve>

6.5.5.2 length

The [derived attribute “length” shall be the accumulated length of all the GM_Curves.contained in this
GM_MultiCurve.

gM MultiCurve::length : Length

6.5.6] GM_MultiSurface

6.5.6{1 Semantics

GM_MultiSurface is an aggregate class containing only instances{of GM_OrientableSurface. The association
role “element” shall be the set of GM_OrientableSurfaces contained in this GM_MultiSurface.

gM MultiSurface::element : Set<GM OrientdbleSurface>

6.5.6]2 area

The |derived attribute “area” shall be the‘accumulated area of all the GM_Surfaces contained in this
GM_MultiSurface.

gM MultiSurface::area ; Area

6.5.6|3 perimeter

The derived attribute“perimeter” shall be the accumulated perimeter of all the GM_Surfaces conftained in this
GM_MultiSurface.

gM Multusurface::perimeter : Length

6.5.7— GMMultiSelid

SV IVratrooOTT

6.5.7.1 Semantics

GM_MultiSolid is an aggregate class containing only solids. The association role “element” shall be the set of
GM_Solids contained in this GM_MultiSolid.

GM MultiSolid::element : Set<GM Solid>
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6.5.7.2 volume

The derived attribute “volume” shall be the accumulated volume of all the GM_Solids contained in this
GM_MultiSolid.

GM MultiSolid::volume : Volume
6.5.7.3 area

The derived attribute “area” shall be the accumulated surface area of all the GM_Solids contained in this
GM_MultiSolid.

GM MultiSolid::area : Area

6.6 Geonletric complex package
6.6.1 Semantics

A geometric complex (GM_Complex) is a set of primitive geometric objects (in a cammon coordinate sygtem)
whose interiprs are disjoint. Further, if a primitive is in a geometric complex; then there exists a get of
primitives in that complex whose point-wise union is the boundary of this first primitive.

A subcomplgx of a complex is a subset of the primitives of that complex’that is, in its own right, a geometric
complex. A dupercomplex of a complex is a superset of primitives that is.also a complex. These definitiorls are
essentially sibset and superset with the added restriction that they must be a complex. A complex is maximal
if it is a subcpmplex of no larger complex.

The boundarly of a geometric object in a geometric complexiis a subcomplex of that complex. The si:[plest
complex is alsingle point. The simplest 1-dimensional complex is a curve with its two end points. The sinpplest
2-dimensional complex is a surface with its boundary curve, and the curve's start and end points.

The underlying geometry of a complex is usually referred to as a “manifold”. The structure of a corplex

organizes the¢ geometry of the manifold into primitive elements, analogously to the way in which “chart$” are
organized by| an “atlas” into a map of the waorld.,

One way, but obviously not the only way, to generate a complex from a set of primitives is by beginning with
those primitiyes and performing the following operations.

a) If two primitives overlap, thén-subdivide them, eliminating repetitions until there is no overlap.

b) Similarly, if a primitiveis-not simple, subdivide it where it intersects itself, eliminating repetitions until there
is no overlap.

c) If a primjtive,issnot a point, calculate its boundary as a collection of other primitives, using those already in
the gengrating 'set if possible, and insert them into the complex.

d) Repeat step “a” through “c” until no new primitive is required.

Many systems have a concept of a universal face (for 2D) or universal solid (for 3D). This is valid only in the
case where the underlying space of the complex is an unbounded Euclidean space. In this case, for 2D, the
universal face is the surface in the GM_Complex that has only interior boundary rings (its exterior one being
the “point at infinity”). Analogously, in 3D, the universal solid is the one that has only interior boundary shells.
In bounded manifolds, such as the sphere, there is no point at infinity, and all primitives are bounded. Without
the Jordan Separation Theorem, all boundaries are essentially interior boundaries. In other unbounded
manifolds, such as a hyperbolic surface, there may be more than one unbounded primitive. Since this
International Standard does not directly address these sorts of unbounded manifolds, the cardinality of some
elements may require relaxing if this International Standard were to be applied to such non-geographic
manifolds. This International Standard does not special case either the universal face or solid, and the
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relationship between them and their boundaries are represented in the same manner as any other boundary
relationship.

NOTE A maximal complex could reasonably be considered a strong aggregation of its primitives depending on the
internal semantics of the application. For this reason, the mechanism for the containment of GM_Primitives in a
GM_Complex is left unspecified. If a strong aggregation is used for maximal complexes, then the containment association
for subcomplexes may have to use the maximal complex as a namespace for the references to primitives within it. In any
case, once a GM_Primitive is within a complex, or a GM_Complex is a subcomplex of a maximal GM_Complex, its
boundary operation will not need to construct representative GM_Objects, since by the definition of a complex, the objects
needed to represent the boundary of the contained object will already exist, and only references to those objects are
required by the GM_Object::boundary operation. Remember that the containment of GM_Complexes in one another is a
subset-superset association, while the containment of GM_Primitives in a GM_Complex is an element-set association.

6.6.2] GM_Complex

6.6.2|11 Semantics
A GM_Complex (Figure 25) is a collection of geometrically disjoint, simple GM_,Primitives. If a ¢M_Primitive
(other than a GM_Point) is in a particular GM_Complex, then there exists,a set of primitives of lower
dimepsion in the same complex that form the boundary of this primitive.

NOTH A geometric complex can be thought of as a set in two distinct ways. First, it is a finite set pf objects (via
delegption to its elements member) and, second, it is an infinite set of point.values as a subtype of geomefric object. The
dual yse of delegation and subtyping is to disambiguate the two types of setinterface. To determine if a GM_Primitive P is
an elgment of a GM_Complex C, call: C.element().contains(P).

The felement” attribute allows GM_Complex to inherit the - behavior of Set<GM_Primitive> withgut confusing
the spme sort of behaviour inherited from TransfiniteSet<DirectPosition> inherited through GM_Oppject.

Complexes shall be used in application schemas where the sharing of geometry is important, spich as in the

use gf computational topology. In a complex, primitives may be aggregated many-to-many into composites for
use gs attributes of features. Examples of this‘are provided in the schemas in Annex D.

6.6.2|2 isMaximal
The Boolean valued operation “isMaximal” shall return TRUE if and only if this GM_Complex is mpximal.

gM Complex::isMaximal/() : Boolean

6.6.2|3 Contains{association
The association<'Contains” instantiates the contains operation from Set<GM_Primitive> as an asgociation.

QM Complex::subComplex [0..n] : GM Complex
gM-Complex: :superComplex [0..n] : GM Complex

6.6.2.4 Complex association

The association “Complex” is defined by the “contains” operation in GM_Object that is inherited from
TransfiniteSet<DirectPosition>.

GM Complex::element [1..n] : GM Primitive
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If a complex contains a GM_Primitive, then it must also contain the elements of its boundary.

GM Complex:

-- closed under the boundary operation
self—>forAll (self—includesAll (boundary()))

<<Type>>
GM_Object
(from Geometry root)

{subComplexincludes boundary()}

-- a complex is closed under the boundary operation B‘

N

+superComplex

<<Type>> 0..n
GM_Complex
+ isMaximal() : Boolean on

0..n | +complex

+subComplex

Containk

Complex
U: 1..n | +element
subset
<kType>> +composite : +generator G§A<Tgrpi)r$1?c;/e
GM_Composite 0..n Composition L0l from Geometric primitive

--All primitives in the generator are in the complex (as a set of primitives)
{Set::element->includesAll(generator)}

6.6.3 GM_Composite

6.6.3.1 Seémantics

A geometric|composite, \GM_Composite (Figure 26), shall be a geometric complex with an underlying

Figure 25 — GM_Complex

geometry thgt is isomorphic to a primitive. Thus, a composite curve is a collection of curves whose geo
interface could bessatisfied by a single curve (albeit a much more complex one). Composites are intendgd for

use as attriblite‘'values in datasets in which the underlying geometry has been decomposed, usually to e»

its topological nature.

core
metry

pose

6.6.3.2 generator

The association role Composition::generator shall be a homogeneous collection of GM_Primitives whose
union would be the core geometry of the composite. The complex would include all primitives in the generator
and all primitives on the boundary of these primitives, and so forth until GM_Points are included. Thus the

association role Composition::generator on GM_Composite

Complex::element on GM_Complex.

GM Composite::generator[l..n] : GM Primitive

94

is a subset of the association

role
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The type of geometry in a generator shall be completely determined by the dimension of the composite object.
The component curves and surfaces are oriented to allow assembly into the composite in a properly

organized manner.

GM CompositePoint:
generator.type
GM CompositeCurve:
generator.type
GM CompositeSurface:
generator.type
GM CompositeSolid:

GM Point

GM OrientableCurve

GM OrientableSurface

generator.type = GM Solid
<<Type>>
GM_Complex | -—---—————— {dimension() = generator.dimension()} Ij
|
|
|
:
: Composition
<<Type>> +composite +generator. <<Type>>
GM_Composite GM_Primitive
— 0..n Ln . S
(from Geometric primitive)
<<Type>> <<Typexp <<Type>> <<Typg>>
GM_CompositePoint GM_CompgsiteCurve GM_CompositeSurface GM_CompgsiteSolid
0..n 0..n 0..n 0..n
+composite +composite +composite tcomposite
Compoasition Composition Composition domposition
{sequence}
*generator +generator +generator +generator
v 1 v 1..n 1.n v 1.n
<<Type>> <<Type>> <<Type>> <<Typg>>
GM_Point GM_ OrientableCurve GM_OrientableSurface GM_Solid

(from Geometric primitive)

(from Geometric primitive)

(from Geometric primitive)

(from Geometric primitive)

6.6.4 GM_CompositePoint

6.6.4.1 Semantics

Figure 26 — GM_Composite

A separate class for composite point, GM_CompositePoint (Figure 27) is included for completeness. It is a
GM_Complex containing one and only one GM_Point.
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<<Type>>

GM_Composite

6.6.4.2

The associa
this complex

GM_Comy

6.6.5 GM_

6.6.5.1

A compositg
properties of
curve is a lis
curve (excep

ggnerator

Seémantics

<<Type>>

GM_Composite

GM_(

<<Type>>

<<Type>> > <<Type>>
GM_CompositePoint o.n . 1 GM_Point
“ Composmon (frnm Geometric primiti\/n)
+composite +generator

Figure 27 — GM_CompositePoint

ositePoint::generator

CompositeCurve

[1]

: GM_Point

ion role Composition::generator associates this GM_Composite Point:fo-the single primit

curve, GM_CompositeCurve (Figure 28)-shall be a GM_Composite with all the geor
a curve. These properties are instantiated in the operation “curve”. Essentially, a composite
t of orientable curves (GM_Orientable€urve) agreeing in orientation in a manner such that
t the first) begins where the previous.ene ends.

CompositeCurve

>

<<Type>>
GM_ OrientableCurve

ve in

netric

each

6.6.5.2

generator

0..n iti 1.n A
Composition (from Geometric primitive)
FCOmMpoSIte Fgenerator
{sequence}

Figure 28 — GM_CompositeCurve

The association role Composition::generator associates this GM_CompositeCurve to the primitive GM_Curves
and GM_OrientableCurves in its generating set, the curves that form the core of this complex.

96
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GM CompositeCurve::generator : Sequence<GM OrientableCurve>
-- the start point of each orientable curve in the generator is the
-- end point of the previous one
GM CompositeCurve:
forAll (1 < j < generator.count - 1)—
generator[j].endPoint = generator[j+1l].startPoint;

NOTE To get a full representation of the elements in the GM_Complex, the GM_Points on the boundary of the
generator set of GM_Curve would be added to the curves in the generator list.

6.6.6 —GM—_CompousiteSurface

6.6.6{1 Semantics

A composite surface, GM_CompositeSurface (Figure 29) shall be a GM_Complex_with all the geometric
propgrties of a surface, and thus can be considered as a type of orientable surface,(GM_COrientableSurface).
Esseptially, a composite surface is a collection of oriented surfaces that join_in pairs on common boundary
curvgs and which, when considered as a whole, form a single surface.

<<Type>>
GM_Composite

<<Type>> [ <<Type>>
GM_CompositeSurface GM_OrientableSufface

0..n iti 1.n . B
Composition (from Geometric prifnitive)

+compesite +generator

Figure 29 — GM_CompositeSurface

6.6.6{2 generator
The |association role-"Composition::generator associates this GM_CompositeSurface to {he primitive
GM_Burfaces and &M OrientableSurfaces in its generating set, a list of the GM_Surfaces that form the core
of this complex.

gM CompositeSurface::generator : Set<GM OrientableSurface>

NOTE To get a full representation of the elements In the GM_Complex, the GM_Curves and GM_Points on the
boundary of the generator set of GM_Surfaces would be added to the curves in the generator list.

6.6.7 GM_CompositeSolid

6.6.7.1  Semantics
A GM_CompositeSolid (Figure 30) shall be a GM_Complex with all the geometric properties of a solid.

Essentially, a composite solid is a set of solids that join in pairs on common boundary surfaces to form a
single solid.
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GM_Composite

<<Type>>

<<Type>> [ <<Type>>
GM_CompositeSolid o.n . 1 GM_Solid
. Composition -n (from Geometric primitive)
+composite +generator

Figure 30 — GM_CompositeSolid

6672 g

nerator

The associafion role Composition::generator associates this GM_CompositeSolid to ‘the primitive GM_§

in its genera

GM CompositeSolid::generator :

NOTE Tq
GM_Points on

7 Topolc

7.1 Sema
The most pr
accomplishe
consistent W
associations
feature insta
packages in

ing set, that is, the solids that form the core of this complex.

Set<GM_Solid>

get a full representation of the elements in the GM_Complex, the GM_Surfaces, GM_Curve
the boundary of the generator set if GM_Solids would have to be added to the generator list.

gy packages

htics

bductive use of topology is to accelerate computational geometry. The method by which t
] is to associate explicitly feature instances and geometric object instances in a m
ith and derived from theifsimplicit geometric relations (see D.3). In some cases,
are derived from a coneeptual geometry that does not agree with the representation d
nces. For this purpose,. it-is necessary to define topology packages that parallel the geo
Clause 6. Figure 31 shews these packages and their dependencies.

bolids

5 and
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hnner
hese
f the
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] ]

<<Leaf>> <<Leaf>>
Topology root £ —————=-—————------—-—---———————————f ng:)r:gglgeu):(al
* TP_Object + TP_Complex

\ <<lLeaf>> N I
Topological primitive

+ TP_Boundary
+ TP_ComplexBoundary
+ TP Dirn{‘tpdTnlnn

Figun
diagr
to the
majo
alonsg
contd
6.3.1
direc
betwyd
natur
unde

+ TP_DirectedFace

+ TP_DirectedNode

+ TP_DirectedSolid

+ TP_Edge

+ TP_EdgeBoundary
+ TP_Expression

+ TP_ExpressionTerm
+ TP_Face

+ TP_FaceBoundary
+ TP_Node

+ TP_Primitive

+ TP_PrimitiveBoundary
+ TP_Ring

+ TP_Shell

+ TP_Solid

+ TP_SglidBoundary

|
|
|
|
|
:
! + TP_DirectedEdge
|
|
|
|
|
|

Figure 31 — Topology packages, class content and internal dependencies

e 32 gives an overview of thenclass structure of the basic topological packages. The roof
am is TP_Object. Under thisythere are TP_Primitive, and TP_Complex, which are related i
GM_Primitive and GM_Complex, so that a TP_Complex is an organized structure of TP_P
- difference being thata GM_Primitive is more loosely coupled to a GM_Complex, allowir
, Whereas a TP_Primitive must be in at least one TP_Complex. An instance of TP_Direct
in a reference to(ayTP_Primitive and an orientation parameter, similar to the GM_Orientab
B. Since only two)orientations are possible, regardless of dimension, each primitive is asso
ed topological™entities similar to the relation between GM_OrientableCurve and GM
ben, GMOrientableSurface and GM_Surface. To conserve on the number of objects and
al identification of a primitive with its positive orientation, each primitive in each dimension i
[ its.carresponding directed topological object. This is further explained in 7.3.11.1.

class of the
N way similar
imitives. The
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edTopo shall
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5 subclassed
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<<Interface>>
TP_Object

<<Type>> +element Complex +complex <<Type>>
TP_Primitive [1 1n TP_Complex
<<Type>> <<Type>> <<Type>> <<Type>>
TP_Node TP_Edge TP_Face TP_Solid
<<Type>> <<Type>> <<Type>> <gType>>
TP_DirectedNode TP_DirectedEdge TP_DirectedFace TP_DirectedSolid

v

<<Type>>
TP_DirectedTopo

<<DataType>>

S TP_Expression

Figure 32 — Topological class diagram
7.2 Topology root package

7.21 Semantics

Geometric calculations such as containment (point-in-polygon), adjacency, boundary, and network tracking
are computationally intensive. For (this reason, combinatorial structures known as topological complexes are
constructed {o convert computatiohal geometry algorithms into combinatorial algorithms. Another purpoge is,
within the gepgraphic information’domain, to relate feature instances independently of their geometry. For the
first purpose| topology definitions in this clause parallel the structure of the geometric definitions in Clayse 6.
For the second purpose;-the classes in these packages are specified so that they can be used independently
of the geomdtry.

A topological| complex consists of collections of topological primitives of all kinds up to the dimension ¢f the
complex. Thlus;)a 2-dimensional complex must contain faces, edges, and nodes, while a 1-dimen$ional
complex or graph contains only edges and nodes.

NOTE Topological primitives are equivalent to but are not subclasses of geometric primitives. This is consistent with
the view that topological complexes are constructed to optimize computational geometry procedures by the use of
combinatorial algorithms. This also permits the creation of structures that ignore geometric constraints by using a
topological complex that is not realized by a geometric complex.

The key to understanding the use of computational topology is to see the related procedures in both systems.
As Figure 33 shows, there is a great deal of parallelism between the ways in which primitives and complexes
are related in the two class systems.

The topological system is based on algebraic manipulations of multivariate polynomials. The definitions of the
procedures, functions, and operations in the topology packages are done so that geometric problems in the
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geometric domain can be translated into algebraic problems in the topology domain, solved there, and the
solutions translated back to the geometric domain. A topological expression in this algebra is a multivariate,
degree one polynomial, where the variables correspond to topological primitives.

The diagram in Figure 33 summarizes the relation between topology and geometry. The OCL constraint
means that the diagram commutes such that navigation of the roles TP_Primitive::complex followed by
TP_Complex.geometry is the same as navigation of the roles TP_Primitive::geometry followed by
GM_Primitive::complex.

NOTE A single GM_Primitive may be involved in many independent GM_Complexes, each of which may be a
realization of a different TP_Complex. Thus, a GM_Primitive may be the realization of many different TP_Primitives, since
a TP_Primitive must occur in one and only one maximal TP_Complex (see 7.3.10.2). Since it is possible for an instantiable
class|to implement TP_Primitive and TP_Complex, or both GM_Primitive and GM_Composite, it isyppssible that a
particplar instance of TP_Primitive may be realized by a GM_Composite, for example, see D.3.

<<Interface>>
TP_Object
(from Topology root)

+subfComplex

<<Type>> 1 Complex 1 <<Type>> in
T ..n ..n y )
TP_Primitive TP_Complex /Contains
(ffom Topological primitive) | +element +complex (from Topological Complex) | 1..n
+topology | 0..n TNal X 0.1 | +topology +suprComplex
Realizati {geometry.complex -> incladesAll AN Realivati
ealization complex.geometry} ealization
Hgeometry 0.1 0..1  |,+geometry
+subfComplex
<< >> <<Type>>
GM Tgﬁriitive *elergent 0..n GM ggr?nplex on Contaips
(from Geometric primitive) | X1 compl +complex (from Geometric complex) | 0..n |
omplex +supprComplex
<<Type>>
GM_Object
(from Geometry root)

Figure 33 — Relation between geometry and topology

7.2.2 TP_Object

7.2.21 Semantics

Topological object, TP_Object (Figure 34) is an abstract class that supplies a root type for topological
complexes and topological primitives.

Logically and structurally, topological objects and geometric objects could share the same subclass structure,
but since there is a categorical homomorphism from topology to geometry that preserves boundary
operations, this approach could cause confusion between the boundary of a topological object and the
boundary of the corresponding geometric object. While the two mechanisms share many computational
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characteristics, as demonstrated by the homomorphism, they are different operations and need to be clearly
separated.

{boundary().dimension() = dimension() - 1} Iﬁ

<<Interface>>
TP_Object

+ dimension() : Integer

+ boundary() : TP_Boundary

+ coBoundary() : Set<TP_DirectedTopo>
+ interior() : Set<TP_Primitive>

+ closure() : Set<TP_Primitive>

+ exterior() : Set<TP_Primitive>

+ maximalComplex() : TP_Complex

S ol

<<Type>> <SType>>
TP_Complex TP_Primitive
(from Topological Complex) (from\Topological primitive)

Figure 34 —<TP_Object

7.2.2.2 dimension
The integer returned by the operation “dimension” shall be the topological dimension of this TP_Object. If shall
be solely dependent on the instantiated class of the object and shall not be changed for a particular ¢bject
without changing that object's class. For example, the value for dimension is 0 for nodes, one for edgeg, two
for faces, andl three for solids. Any GM:_Object associated to this TP_Object shall have this same dimensjon.

TP _Obj¢ct::dimensioh”)” : Integer

7.2.2.3 bqundary

The operatioh “boundary” shall return a set of TP_DirectedTopo structured as a TP_Boundary that repregsents
the boundary of-the TP_Object.

TP _Object::boundary() : TP Boundary
If this TP_Object is associated to a GM_Object, its boundary shall be consistent in orientation with that
GM_Object as described in the geometry packages.

As a constraint, the dimension of a boundary shall always be one less than the dimension of the original
object. For this reason, the dimension of the empty set shall be considered to be “-1”.

TP Object:
boundary.dimension() = dimension() - 1

102 © 1SO 2003 — Al rights reserved


https://standardsiso.com/api/?name=ebfffd3774024197113d19f324f1ce80

ISO 19107:2003(E)

Figure 35 shows how the boundary function can be visualized as an association from objects of each
dimension to objects of one less dimension.

In most cases the return value will be a valid value of a TP_Expression (7.3.20). The boundary returned can
fail to be a valid TP_Expression because of the requirement for simplest terms. A dangling or isolated edge in
a face (one that has the same face on both sides) would cancel out in the conversion to a topological

expression.

<<Type>> 1 Center +proxy <<Type>> <<Type>> +topo Center <<Type>>
TP_Node +topo 2 TP_DirectedNode TP_Node e 1 +proxy | TP_DirectedNode
-7 +boundary 1
Boundary 2 +hub CoBoundary.
0..n 0..n
+primitive +spoKe
<KType>> 1 Center +proxy <<Type>> <<Type>> +topo Centér <<Type>>
TP_Edge *topo 2 TP_DirectedEdge TP_Edge 1 +proxy TP_DirgctedEdge
+boundary 1..n
Boundary L.n +hub CoBoundary
0..n
0..n +spoke
+primitive \{CirculprSequence}
<KType>> 1 Center +proxy <<Type>> <<Type>> +topo Center <<fype>>
TP_Face +topo 2 TP_DirectedFace TP, Face > 1 +proxy TP_DirectedFace
+boundary +hub
Boundary l.n l.n CoBoundary
0..2 0.2
+primitive +spoke
<gType>> 1 Center +proxy <<Type>> <<Type>> +topo Center <<lype>>
1P _Solid ftopo > | TP=Birectedsolid | | TP_Solid €7 +proxy | TP_DirpetedSolid
Figure 35 — Boundary and coboundary operation represented as associations|
7.2.214 coBoundary
The pperation “coBoundary” shall return a Set of TP_DirectedTopo that represents all the TP|Objects that
have(this TP_Object on their boundary.
In mgst cases the return value will be a valid value of a TP_Expression (7.3.20). An exception tq this is when
the cprresponding GM_Obiject is on the boundary of a closed object (such as a curve that beging and ends at
the bame pninf) The TP ﬁhjnhf corresponding to that GM ﬁhjnnf would appear inlthe Set of

TP_DirectedTopo twice with apposite orientations and therefore cancel out when the coBoundary is cast from
Set of TP_DirectedTopo to TP_Expression.

TP Object::coBoundary () Set<TP_ DirectedTopo>

Figure 36 illustrates how this operation can be visualized as a relation between dimension levels of the
TP_Primitives, similar to the boundary operation, but directed in the opposite direction, increasing dimension
instead of reducing it.
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1 <<Type>>
+topo - TP_Primitive <
<<Type>> <<Type>> <<Type>> <<Type>>
Center TP_Node TP_Edge TP_Face TP_Solid
2 <<Type>>
TP_DirectedTopo
+proxy
<<Type>> <<Type>> <<Type>> <<Type>>
TP_DirgctedNode TP_DirectedEdge TP_DirectedFace TP_DirectedSolid
Figure 36 — Important classes in,topology
7.2.2.5 interior

The operatig

within the maximal complex of this object. For a TP_Primitive this will be a self-reference. For a TP_Corn

this will be a
homomorphi

TP _Objq

7.2.2.6

The operatig

within the maximal compléex-of this object. This consists of all TP_Primitives in the maximal TP_Comple

are not in thd

TP _Objq

eXterior

n “interior” shall return the finite set of TP_Primitives that comprises the interior of this g

| TP_Primitive elements in the TP_Complex not on the boundary of the TP_Complex. This
C equivalent of the interior of a geometric realization of this TP_Object.

bct::interior () Set<IR\Primitive>

n “exterior” shalhreturn the finite set of TP_Primitives that comprises the exterior of this ¢
interior or.the boundary of this TP_Object.

bct : fexterior () Set<TP_Primitive>

bject
hplex
s the

bject
K that

7.2.2.7

closure

The operation “closure” is often useful; it is defined as a union of the interior and boundary of an object, and is
thus not required in a basic implementation.

TP _Object::closure()

104

interior () .union (boundary())
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.8 maximalComplex

The operation “maximalComplex()” shall return the maximal TP_Complex that contains this TP_Obiject.

TP Object::maximalComplex () : TP Complex

A TP_Obiject shall be included in one and only one maximal TP_Complex.

NOTE

opera

tion means that any TP_Object is in one and only one maximal complex.

A complex is maximal if it is contained in no larger complex. The cardinality restriction implied by this

7.3

7.31

The
repre

7.3.2

This
detai

T

7.3.3

This
comy

7.3.4

Each
(Figu
boun

It is

boun
topol
repre

Topological primitive package
Semantics

[opological primitive package contains all the primitives for each dimensionr’\and support
sentations of their structural relationships.

TP_Boundary

class is a root class for all boundary data types used in the topological package. It requir
except that it is a TP_Expression and a cycle.

P Boundary:
IsCycle();

TP_ComplexBoundary

class is a root class for all boundary. data types used in the topological package fq
lexes. It requires no further detail except that it is a TP_Expression.

TP_PrimitiveBoundary

topological primitive is{capable of returning its boundary. Data types under TP_Primi
re 37) are used to strfucture those boundaries in a convenient manner. Since TP_Node h
Hary, no special data-type is defined for its boundary.

A simple facththat the boundary of any geometric object is a cycle (has no boundary)
Hary components are a set of circular composite curves, each closing on itself. For consiste
bgy and ‘geometry, this is also a requirement for all subclasses of TP_Boundary. If a

sents.the'topology of a GM_Complex, then the geometric realities will enforce this constrain{.

5 classes for

bs no further

r topological

iveBoundary
as an empty

A surface's
ncy between
TP_Complex
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<<DataType>>
TP_Expression

T

<<DataType>> <<DataType>> <<DataType>>
TP_Boundary TP_Ring TP_Shell
// : \\
| N
{isCycle() {isCycle()} {isSimple()} {isCycle()} {isSimple()}
{isConnected()} {support().dimension() = 1} {isConnected()} {support().dimension() =P}

<<[ataType>> <<DataType>>
TP_PrimitiveBoundary TP_ComplexBoundary
<<PataType>> <<DataType>> <<DataType>>
TP_HdgeBoundary TP_FaceBoupdary TP_SolidBoundary
+ startNod¢ : TP_DirectedNode + exterior[0..1] : *P_Ring + exterior[0..1] : TP_Shell
+ endNoddg : TP_DirectedNode + interior[0..}]*TP_Ring + interior[0..*] : TP_Shell

{supporf).dimension() = O}Iﬁ {support().dimension() = 1}'? {support().dimension() = Z}ﬁ

Figure 37 — Boundary relation data types

7.3.5 TP_HdgeBoundary

A TP_EdgeBoundary (Figure 37) contains two TP_Node references as TP_DirectedNode instances| The
startNode shiall have a positive orientation, and the endNode, a negative Orientation. As a TP_Express|on, a
TP_EdgeBouyndary shall look like:

Edge.boundary () = +endNode-startNode

The attributes of a TP_EdgeBoundary are:

TP _EdgeBoundary::startNode : TP DirectedNode;
TP _EdgeBoundary::endNode : TP DirectedNode;
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7.3.6 TP_FaceBoundary

A TP_FaceBoundary consists of some number of TP_Rings, corresponding to the various components of its
boundary. In the normal 2D case, one of these rings is distinguished as being the exterior boundary. In a
general manifold this is not always possible, in which case all boundaries shall be listed as interior boundaries,
and the exterior will be empty.

TP _FaceBoundary::exterior[0,1] : TP Ring;
TP _FaceBoundary::interior[0..n] : TP Ring;
Recating—that-each—ring—is—eriented—so—thatthe—face—is—en—itsteft—we—get-the—boeundary—ofg face as an

exprgssion as:

Houndary (face)= b : TP FaceBoundary = b.exterior + b.interior

7.3.7] TP_SolidBoundary

TP_$olidBoundaries are similar to TP_FaceBoundaries. In normal Euclidean-space, one shell is fistinguished
as thg exterior. In the more general case, this is not always possible.

TYP_SolidBoundary::exterior[0,1] : TP_Shell;
TYP_SolidBoundary::interior[0..n] : TP Shell;

Recdlling that each shell is oriented so that the solid .js~on bottom, we get the boundary of 4 solid as an
exprgssion as:

Houndary(solid)= b : TP SolidBoundary = b.exterior + b.interior

7.3.8| TP_Ring

A TH_Ring is used to represent«a\ 'single connected component of a TP_FaceBoundary. It ¢onsists of a
number of TP_DirectedEdges_connected in a cycle (an object whose boundary is empty). A TP_Ring is
strucfurally similar to a GM_CempositeCurve in that the endNode of each TP_DirectedEdge in the sequence
is the startNode of the next TP_DirectedEdge in the Sequence. Since the sequence is circulaf, there is no
exception to this rule.

As a[TP_Expression, \the interpretation of a TP_Ring is a sequence of oriented edges. Each edgg “€” which is
used|in its positive-orientation shows up in the expressions as a “+€”, and each edge “d” which shows up in its
negative orientation shows up in the expression as a “—d”. Since TP_Rings are used in TP_FaceBoundary
objeqts, the.ring will be oriented so that the face is on its “left” in any geometric realization.

7.3.9_TP_Shell

A TP_Shell is used to represent a single connected component of a TP_SolidBoundary. It consists of a
number of TP_Faces connected in a topological cycle (an object whose boundary is empty). Unlike a
TP_Ring, a TP_Shell has no natural sort order.

As a TP_Expression, the interpretation of a TP_Shell is a set of oriented faces. Each face “f” which is used in
its positive orientation shows up in the expressions as a “+f”, and each edge “g’ which shows up in its
negative orientation shows up in the expression as a “—g”. Since TP_Shells are used in TP_SolidBoundary

objects, the shell will be oriented so that the upNormal points away from the solid.
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7.3.10 TP_Primitive

7.3.10.1 Semantics

Topological primitives, TP_Primitive (Figure 38), are the non-decomposed elements of a topological complex.
As such, they normally correspond to the geometric primitives of a like dimension that are the components of
a geometric complex. When a geometric complex is the realization of a topological complex, then the
primitives in each shall be in a dimension-preserving, 1-to-1 correspondence.

<<Interface>>

<<Type>>

TP_Object
(from Topology root)

GM_Primitive
(from Geometric primitive)

- 0..1 +geometty
// RN - Realization
/ Tl 0..n | ~topology
<Type>> +maximalComplex <<Type>>
TP_|Complex TP_Primitive
(from Topological Complex) 1
+ asTP_DirectedTopo(arieAtation : Sign) : TP_DirectedTdpo
| 1 + boundary() : TP_PrimitiveBoundary
+comple ..Nn
P +element | 1..n | 0..1 0..n
| +Centainer +isolated
|
|
Complex !
P : Isolated In
|
|
-- topojogical dimension agrees with geometric, ditriension AN
{geomgtry->forAll(geometry.dimension() = dimension())}

-- basi
{comp
{bound
-- isolg
{coinci
-apr
{asTP |

C geometric operation are preserved
ex.geometry->forAll(element->jncludes(geometry))}

ted topology is codimensjoen.at least 2
dentSubelement.dimension() < dimension() -1}
Mmitive is its own positive’ TP_DirectedTopo

| DirectedTopo(+) = self}

ary().asTP_Primitive().geometn'= geometry.boundary()}

Figure 38 — TP_Primitive

7.3.10.2 Realization

The associatien—Realzation” linksthis TP Prdmitivetothe GM Primitive that it represents—in—ts—maximal
complex. If this TP_Primitive is used to describe a logical topological structure that is not realized by a
GM_Complex, then this relationship shall be empty for all TP_Primitives contained in this TP_Primitive's
maximal TP_Complex. Each GM_Primitive may be associated to at most one TP_Primitive in any
TP_Complex. If this TP_Primitive is in any realized TP_Complex, then it shall be associated to exactly one
GM_Primitive. A GM_Primitive may be associated to different TP_Primitives in different TP_Complexes.

TP _Primitive::geometry [0, 1]
GM Primitive::topology [0..n]

GM Primitive
TP Primitive

NOTE Since GM_Composites are subtyped under the corresponding primitives, it is possible to define a schema
where the realization of a TP_Primitive is a GM_Composite of the same dimension. Thus a TP_Edge can be realized as a
GM_CompositeCurve, see D.3.
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To preserve the homomorphism between topological objects and their boundary operators, and the
corresponding geometric objects and their boundary operators, the mapping defined by this association shall
be dimension-preserving and the associations between element and complex in the two domains shall be
preserved.

TP Primitive:
dimension () = geometry.dimension () ;
7.3.10.3 Complex association
The association “Complex” shall link this TP_Primitive to the finite set of TP_Complexes that contain it. Every

TP_Rrimitive shall be in some number of TP_Complexes that are all subcomplexes of a unigue maximal
TP_CQomplex containing this TP_Primitive.

PP _Primitive::complex [1l..n] : TP Complex
PP _Complex::element [1..n] : TP Primitive

7.3.1D.4 lIsolated In association

All oflthe adjacency relations in topology between primitives whose diménsions differ by one or ( are handled
by the boundary and coboundary operations. These operations only~deal with instances of one grimitive lying
on the boundary of another primitive of one higher dimension, aof)with instances of the same dimension that
sharg a common boundary element. This includes instances where a “dangling” edge has the game face on
both gides, or a “dangling” face has the same solid on both sidés. The exception to this is when jone primitive
is completely surrounded by a primitive of at least two_higher dimensions, with no intermedipte primitive.
Thesk are truly isolated. In faces, this includes nodes that are not attached to an intermediate|edge on the
bounfdary of that face. In a 3D space, the isolated node*could be connected to another edge that|is not on the
bounfdary of the surface in question, such as in the\éase where the edge is realized by a curve perpendicular
to the surface that the face realizes. In solids;, this can include nodes or edges that are not attached to
surfages in the boundary of the solid.

PP _Primitive::isolated [0.(n} : TP Primitive
PP _Primitive::container [0,1] : TP Primitive

TYP_Primitive:

isolated.dimension () < self.dimension() - 1;
container.count = 0 implies
TP_Primitive—exists (boundary () .topo—>includes (self))

7.3.10.5 boundary

The boundary-operation for TP_Primitive shall overrides that defined at TP_Object by adding mlore structure
to thg set of TP_DirectedTopo.

T P Primitive::pboundary () : TP PrimitiveBoundary

Since TP_Primitive is abstract, the additional structure will be defined for each of its subtypes.
7.3.11 TP_DirectedTopo

7.3.11.1 Semantics

From a computational point of view, elements of TP_DirectedTopo (Figure 39, Figure 40) are equivalent to the
various orientable geometric objects (GM_OrientableObject) in the geometry packages (GM_OrientableCurve
and GM_OrientableSurface). TP_DirectedNode and TP_DirectedSolid do not have separate geometric object
equivalents.
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<<Type>> {primitive = self}
TP_Primitive {orientation = "+"
+topo’1[} PN
- -7 ’ \
- ~ / \
-7 1" rad . // \\
-7 T P -~ // \\
- -~ - - 4 \
P |~ A
<<Type>>[ - <<Type>> <<Type>> <<Type>>
TP_Node TP_Edge TP_Face TP_Solid
+topo | 1 +topo | 1 +topo | 1 1 [#+tepo
Center Center Center Center Center
+proxy| 2 +proxy | 2 +proxy | 2 2 | +proxy
<<Type>> <<Type>> <<Type>> <<Type>>
TP_DirdctedNode TP_DirectedEdge TP_DirectedFace TP_DirectedSolid
- - <l - /
-_ ~o x y
Ty~ - S \ /
S~ S \ /
~4 S \ /
T~ T \ /
S~ =S \ /
+proxy | 2 i~~~ N\
<<Type>> {orientation = "+" implies topo = self}
TP_DirectedTopo
Figure 39 — TP_DirectedTopo subclasses
<<Type>>
TP_DirectedTopo - - —
<<Type>p Hopo  HproXy [ - Sign = "+ | {(orientation = "+") =
TP_Primitjve 1 center <2 - Slgn = (topo = self)}
+ negate() : TP_DirectedTopo
+ asTP_Expression() : TP_Expression
<<Type>= <<Type>> <<Type>> <<Type>>

TP_DirectedNode

TP_DirectedEdge TP_DirectedFace

TP_DirectedSolid

|
{topo.isKindOf(TP_Node)}

]

]

:

| |

: {topo.isKindOf(TP_Face)}
|

|

|

{topo.isKindOf(TP_ Edge)}

]

{topo.isKindOf(TP_Solid)}

]
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Figure 40 — TP_DirectedTopo
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As in the geometry, each topological primitive inherits from its corresponding directed topological primitive, but
it satisfies more constraints. This means that TP_Node is equivalent to a positive TP_DirectedNode, a
TP_Edge to a positive TP_DirectedEdge, etc.

NOTE An alternative type hierarchy would have separated TP_Primitive and TP_DirectedTopo, which would have
entailed three objects for each primitive: the primitive itself, its equivalent positive directed topological primitive, and its
reversal (a negative directed) topological primitive. This alternative is a valid implementation of the abstract types in this
model, but it does not emphasize the logical equivalence of a topological primitive and its positive directed topological
primitive. From an algebraic point of view, the subclassing and OCL constraints that identify a primitive with its positive
directed primitive make it equivalent to the standard interpretation of the unary “+” (plus) in algebra as in “x = + x”. Since
the most powerful use of topological objects is in their symbolic manipulation, maintaining an algebraic metaphor is
appropriate.

Therla is an implicit relation between the directed topological objects of adjacent dimensions.Jlhe boundary
and ¢oboundary operations and relations use them to carry the same orientation sense{Thuq if a positive
direcied edge is on the boundary of a face, then the positive directed face is on the ieoboyndary of the
assotiated edge. If a positive directed node is on the boundary of an edge, then the corresporjding positive
direcjed edge is on the coboundary of the associated node.

7.3.111.2 Orientation

The attribute “orientation” shall be the sense in which this directed topological object is related to |ts underlying
TP_Rrimitive.

TYP_ DirectedTopo::orientation : Sign = “+”

7.3.11.3 Negate
The ¢peration “negate” shall return the opposite orientation of this primitive.

TYP DirectedTopo::negate() : TP DirectedTopo

7.3.11.4 asTP_Expression

The ¢pperation “asTP_Expressionshall create a TP_Expression from this TP_DirectedTopo, anfd shall retain
the s|gn and the sense of the orientation. This operator shall be the constructor from the class TP| Expression.

PP DirectedTopoy:iasTP Expression() : TP Expression

7.3.11.5 CenterAssociation

The fole “tope™in the association “Center” shall identify the associated TP_Primitive. The invers¢ role “proxy”
shall identify.the two TP_DirectedTopo instances associated to the particular TP_Primitive.

TP _PirectedTopo::topo [1] : TP Primitive
TP Primitive::proxy [2] : TP DirectedTopo

7.3.11.6 Constraints

Following the logic of the semantics of directed topological objects, the associated topology for each directed
topological object shall be of the appropriate type.

TP DirectedNode:

topo.isKindOf (TP_Node) ;
TP DirectedEdge:

topo.isKindOf (TP_Edge);
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TP DirectedFace:

topo.isKindOf (TP_Face);

TP _DirectedSolid:

NOTE
corresponding

topo.isKindOf (TP Solid);

to a topological primitive must be a realization of the corresponding topological primitive type.

These constraints use the OCL operator “isKindOf” to indicate that the class of a directed topological primitive

The Center association forms an important part of the algebra of the boundary and coBoundary operations.

TP DirectedTopo:

bourdary ) torientationytopo. pourndary (]

TP _Primqitive:
boundary () = (proxy.orientation) *proxy.boundary() ]
TP DirgctedTopo:
negate.topo = topo;
negate.orientation <> orientation;
7.3.12 TP_Node
7.3.12.1 Semantics
TP_Node (Figure 41) inherits all of its interfaces from TP_Primitive, with‘some elaboration on the structlire of

boundary an

For TP_Nod
TP_Directed
TP_Directed
represented

NOTE In
clockwise circ
arbitrary.

TP Nodg
TP Nodq

7.3.12.2 Center association

Each TP_Pri

TP Nodd
TP Dirg

] coboundary.

b, the operation “coBoundary” defined at TP_Objectshall always return a set of refereng
Edges indicating which edges enter (positive TP “DirectedEdges) and which leave (neg

ASs an association.

2-dimensional maximal TP_Complex containing this TP_Node, the coBoundary may be sorted
ilar sequence in any geometric realizationof this maximal TP_Complex. In a 3D complex, the orde

[0..n]}
[O0.

e : :coBoundary
b : :coBoundary.spoke

Set<TPiDirectedEdge> ({size
Set<TP_ DirectedEdge> {size

.nl}

Mmitive, including TP_Node, is associated to two TP_DirectedTopo instances.
b: tproaxy” [2] TP _DirectedNode
pctedNode [1] Reference<TP Node>

es to
ative

Edges) the node. This operation is overridden>from TP_Object. The same information may be

as a
ing is

7.3.12.3 boundary

The boundary operation for TP_Node shall overrides that defined at TP_Object by specifying the Empty set.

TP _Primitive: :boundary ()

112

NULL
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<<Type>> CoBoundary 0..n <<Type>>
TP_Primitive[<d— ] TP_DirectedEdge
- +spoke -
¢ 2
+topo
+hub | 1
Ty'JC
TP_Node
+ boundary() : NULL
1
+topo
Center Hproxy <<Type>p
: TP_DirectediNode
I 2
I
I
I
sub:set
|
I
I
Center \ +proxy <<Type>p
> TP_Directedfopo
Figure 41 — TP_Node
7.3.12.4 Constraints
The TP_Node's dimension shall be 0;,.and its boundary is empty (NULL).
TP Node:
TP _Obgject::dimension = 0;
TP Object::boundary() = NULL;
NOTH A node-may still be isolated in a face and be the end of an edge, as long as that edge is not o} the boundary
of thg containing face. The geometric realization of this would be a curve that dangles in space, but tefminates at its
interspction withua surface.
7.3.1BCTP_DirectedNode

The class “TP_DirectedNode” supports TP_Node in the computational topology class TP_Expression. For
TP_Node, the operation “boundary” defined at TP_Object shall always return a zero-valued expression,
corresponding to empty geometry. This operation is overridden from TP_Object.

TP Node: :boundary() : NULL
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7.3.14 TP_Edge

7.3.14.1 Semantics

The primitive TP_Edge (Figure 42) is the 1-dimensional primitive for topology. For TP_Edge, the operation
“boundary” defined at TP_Object shall return a pair of nodes, one at the start of the edge (negative
TP_DirectedNode) and one at the end (positive TP_DirectedNode). This operation is overridden from
TP_Object. The same information may be represented as an association.

TP _Edge::boundary() : Set<TP DirectedNode> {size = 2}
TP _Edge::boundary.boundary : Set<TP DirectedNode> {size = 2}

<<Type>> CoBoundary +spoke <<Type>>

TP_Pfimitive i
- {CircularSequence} 0..n TP_Directedréce

1 | +t¢po <<Type>>
TP.BirectedNode
2 /|\ +boundary
+hub | 1..n
0..n Boundary
<<Type>> onit
TP_Edge primitive
Hboundary() : TP_EdgeBoundary
1
+topo
Center 2 <<Type>>
, TP_DirectedEdge
| +proxy
l
|
sub:set
l
Center \E/ +proxy <<Type>>
> TP_DirectedTopo

Figure 42 — TP_Edge

7.3.14.2 cqBoundary

For TP_Edge, the operation “coBoundary” defined at TP_Object shall return a circular sequence of directed
faces indicating which faces use this edge (positive TP_DirectedFace) or its negative proxy (negative
TP_DirectedFace) on their boundary. The circular sequence shall represent a clockwise enumeration of these
faces as viewed from the end point of the associated curve in any geometric realization of the maximal
TP_Complex in which this TP_Edge is contained. This operation is overridden from TP_Object. The same
information may be implemented as an association.

TP _Edge::coBoundary() : CircularSequence<TP DirectedFace> {size = [0..n]}
TP_Edge::coBoundary.spoke : CircularSequence<TP DirectedFace> {size = [0..n]}
NOTE In the 2-dimensional planar case, the coboundary has at most two faces. In the full topology case, there are

precisely 2, one directed face having a positive “+” orientation and the associated face lying to the left of the edge, and the
other directed face having a negative “-” orientation, and the associated face lying to the right of the edge.
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7.3.14.3 boundary

The boundary operation for TP_Edge shall overrides that defined at TP_Object by specifying a
TP_EdgeBoundary, consisting of a start node and end node.

TP Edge::boundary() : TP EdgeBoundary

The TP_Edge shall also has an association Boundary with association role boundary which specifies this
same information as two directed edges, oriented positively for the end node and negatively for the start node.

2

H

T o <l [ Do o JINT o ]
T ooOgc. . oouancaary TZ 1 T DrroccCcrcocuanNoTe

7.3.14.4 Center association

Each| TP_Primitive, including TP_Edge is associated to two TP_DirectedTopo instances.

TP _Edge::proxy [2] : TP DirectedEdge
TP DirectedEdge::topo [1] : Reference<TP_ Edge>
NOTH In the 2-dimensional planar case, each directed edge bounds. at most one face, precisely on¢ face in a full

planaf topology. In the 3-dimensional case, or in a non-planar 2D complex, a directed edge can bound sevetal faces.

7.3.14.5 Constraints
The TP_Edge shall have dimension 1.

TP Edge:
TP _Object::dimension ()%='1

7.3.1p TP_DirectedEdge

The tlass “TP_DirectedEdge” -supports TP_Edge in the computational topology class TP_Expression. It is
analqgous to the concept of\a GM_OrientableCurve, in the sense that it acts as a proxy for the base
curvg/edge when needed.

7.3.1p TP_Face

7.3.1p.1 Semantics

The ¢lass “TP_Face” (Figure 43) provides topological primitives for GM_Surface.

7.3.16.2 boundary
For TP_Face, the operation “boundary” defined at TP_Object shall return a set of directed edges with

appropriate orientation. This operation is overridden from TP_Object. The same information may be
represented as an association.

TP Face::boundary() : TP FaceBoundary

NOTE The same restriction on the meaning of exterior applies to the topology as did to the geometry.
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<<Ty_pe_>_> CoBoundary +spoke <<Type>>
TP_Primitive 0.2 TP_DirectedSolid
’ 1
+topo <<Type>>
TP_DirectedEdge

1..n
+hub | 1..n +boundary

+primitive

-
<<Type>>

+ boundary() : TP_FaceBoundary

+topo | 1
Center +proxy <<hype>>
, TP4DirectedFace
2
l
|
|
sub:set
|
|
\:/ +proxy <<Type>>
Center 5 TP_DirectedTopo

Figure 43.-<TP_Face

The TP_Facg shall also has an association Boundary with association role boundary that specifies this fame
information gs directed edges, oriented positively/for the left side of the edge and negatively for the right.

TP _Facg::boundary [1..*] : /TP DirectedEdge

The additiopal information that+is returned by the boundary operator is the organization of the
TP_FaceBoyndary into rings and‘an indication as to which ring is the exterior.

7.3.16.3 cqBoundary

solids indicgting\which solids use this face (positive TP_DirectedSolid) or its negative proxy (negative
TP_DirectedBolid) on their boundary. This operation is overridden from TP_Object. The same informationy may
be implemented as an association.

For TP_FaC{ the.operation “coBoundary” defined at TP_Object shall return a set of references to dirpcted

TP _Face::coBoundary() [0..2] : Reference<TP DirectedSolid>
TP Face::coBoundary.spoke [0..2] : Reference<TP DirectedSolid>

7.3.16.4 Center association
Each TP_Primitive, including TP_Face is associated to two TP_DirectedTopo instances.

TP Face::proxy [2] : TP DirectedFace
TP DirectedFace::topo [1] : Reference<TP_ Face>

116 © 1SO 2003 — Al rights reserved


https://standardsiso.com/api/?name=ebfffd3774024197113d19f324f1ce80

ISO 19107:2003(E)

7.3.16.5 Constraints
TP_Face's dimension shall be 2.
TP Face:
TP Face: TP Object::dimension = 2
7.3.17 TP_DirectedFace

TP_DirectedFaces shall be used in defining the boundary of a TP_Solid. It is analogous to the concept of a
GM_{rientableSurface, in the Sense that It acts as a proxy for ihe base suriace/iace when needef.

7.3.1B TP_Solid

7.3.1B.1 Semantics

The ¢lass “TP_Solid” (Figure 44) provides topological primitives for GM_Solid,

<<Type>>
TP_Primitive
- <<Type>3}
’ TP_Directediace
1 +topo

+boundary | 1.Jn

+primitive ~ Boundary

<<Type>>
TP_Solid 0.2

+ boundary() : TP_SolidBoundary

+topo | 1
Center +proxy <<Type>}
, TP_DirectedSolid
I 2
|
|
|
sublset
|
|
Center ! Tnass

\:/ +HProxXy e
> TP_DirectedTopo

Figure 44 — TP_Solid

7.3.18.2 boundary

For TP_Solid, the operation “boundary” defined at TP_Object shall return a collection of faces or their negative
proxies. This operation is overridden from TP_Object. The same information may be represented as an
association.

TP _Solid::boundary() : TP_SolidBoundary
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The TP_Solid shall also has an association Boundary with association role boundary that specifies this same

information as directed edges, oriented positively for below the face and negatively for above the face.

TP _Solid::boundary [1..*]

The additional

TP_SolidBou

: TP DirectedFace

ndary into shells and an indication as to which shell is the exterior.

7.3.18.3 coBoundary

For TP_Solid

. the operation “coBoundary” shall return NULL.

information that is returned by the boundary operator is the organization of the

TP Sol]

d::coBoundary () : NULL

7.3.18.4 Center association

Each TP_Pri

TP Solj
TP Dirg

Mitive, including TP_Solid is associated to two TP_DirectedTopo instances.

d::proxy [2]
bctedSolid: :topo

: TP DirectedSolid
[1] : Reference<TP_ Solid>

7.3.18.5 Constraints

A TP_Solid's|dimension shall be 3.

TP Soljid:

TP_Object::dimension = 3

7.3.19 TP_DirectedSolid
The class “TP_DirectedSolid” supports TP_Solid in the computational topology class TP_Expression.
7.3.20 TP_Expression
7.3.20.1 Se¢mantics
Algebraic or fomputational topclogy is most easily conceptualized as the manipulation of multivariate, de

one polynom
terms in this

The order o

plgebra. The-TP_Expression class (Figure 45) represents the polynomial expressions.

subclassed g

construct, m

nipulate, and test these “polynomials”.

ials where thewariables correspond to TP_Primitives. The TP_DirectedTopo class represen

the {erms in a polynomial does not affect its value, so the TP_Expression class has
om\Set<TP_DirectedTopo>. The operations of the TP_Expression class are those need

gree-
s the

been
ed to

The key to computational topology is the ability to treat pieces of topology in an algebraic or combinatorial
manner. The primitives in this algebra are the TP_Primitives. The monomials (single variable, single term

polynomials)
TP_Expressi

are the instances of TP_Primitives, each with an integer coefficient,
onTerm.

instantiated as

Any constraint that would be consistent for multivariate, first-order polynomial algebra shall be valid for

TP_Expressi

on, such as:

TP DirectedTopo:

118

negate () .asTP_Expression() = as TP Expression() .negate()
asTP_Expression.negate() .Plus (asTP_Expression) .isZero()
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<<DataType>>
TP_EXxpression

+ TP_Expression(dt : TP_DirectedTopo) : TP_Expression

+ TP_Expression(sdt : Set<TP_DirectedTopo>) : TP_Expression - +expression Terms

+ plus(s : TP_Expression) : TP_Expression
+ minus(s : TP_Expression) : TP_Expression
+ negate() : TP_Expression

+ isZero() : Boolean

+ isCycle() : Boolean

Hboundary () TP _ExXpression
coBoundary() : TP_Expression
equals(s : TP_Expression) : Boolean
support() : TP_Complex

4+ + +

v +term
<<Type>>

0..n

+variable tterm | TP_Expressi

4

orientation : Sign = "+"

TP_DirectedTopo <<DataType>>

bnTerm

1 Variable 0..n |+ coefficient : |

+

hteger = 1

negate() : TP_DirectedTopo

+

asTP_Expression() : TP_Expression

Figure 45 — TP .Expression

7.3.2D.2 TP_ExpressionTerm

TP_

Bxpressions, like polynomials, consist ofla set of terms, which consist of a variable and a coe

TP _ExpressionTerm = <coefficient : Integer = 1, variable
Reference<TP Direg¢tedTopo>>

Arithmetic shall be consistentywith normal polynomial manipulation.

7.3.2p.3 TP_Expression : constructor

The

onstructor FP_Expression” shall create a TP_Expression from a TP_DirectedTopo. This o

be uged by other classes (such as TP_Obiject) for the creation of expressions.

IYP_Expression( dt : TP DirectedTopo) : TP Expression = { <1, dt> }
TP _Expression(sdt : Set<TP DirectedTopo>) : TP Expression = ({

fficient.

peration shall

1, dt> |

sdt.contains (dt) }

7.3.20.4 plus

The operation “plus” acts as polynomial addition for TP_Expressions. It shall combine TP_DirectedTopo
elements that have the same underlying instances of TP_Primitive by adding their “orientation” coefficients. It
shall remove any terms with zero coefficient.

TP _Expression::plus(s : TP Expression) : TP Expression

© 1SO 2003 — Al rights reserved

119


https://standardsiso.com/api/?name=ebfffd3774024197113d19f324f1ce80

ISO 19107:2003(E)

7.3.20.5 minus

The operation “minus” acts as polynomial subtraction for TP_Expressions. It shall combine TP_DirectedTopo
elements that have the same underlying instances of TP_Primitive by subtracting their “orientation”
coefficients. It shall remove any terms with zero coefficients.

TP _Expression::minus(s : TP Expression) : TP Expression

7.3.20.6 negate

The operatiop "negate” shall negate each of the terms In the TP_Expression. It IS the unary minus operafor for
the polynomigls.

TP _Expression::negate() : TP Expression

7.3.20.7 isZero

The operatign “isZero” shall return TRUE for the zero polynomial. It is equivalent to the “Set.IsEmpty”
operation.

TP _Expression::isZero() : Boolean

7.3.20.8 isCycle

The operajon “isCycle” shall return TRUE for a;ipolynomial whose boundary (defined by
TP_Expressipn::boundary()) is zero. A TP_Expression is\acycle if it represents a closed geometric opject,
such as the poundary of a polygon. In most GIS cases;ya TRUE value returned by “isCycle” implies that the
underlying geometric object is the boundary of 'some other geometric object. It is equivalept to
“isZero(boundary())”.

TP _Expression::isCycle() : Boolean

NOTE Anly image of a boundary operation is a cycle. That means boundary().boundary().isZero() = TRUE.

7.3.20.9 bqundary

The operatign “boundary™&hall replace each TP_Primitive in each TP_DirectedTopo in this TP_Expression
with its boundary andsshall simplify the resultant expression. Boundaries always consist of TP_Primitiyes of
one lower dimension.” If the dimension of all the TP_Primitives in this TP_Expression is zero| (the
TP_Primitivef are allnodes), then the boundary operation shall return a zero TP_Expression.

[zakin)
T

= .
TR SSTOMT

TP EXpJ_CQQJI_UJJ. .buuudcu._y ()

7.3.20.10 coBoundary

The operation “coBoundary” shall replace each TP_Primitive in each TP_DirectedTopo in this TP_Expression
with its coBoundary and shall simplify the resultant expression. Coboundaries always consist of TP_Primitives
of one higher dimension. If the dimension of all the TP_Primitives in this TP_Expression is the same as the
dimension of the corresponding maximal TP_Complex, then the coBoundary operation shall return a zero
TP_Expression.

TP _Expression::coBoundary() : TP Expression
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7.3.20.11 equals

The operation “equals” shall return TRUE for a polynomial equality. The order of the elements (terms) is not
significant.

TP _Expression::equals(s : TP Expression) : Boolean

7.3.20.12 support

The operation “support” shall cast this TP_Expression as a set of TP_Primitives for use in calculating
geonjefric operators. The operation IS essentially the "asSet” operation followed by a traversal ¢f the Center
assogiation between TP_DirectedTopo and TP_Primitive.

TP _Expression::support() : Set<TP Primitive>

7.3.2D.13 asSet
The pperation “asSet” shall cast this TP_Expression as a set of TP_DireCtedTopo for use in calculating
geometric operators. This cast shall include adding all boundary elements to the set until TP_Dj{rectedNodes
are re¢ached. In other words, the support of a TP_Expression shall be'a valid TP_Complex.

TYP _Expression::asSet() : Set<TP DirectedTopax

7.4 | Topological complex package

7.4.1] Semantics

The package “Topological complex” providestadditional classes for the creation of TP_Complexes.
7.4.2] TP_Complex

7.4.2|1 Semantics

This lause contains the definition of topological complexes that parallel the geometric complexgs introduced
earligr in 6.6. A TP_Complex (Figure 46) may use set operations on its elements to perform the gquivalent set
operations on the underlying sets of direct positions that are represented by the geometric elements of a
geonetric realization-(a GM_Complex).

7.4.2|12 TP-Complex: constructor of a topological complex

The default construction of a topological complex shall be to generate it from a geometric complex. After the
construction—the ycunlctlib uun|p=c/\ shat—be—the geomett ic—reatization—of—the tupu=ugiua= C mplex. Only
geometric complexes that consist of mutually disjoint geometric primitives will generate a topological complex
without error.

TP Complex::TP Complex (GC : GM Complex) : TP Complex

The use of the default constructor to define a default topological complex for each geometric complex assures
that the topology represented by the TP_Complex is the topology of a geometric configuration as represented
by the GM_Complex. The association “Realization” shall trace each part of the TP_Complex back to the
appropriate part of the GM_Complex. This allows us to speak of topological operations within a topological
complex (TP_Complex) as if they occurred directly on a geometric complex (GM_Complex).
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<<Interface>>
TP_Object
(from Topology root)

v e

. ~ +maximalComplex | 1

<<Type>>
TP_Primitive
(from Topological primitive)

+element +complex <<Type>>
1.n  Complex 1.n TP_Complex

FisVaximal() - Bootean
+ isConnected() : Boolean

<4
GM
(from Ged

 Type>> +geometry +topology |+ boundary() : TP_ComplexBoundary
| Complex 5.1 Realizaon g4 |t TP_Complex(GC : GM_Complex) : TR Complex
metric complex) | Y- -

,' 1..n .n
: +superComplex +subComplex

-- the ma
{superCo
-- a maxi

{isMaxim

XimalComplex contains this complex
Implex->contains(maximalComplex)} /Conptains
Mal complex is contained only in itself

{(self = maximalComplex) implies (superComplex = {self}) }

al() implies (self = maximalComplex)}

Figure 46 — TP_Complex

7.4.2.3 mpximalComplex

The private
which this T
set.

- TP C

pttribute “maximalComplex” contains a reference to the unique maximal topological comp
P_Complex is a member. This is needed for encoding to determine the limits of an export

mplex::maximalComplex ¢ _Reference<TP Complex>

7424 isMaximal

ex of
data

arger

The Boolean operation “isMaximal”’ shall return TRUE if this TP_Complex is contained in no
TP_CompleX.

TP Complex::iS§Mdximal () : Boolean
7.4.2.5 isConnected

The Boolean valued operation “isConnected” shall return TRUE if this TP_Complex is topologically connected.

TP _Complex::isConnected() : Boolean

NOTE If a TP_Complex is connected, then its geometric realization is also connected. This does not imply that it is a
composite (geometric or topological), since composites must comply with the stronger constraint of being isomorphic to a
primitive. To test whether or not a topological complex is connected without referring to a geometric realization requires
that the transitive closure of the boundary, coBoundary, and IsolatedIn associations be calculated. If every primitive in the
complex is linked to every other primitive in the complex by a sequence of these association roles where each

intermediate p

122

rimitive is in the complex, then the complex is connected.
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7.4.2.6 Contains association

The derived association “Contains” shall describe which other TP_Complexes are contained in this
TP_Complex as sets of TP_Primitives. The “superComplex” role is the larger of the two complexes and the
“subComplex” role is the smaller. This relation shall be consistent with the “contains” operation inherited from
Set<TP_Primitive>.

TP Complex::subComplex [1..n] : Reference<TP Complex>
TP Complex::superComplex [1l..n] : Reference<TP Complex>
7.4.2[T Complex association

The {Complex” association shall relate the TP_Primitive elements to this TP_Complex. Jt\is this association
that makes the TP_Complex a Set<TP_Primitives>. The set operations implied bys“Centaing” should be
consistent with this definition of the TP_Complex as a set of primitives.

TYP_Complex::element [1l..n] : Reference<TP Primitive>
PP _Primitive::complex [[1l..n] : Reference<TP Complex>

7.4.218 Realization association
The fealization association links this TP_Complex to its correspending GM_Complex (if any).

PP Complex::geometry [0,1] : GM Complex
gM Complex::topology [0,1] : TP Complex

8 Derived topological relations

8.1 | Introduction

This clause specifies a mechanjsm:for characterizing topological relations as operators to be uged in query.
These query operators can bé calculated using the set theoretic operations defined on GM_(bject and its
subtypes and on algebraic @©perations defined on TP_Expression. These two mechanisms are ¢quivalent for
geonetric complexes that-are realizations of the corresponding topological complexes. The operptors defined
in thig clause are meaftymainly for query evaluation and are defined in such a manner as to alloy a variety of
implgmentations to.be assured of equivalent results against datasets with equivalent information ¢ontent.

This Internatiohal* Standard does not assign specific names to particular spatial operators. It is agssumed that
appligation schémas will use any or all of the following three classification techniques to specify application
specific @perators. In the cases below, the classification scheme is based on TP_Objects. This|also defines
the pdme operators on GM_Objects given that the restrictions defined above for the| creation of
TP_Comptexesfromrcottections of- GM—Objectsare fottowed —What istofottowis—omnty vatid—for point, curve,
surface, and solid objects. The theory for aggregate objects that are not homogeneous in dimension is not yet
satisfactory enough to base a standard on.

The conformance of a query system to this part of this International Standard shall mean that the supported
topological query operations can be defined according to the characterizations laid out on one of the
subsequent clauses and that all operators defined in the clause can be made available directly or through a
well understood combination of supported operators. Minimal compliance to this clause implies that:

1) Boolean query operations are defined in terms consistent with the included subclauses.

2) All valid Boolean operators definable within the context of one or more of the 8.2, 8.3, or 8.4 are
available for use.
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Complete compliance requires support of all of the valid Boolean operators definable within the context of this
entire clause.

8.2 Boolean or set operators

8.2.1 Form of the Boolean operators

Set theoretic operators are sometimes referred to as Boolean operators. Since such operators do not

distinguish between the interior and boundary of a set, the closure operation is used to combine them:

GM Object::closure()

interior () .union (boundary())

For two obje

This matrix g
and B into or]

An operator
spatial relatig
interpretatiorn

Cts, A and B the following four intersection operations may be done:

intersection [closure(A), closure (B)] intersection [closure(A), exterior (B)]

intersection [exterior (A), closure (B)] intersection [exterior (A), exterion(B)]

e of 24, or 16, classes.
may be defined as a template that is applied to the interseCtion matrix to test for a part

nship between the two objects. The template is a matrix of four extended Boolean Values W
is given in Table 8. There are 34 or 81 possible operator templates.

Table 8 — Meaning of Boolean intersection pattern matrix

Syn

bol Non Empty? Meaning

TRUE The intersection at this_position of the matrix is non-empty.

FALSE The intersection at this position of the matrix is empty.

NULL This operatordoes not test the intersection at this position of the matrix.

NOTE

The value TRUE means the setis:non-empty (see column header).

To test if tw
associated t(
agreement, {

0 objects are related in agreement with a particular operator template, the intersection
NULL are calculated and tested for non-empty according to the pattern in the matrix. If th
he value of the) operator for these two objects is TRUE, and if not, the value is FALSE.

8.2.2 Boolean Relate

The operato

f sets may be tested to see if each set is empty or not. This classifies. the relationship betwgen A

cular
hose

5 not
Bre is

tions

between the

“bRelate” shall return TRUE if these objects are spatially related by testing for interse

intersectionPatternMatrix.

Boolean bRelate (GM Object,
Boolean bRelate (TP _Object,

GM Object, intersectionPatternMatrix)
TP _Object, intersectionPatternMatrix)

t closure and exterior of the two geometric objects as controlled by the values im the

The “intersectionPatternMatrix” is listed as a string of 4 characters from T, F, or N, given in row major form,
i.e., the two values for the first row, followed by the two for the second row of the matrix.
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8.2.3 Relation to set operations

The Boolean relate can be used to implement the “contains”, “intersects” and “equals” operations of
GM_Object defined in 6.2.2.18.

EXAMPLE

C : GM Composite, G : GM Object;
C.contains (G) = bRelate(C, G, “INFT” );

8.3 [Egenhofer operators

8.3.1 Form of the Egenhofer operators
For tyvo objects, A and B the following 9 intersection operations may be done (see references [8] and [9]).
intersgction [boundary (A), boundary (B)] intersection [boundary (A), interior (B)]  intersection [boundary (A}, exterior (B)]
intersection [interior (A), boundary (B)] intersection [interior (A), interior (B)] intersection [interior (A), gxterior (B)]
intersection [exterior(A), boundary(B)] intersection [exterior (A), interior (B)] intersection [exterior (A), pxterior (B)]
This |matrix of sets (called the 9 matrix) may be tested to see_if each is empty or not. This glassifies the
relatipnship between A and B into one of 29, or 512, classes$:*Actually, not all 512 are geometrically possible,
but that is not of consequence to what is to follow.
An operator may be defined as a template that is_applied to the intersection matrix to test fof a particular

spatial relationship between the two objects. The template is a matrix of nine extended Boolean \falues whose

intergretation is given in Table 9, the content of which is identical to the previous table. There are|3° or 19 683
possible operator templates.

Table 9 — Meaning of Egenhofer intersection pattern matrix

Symbol Non Empty? Meaning
T TRUE The intersection at this position of the matrix is non-empty.
F FALSE The intersection at this position of the matrix is empty.
N NULL This operator does not test the intersection at this position of the matrix.

To tgst if twe-objects are related in agreement a particular operator, the intersections not associIted to NULL
are cplculatéd and tested for non-empty according to the pattern in the matrix. If there is agreement, the value
of the gperator for these two objects is TRUE, and if not, the value is FALSE.

8.3.2 [Egenhofer relate
The operator “eRelate” shall return TRUE if these objects are spatially related by testing for intersections
between the interior, boundary and exterior of the two geometric objects as controlled by the values in the
intersectionPatternMatrix.
Boolean eRelate(GM Object, GM Object, intersectionPatternMatrix)
Boolean eRelate (TP _Object, TP Object, intersectionPatternMatrix)

The “intersectionPatternMatrix” is listed as a string of nine characters (each being a T, F, or N) in row major
form.
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8.3.3 Relation to set operations

The Egenhofer relate can be used to implement the “contains”, “intersects” and “equals” operations of
GM_Object defined in 6.2.2.18.

EXAMPLE

C : GM Primitive, G : GM Primitive;

C.contains (G) eRelate(C, G, “NENNTNNET” );
C : GM Primitive, G : GM Composite;

C.contains (G) eRelate (C, G, “FENTTNFET” );

8.4 Full tgpological operators

8.4.1 Forn of the full topological operators
The full topojogical operators take dimension differences into account (see references [4] and [5] for flirther

analysis of this extension) and are done in a manner similar to the Egenhofer operators, but a finer distifction
is made on the possible values.

Table 10 — Meaning of full topological intersection¢pattern matrix

Symbol | Non Empty? Meaning
0 TRUE The intersection at this position of the matrix contains only points.
1 TRUE The intersection at this position of the matrix contains only points, and curves.
2 TRUE The intersection at this position of thelnatrix contains only points, curves, and surfaces.
3 TRUE The intersection at this position~of the matrix contains only points, curves, surfaces|and
solids.
FALSE The intersection at this position of the matrix is empty.
N NULL This operator does not test the intersection at this position of the matrix.

To test if twq objects are related inagreement with one of the possible 6° = 10 077 696 operator templates,
the intersectipns not associated to-NULL are calculated and tested for non-empty and dimension, accord|ng to
the pattern in the matrix. If thefe,is agreement, the value of the operator for these two objects is TRUE, and if
not, the valu¢ is FALSE.

8.4.2 Full topologicalyrelate

The operatof “cRelate” shall return TRUE if these objects are spatially related by testing for intersegtions
between the|interior, boundary and exterior of the two geometric objects as controlled by the values in the
intersectionPatternMatrix.

Boolean cRelate (GM Object, GM Object, intersectionPatternMatrix)
Boolean cRelate (TP Object, TP Object, intersectionPatternMatrix)

The “intersectionPatternMatrix” is listed as nine characters (each beinga 0, 1, 2, 3, F, or N) in row major form.

8.5 Combinations

Operators may be defined as any Boolean combination of one or more of the primitive operations in the
preceding sections.
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Annex A
(normative)

Abstract test suite

A.1 Geometric primitives

A.1.1 Data types for geometric primitives

A1

a)

b)

c)

1.1 Data types for 0-dimensional geometry

Tlest Purpose: Verify that an application schema or profile instantiates GM_Point with the attr

¢r profile also instantiates GM_MultiPoint, verify that it includes the attribute position and th
to element.

Tlest Method: Inspect the documentation of the application schemaror profile.

Reference: ISO 19107:2003, 6.1, 6.2.1, 6.2.2.17, 6.3.10.1, 6.3111.1, 6.3.11.2, 6.4.1, 6.5.1, 6.1
$.5.3 and 6.5.4.

Tlest Type: Capability.

1.2 Data types for 1-dimensional geometry

Test Purpose: Verify that an application sehema or profile satisfies all the requirements o
instantiates GM_Curve with the attribute orientation and the association segmentation, and
ihstantiable subtype of GM_CurveSegment with all of its attributes. If an application sche
dlso instantiates GM_MultiCurve,-verify that it includes the attributes element and length.

Test Method: Inspect the documentation of the application schema or profile.

Reference: ISO 19107%:2003, A.1.1.1, 6.3.5, 6.3.13, 6.3.14.1, 6.3.16, 6.4.1, 6.4.6, 6.4.8
6.5.5.

Test Type: Capability.

1.3 Datatypes for 2-dimensional geometry

Test, Purpose: Verify that an application schema or profile satisfies all the requirements o

bute position

and the association Coordinate Reference System inherited from GM_Object. If the application schema

B association

2.1,6.5.2.2,

A.1.1.1 and
at least one
ma or profile

6.4.31, and

A1.1.2 and

ihoetantiatae (N Qi irfana \aath thia otteibh b Apinpfatingy anA tha aconniatiane infnpiny T anA o

IFostartatC ooV OO ac vt ottt o otC— O CritatrOT—arta— i C oo SO CatorTS— T it Crror o—artt

gmentation,

and at least one subtype of GM_SurfacePatch with all of its attributes. If the application schema or profile
also instantiates GM_MultiSurface, verify that it includes the attributes element, area, and perimeter.

Test Method: Inspect the documentation of the application schema or profile.

Reference: ISO 19107:2003, A.1.1.2, 6.3.6, 6.3.7, 6.3.10.4, 6.3.15, 6.3.17.1, 6.3.17.3, 6.4.6, 6.4.32 —

6.4.48, and 6.5.6.

Test Type: Capability.
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A.1.1.4 Data types for geometric 3-dimensional geometry

a)

d)

A.1.2 Simple operations for geometric primitives

A.1.2.1 Simple operations for 0-dimensional geometric primitives

A.1.2.2 Simple operations for 1-dimensional geometric primitives

a)

A.1.2.3 Simple operations for 2-dimensional geometric primitives

a)

b)
c)

d)

Test Purpose: Verify that an application schema or profile satisfies all the requirements of A.1.1.3 and
instantiates GM_Solid with the association interiorTo. If the application schema or profile also instantiates
GM_MultiSolid, verify that it includes the attributes element, area and volume.
Test Method: Inspect the documentation of the application schema or profile.

Reference: ISO 19107:2003, A.1.1.3,6.3.8, 6.3.9, 6.3.10.4, 6.3.18.1 and 6.5.7.

Test Type: Capability.

Test Pufpose: Verify that an application schema or profile satisfies all the requirements of A.1.1.1 and
that the |nstantiation of GM_Point includes the operations boundary, mbRegion and representativePgint.

Test Method: Inspect the documentation of the application schema or profile.
Referenge: ISO 19107:2003, A.1.1.1,6.2.2.2,6.2.2.3, 6.2.2.4, 6.3.10.2 and 6.3.11.3.

Test Type: Capability.

Test Pufpose: Verify that an application schema or profile satisfies all the requirements of A.1.1.2 and
A.1.2.1 [and that the instantiation of GM_Curve includes the operations boundary, mbRegiorl and
representativePoint.

Test Method: Inspect the documentation of the-application schema or profile.
Referenge: ISO 19107:2003, A.1.1.2, A.1.2:4, 6.2.2.2, 6.2.2.3,6.2.2.4, 6.3.10.2 and 6.3.14.2.

Test Type: Capability.

Test Pufpose: Verify that-an application schema or profile satisfies all the requirements of A.1.1.3 and
A.1.2.2 jand that the-instantiation of GM_Surface supports the operations boundary, mbRegion and
representativePoint:

Test Method: Inspect the documentation of the application schema or profile.

ReferengezdSO 19107:2003, A.1.1.3, A1.2.2,6.2.2.2,6.2.2.3,6.2.2.4,6.3.10.2 and 6.3.15.2.

Test Type: Capability.

A.1.2.4 Simple operations for 3-dimensional geometric primitives

a)

b)

d)

128

Test Purpose: Verify that an application schema or profile satisfies all the requirements of A.1.1.4 and
A.1.2.3 and that the instantiation of GM_Solid supports the operations boundary, mbRegion and
representativePoint.

Test Method: Inspect the documentation of the application schema or profile.
Reference: ISO 19107:2003, A.1.1.4, A1.2.3,6.2.2.26.2.2.3,6.2.2.4,6.3.10.2 and 6.3.18.2.

Test Type: Capability.
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A.1.3 Complete operations for geometric primitives

A.1.3.1 Complete operations for 0-dimensional geometric primitives

a)

d)

Test Purpose: Verify that an application schema or profile instantiates GM_Point and GM_MultiPoint with

all attributes, operations, and associations defined specifically for those classes as well as th

ose inherited

from GM_Object and GM_Primitive, except for the association Complex and the operation

maximalComplex.

Test Method: Inspect the documentation of the application schema or profile.

eference: TISO 19107:2003, 6.1, 6.2, 6.3.10,6.3.11,6.3.12,6.4.1-6.45and 6.5.1-6.5.4.

est Type: Capability.

.2 Complete operations for 1-dimensional geometric primitives

est Purpose: Verify that an application schema or profile satisfies all the, requirements of|
at it instantiates GM_Curve, GM_CurveSegment, and GM_MultiCurve,-geither directly or th
bstract subtype. Verify that these instantiations support all attributes, operations, and
efined specifically for those classes as well as those inherited fromi_GM_Object, GM_Gene
5M_Primitive, except for the association Complex and the operation maximalComplex.

Test Method: Inspect the documentation of the application<schema or profile.

Reference: ISO 19107:2003, A.1.3.1, 6.3.1, 6.3.2, 6.34, 6.3.5, 6.3.13, 6.3.14, 6.3.16, 6.4.6
6.5.5.

Test Type: Capability.

A.1.3.3 Complete operations for 2-dimensional geometric primitives

a)

b)
c)

d)

Test Purpose: Verify that an application schema or profile satisfies all the requirements of|
that it instantiates GM_Surface, GM_SurfacePatch, and GM_MultiSurface either directly
ion-abstract subtype. Verify-that these instantiations support all attributes, operations, and

efined specifically for those-“classes as well as those inherited from GM_Object, GM_Ge
nd GM_Primitive, except for the association Complex and the operation maximalComplex.

Test Method: Inspectthe documentation of the application schema or profile.
Reference: IS@19107:2003, A.1.3.2, 6.3.6, 6.3.7, 6.3.15, 6.3.17, 6.4.32 — 6.4.48, and 6.5.6.

Test Type:'Capability.

A.1.3.1, and
rough a non-
associations
icCurve, and

- 6.4.31, and

A.1.3.2, and
pr through a
associations
hericSurface,

A.1.3.4-) Complete operations for 3-dimensional geometric primitives

a)

b)

c)

Test Purpose: Verify that an application schema or profile satisfies all the requirements of

A.1.3.3, and

that it instantiates GM_Solid and GM_MultiSolid. Verify that these instantiations support all attributes,
operations, and associations defined specifically for those classes as well as those inherited from
GM_Object, GM_GenericSolid, and GM_Primitive, except for the association Complex and the operation

maximalComplex.
Test Method: Inspect the documentation of the application schema or profile.
Reference: ISO 19107:2003, A.1.3.3, 6.3.8, 6.3.18, and 6.5.7.

Test Type: Capability.
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A.2 Geometric complexes

A.2.1 Data types for geometric complexes

A.21.1 Data types for 1-dimensional geometric complexes

a)

b)
c)

d)

A.21.2 Data types for 2-dimensional geometric complexes

a)

b)
c)

d)

A.2.1.3 Data types for 3- dimensional geometric:complexes

a)

A.2.2 Simple operations for geometric complexes

A.2.21 Simpleoperations-for-t=dimensional-geometriccomplexes

a)

130

Test Purpose: Verify that an application schema or profile satisfies all the requirements of A.1.1.2 and
that it instantiates GM_Complex, GM_CompositePoint, and GM_CompositeCurve. Verify that it supports
the associations Contains between Set<GM_Primitive> and GM_Complex, Complex between the
GM_Primitives (GM_Point and GM_Curve) and GM_Complex, and Composition between GM_Point and
GM_CompositePoint and between GM Curve and GM CompositeCurve

Test Method: Inspect the documentation of the application schema or profile.
Referenge: ISO 19107:2003, A.1.1.2, 6.6.3, 6.6.1, 6.6.2.1, 6.6.2.3, 6.6.2.4, and 6.6.3 — 6.6.5,

Test Type: Capability.

Test Pufpose: Verify that an application schema or profile satisfies all the-requirements of A.1.1.3 and
A.2.1.1,| and that it instantiates GM_CompositeSurface with the  associations Complex between
GM_Surnface and GM_Complex and Composition between GM_Surface’and GM_CompositeSurface
Test Method: Inspect the documentation of the application schema or profile.

Referenge: ISO 19107:2003, A.1.1.3, A.2.1.1, and 6.6.6.

Test Type: Capability.

Test Pufpose: Verify that an application.schema or profile satisfies all the requirements of A.1.1.4 and
A.2.1.2,|and that it instantiates GM_CompositeSolid with the associations Complex between GM [Solid
and GM| Complex and Composition between GM_Solid and GM_CompositeSolid.
Test Method: Inspect the documentation of the application schema or profile.

Referenge: ISO 19107:2003, A.1.1.4, A.2.1.2, and 6.6.7.

Test Tyge: Capability:

Test Purpose: Verify that an application schema or profile satisfies all the requirements of A.1.2.2 and
A.2.1.1. Verify that the instantiations of GM_Complex, GM_CompositePoint, and GM_CompositeCurve
support the operations boundary, envelope, representative point, and isMaximal.

Test Method: Inspect the documentation of the application schema or profile.

Reference: ISO 19107:2003, A.1.2.2, A.2.1.1, and 6.6.2.2.

Test Type: Capability.
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A.2.2.2 Simple operations for 2-dimensional geometric complexes

a) Test Purpose: Verify that an application schema or profile satisfies all the requirements of A.1.2.3, A.2.1.2
and A.2.2.1. Verify that the instantiations of GM_CompositeSurface support the operations boundary,
envelope, representative point, and isMaximal.

b) Test Method: Inspect the documentation of the application schema or profile.

c) Reference: ISO 19107:2003, A.1.2.3, A.2.1.2, and A.2.2.1.

d) Test Type: Capability.

A.2.2.3 Simple operations for 3-dimensional geometric complexes
a) Test Purpose: Verify that an application schema or profile satisfies all the requirements’of A.{1.2.4, A.2.1.3
and A.2.2.1. Verify that the instantiations of GM_CompositeSolid support the)operations boundary,
e¢nvelope, representative point, maximal, and isMaximal.

b) Test Method: Inspect the documentation of the application schema or profile.

c) [Reference: ISO 19107:2003, A.1.2.4, A.2.1.3, and A.2.2.1.

d) Test Type: Capability.
A.2.3 Complete operations for geometric complexes

A.2.3.1 Complete operations for 1-dimensional geometric complexes
a) Test Purpose: Verify that an application schema or profile satisfies all the requirements of A.1.3.2 and
A.2.2.1. Verify that instantiations of GM_CompositePoint, GM_CompositeCurve, and G&M_Complex
gupport all attributes, operations, and associations defined specifically for those classes as ell as those
inherited from GM_Object, GM_Complex and GM_Composite.

b) Test Method: Inspect the documentation of the application schema or profile.
c) [Reference: ISO 19107:2003,-A.1.3.2 and A.2.2.1.

d) Test Type: Capability.

A.2.3.2 Complete operations for 2-dimensional geometric complexes

a) Test Purpose: Verify that an application schema or profile satisfies all the requirements of A.1.3.3 and
A.2.2.2. Verify that instantiations of GM_CompositeSurface support all attributes, opdrations, and

ssociations defined specifically for that class as well as those inherited from GM_Object, GM_Complex,
ind GM_Composite.

b) Test Method: Inspect the documentation of the application schema or profile.

c) Reference: ISO 19107:2003, A.1.3.3 and A.2.2.2.

d) Test Type: Capability.

A.2.3.3 Complete operations for 3-dimensional geometric complexes

a) Test Purpose: Verify that an application schema or profile satisfies all the requirements of A.1.3.4 and
A.2.2.3. Verify that instantiations of GM_CompositeSolid support all attributes, operations, and

associations defined specifically for that class as well as those inherited from GM_Object, GM_Complex,
and GM_Composite.
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b) Test Method: Inspect the documentation of the application schema or profile.

c) Reference: ISO 19107:2003, A.1.3.4, and A.2.2.3.

d) Test Type: Capability.

A.3 Topol

ogical complexes

A.3.1 Topological complexes for data types

A.3.1.1 1-dimensional topological complexes for data types

(TP_No
TP_Dire
associat]
and TP |

b) TestMe

c) Referen
7.3.9.6,
d) Test Ty
A3.1.2 2.
a) Test Pu
that it i

supportd
Isolated

a) Test Pyrpose: Verify that an application schema or profile instantiates TP_Complex,|, TP_Node,
TP_DirectedNode, TP_Edge and TP_DirectedEdge. Verify that the instantiations of |both
TP_DirectedNode and TP_DirectedEdge support the attribute orientation. Verify that“the appligation
schemalor profile supports the association Complex between TP_Complex and each.of’the TP_Primitives

e and TP_Edge). Verify that it supports the association Center between TP_Nodeg and

ctedNode, and between TP_Edge and TP_DirectedEdge. Verify thatit supports the dgrived

ons Boundary between TP_DirectedNode and TP_Edge, and Coboundary between TP_Node

DirectedEdge.

hod: Inspect the documentation of the application schema of profile.

ce: 1SO 19107:2003, 7.1, 7.2.1, 7.3.1, 7.3.2, 7.3.3, %~3:8.1, 7.3.8.3, 7.3.9.1, 7.3.9.2, 7.8.9.5,

7.3.10, 7.3.11,7.3.12.1,7.3.12.3,7.3.12.4,7.3.13, 1, 40,7.4.2.1,7.4.2.3,7.4.2.6,and 7.4.2.7.

e: Capability.

imensional topological complexes for.data types

rpose: Verify that an application schema or profile satisfies all the requirements of A.3.1.1 and

hstantiates TP_Face and TP_DirectedFace. Verify that the instantiation of TP_DirecteqFace

the attribute orientation. Verify that the application schema or profile supports the assocjation

n between TP_Primitives, the association Complex between TP_Complex and TP_Face, arld the
association Center between TP(Face and TP_DirectedFace. Verify that it supports the associations

y between TP_DirectedEdge and TP_Face, and Coboundary between TP_Edge| and

ctedFace.

hod: Inspect the documentation of the application schema or profile.

ce: 1ISO 194107:2003, A.3.1.1,7.3.4,7.3.6,7.3.8.4,7.3.14.1,7.3.14.4, and 7.3.14.5.

e: Capability.

. . Lt logical | for datat

Bounda
TP_Dire
b) TestMe
c) Referen
d) Test Ty
A.3.1.3 3-c

a) Test Purpose: Verify that an application schema or profile satisfies all the requirements of A.3.1.2 and
that it instantiates TP_Solid and TP_DirectedSolid. Verify that the instantiation of TP_DirectedSolid
supports the attribute orientation. Verify that the application schema or profile supports the association
Complex between TP_Complex and TP_Solid and the association Center between TP_Solid and
TP_DirectedSolid. Verify that it supports the associations Boundary between TP_DirectedFace and
TP_Solid, and Coboundary between TP_Face and TP_DirectedSolid.

b) Test Method: Inspect the documentation of the application schema or profile.

c) Reference: ISO 19107:2003, A.3.1.2,7.3.5,7.3.7, 7.3.16.1, 7.3.16.4, and 7.3.16.5.

d) Test Type: Capability.
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