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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing documents is normally carried out through ISO
technical committees. Each member body interested in a subject for which a technical committee
has been established has the right to be represented on that committee. International organizations,
governmental and non-governmental, in liaison with ISO, also take part in the work. ISO collaborates
closely with the International Electrotechnical Commission (IEC) on all matters of electrotechnical
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Introduction

This document provides conceptual schemas for describing, representing and manipulating the
spatial characteristics of geographic entities. Standardization in this area is the cornerstone for other
geographic information design, specification and standardization.

"Vector" data consists of geometric primitives used to construct expressions of the spatial
characteristics of geographic features. "Raster” data is based on the division of the extent covered into
small units according to a tessellation of the space. This document deals only with vector data.

Ther

is a hierarchy of complexity in the "gpnmptrv" of the nndprlving ohject used in varion

s coordinate

systg

ms. These may use reference planes (map geometry — Euclidean), reference sphere

geonetry — using spherical trigonometry), reference ellipsoids (ellipsoidal geometryusing

Riem
The

annian metrics) or more complex surfaces (usually using numeric approximations for
roordinates of a point locate it on, or in relation to, the reference geometry\With t}

of "mpap geometry," the usual Euclidean formulae for distance and area do not apply dif

coor

linate system.

Topaology expressions provide qualitative descriptions of the spatidlrelations betwee

obje(
is de
one (
ther
to th
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Spat
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Stan
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softy
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This
of ge

ts. Topology deals with the characteristics of geometric figuresithat remain invariant
formed elastically. Topological properties do not change when’information is transf
oordinate system to another, usually including the coordinmate function that map from
eference geometry. Topological properties in the domairfef the coordinate system will
ose on the geographic surface; but the metric properties may change significantly (¢
direction).

al operators are functions and procedures that tse, query, create, modify or delete sp4
document defines the taxonomy of some ofsthe more important operators, their def
ementations. The goals are to:

Define spatial operators unambiguously, so that different implementations will yield
esults within the limitations of acctivacy and resolution.

Jse these definitions to define'a set of standard operations that will form the basis
ystems and thus actas a test=bed forimplementers and abenchmark set for validation of

Define an operator algebra that will allow combinations of the base operators to be used

iin the query and manipulation of geographic feature data.

lardized conceptual schemas for spatial characteristics will increase the ability to sharg
mation between applications. These schemas will be used by geographic information
vare developers and users of geographic information to provide consistently und
al data structures and functions.

document is technical because geometry is a technical topic. Euclid was speaking of a §
phietry to the most powerful man in his world when he said:
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Geographic information — Spatial schema

1

Scope

This document specifies conceptual schemas for describing the spatial characteristics of geographic
entities, and a set of spatial operations consistent with these schemas. It treats "vector" geometry and
topology. It defines standard spatial operations for use in access, query, management, processing and
datalexchange of geographic information for spatial (geometric and topological) objects.Beg
natufe of geographic information, these geometric coordinate spaces will normally have
spatifal dimensions, one temporal dimension and any number of other spatially dependent
as n¢eded by the applications. In general, the topological dimension of the spatial‘projed
geonpetric objects will be at most three.

2
The

Normative references

following documents are referred to in the text in such a wag)that some or all of t

constitutes requirements of this document. For dated references, only the edition cited
unddted references, the latest edition of the referenced document (including any amendme

[SO 19103, Geographic information — Conceptual schema language

[SO 19108, Geographic information — Temporal schemd

ISO 19109, Geographic information — Rules for application schema

ISO 19111, Geographic information — Spatial@eferencing by coordinates

ISO/]EC 11404:2007, Information technology — General-Purpose Datatypes (GPD)

ISO/|EC 19505-2:2012, Informationtechnology — Object Management Group Unified Modeli
(OM@G UML) — Part 2: Superstructure

3

For

Terms and definitions

the purposes of-this document, the terms and definitions given in ISO/IEC 11404

[SO/]EC 19505-2 and‘the following apply.

ISO gnd IEC majntain terminological databases for use in standardization at the following ¢

[SO,0nline browsing platform: available at https://www.iso.org/obp

cause of the
up to three
parameters
tions of the

heir content
applies. For
hts) applies.

g Language

ISO 19103,

ddresses:
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NOTE Common words from geometry, such as point, curve, line, surface solid, etc., take the common
meanings unless they are used as classifier names (usually interfaces), in which case they are a digital
representation of the geometric concept. Common mathematical terms that are not defined here take on their
common meanings in mathematics (see [15], [10], ISO/IEC 11404 or a standard text on the topic, such as the "N.
Bourbaki"D) series currently published by Springer Verlag, in French, English and German). Care should be taken
since mathematical terms can be context sensitive, and can easily be confused with common words. For example,
"open” set, "closed" curve, "closed"” set, "rational” function, "boundary," "i closure", " " "function”

interior, , "exterior",
and others from common language but have very specific meanings in mathematics and in this document. Where
necessary to prevent confusion, existing definitions have been elaborated to make their intent in this document
explicit. Mathematical terms include common vocabulary from geometry, topology, calculus, geodesy and
differential geometry. Many of these terms can be sufficiently common that inclusion is not necessary. They are
included here to prevent confusion especially for terms like the ones listed above that have another meaning in
another context.

31
abstract ropt

<programmlfing> common root classifier of a category which is a superclass of any other{classifier i
category

n the

Note 1 to ent
facto union o
objects. In th|
interface wil

y: The class Any in some programming languages is the abstract root of all classes. Thus, it is the de
f all classes. In this document, Geometry is the (named and explicit) abstract root for all georpetry
e package Geometry and any of its subpackages (including those in its Requirements Classes), any
be a subtype of Geometry either directly or transitively.

3.2

arc

<geometry> segment (3.83) of a curve

3.3

barycentri¢ coordinates

<coordinatg geometry> point in a n-dimension~coordinate system using n+l numpbers,
[ug,uq,uy,u ,...,un]a[[OSUi I :1,0], in which the location of a point of an n-simplex (of any
dimension) |s specified by a weighted centre of mass of equal masses placed at its vertices using vector
algebra of the R™ used in the coordinate réference system

Note 1 to enftry: Even though there are n+l‘coordinates in a barycentric coordinate system, the topoldgical

dimension is
remaining on

the system c
then the poir

simplex. If one of them iSyzero and the others still each greater than or equal to zero, the point is on the
nates

simplex oppd
are depende]

n, since the restriction (sums to 1,0) loses 1 degree of freedom (once you have n ordinate
n-1

e is determined such.as u, =1,0- zui . The coordinates for the simplex are all non-negativ|
i=0

hn be extended outside of the simples by using negative numbers. If the ordinates are all poj

t is inside (interior to) the n-simplex. If one of them is 1,0 and the other 0, this is a corner

site the vertex zeroed out. If any are negative, the point is outside of the simplex. The coordi
t on theluhderlying coordinate reference system of the source data.

5, the
e, but
itive,

f the
n-1-

1

N. Bourbaki is the pen-name for the "Association des collaborateurs de Nicolas Bourbaki" (Association

of Collaborators of Nicolas Bourbaki) of mathematicians first published in 1935 and dedicated to "formalizing"
mathematics. The group has an office at the "Ecole Normale Supérieure” in Paris. See https://en.wikipedia.org/

wiki/Nicolas

Bourbaki. Their books are held in high regard by the mathematical community.

2
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3.4
bearing
horizontal angle, tangent or direction at a point

Note 1 to entry: This definition (as opposed to the one in ISO 19162:2015) is required for this document because
the concept is used in other definitions, such as first geodetic problem and second geodetic problem. The two
definitions are nearly equivalent because the tangent of a curve on a surface is a tangent to the surface and does
specify a direction. Usual 2D measure of bearing can be an angle equivalently measured from North clockwise,
or a unit tangent vector. If the coordinate system is spatially 3D, the horizontal bearing angle may also need to a
vertical altitude angle to be complete. If a reference curve (as used in ISO 19162) is parameterized by arc length,
then the "derivative" is a unit vector. If another parameterization "t" is used, then the derivative should be

normealized (;I/”;”’r(f)—;,) This is ||CQ‘F|I]’ since paramnfovi’7afinn hy arc ]nngfh can-he rnrqputationally

difficult. The numeric representation of a vector depends on the coordinate system. The bearingis-rfot dependent
on a ¢oordinate system, but it can be represented in any reasonable system. The bearing is notydegendent on its
various representations.

3.5
bicontinuous
<mathematics> invertible, continuous and with a continuous inverse

3.6
bouvhtdary
set that represents the limit of an entity

Note|l to entry: Boundary is most commonly used in the context of geometry, where the set is g collection of
pointjs or a collection of objects that represent those points. Ifilether arenas, the term is used metgphorically to
descifibe the transition between an entity and the rest of its domain of discourse.

3.7
buffer
geonjetric object containing all points and only those points whose distance from a specifidd geometric
objeqt is less than or equal to a given distance use in its construction

3.8
closure
unioh of the interior and boundary of a topological object or geometric object

3.9
cobgundary
set of topological primitives of higher topological dimension associated with a particulay topological
objeqt, such that this.topological object is in each of their boundaries

Note|l to entry:¢lfia node is on the boundary of an edge, that edge is on the coboundary of that node. Any
orieniation patameter associated with one of these relations would also be associated with the other. The
coboyindary‘efianode can be called a "node star”.

3.10
confbt lual, adj
angle-preserving

Note 1 to entry: Some projections are conformal. For example, a Mercator preserves the angle between curves,
so that if two curves in a Mercator projected plane cross at a 90°, then the preimage curves on the ellipsoid also
cross at 90°, such as lines of constant latitude and lines of constant longitude.

3.11

connected

property of a topological space implying that only the entire space or the empty set are the only subsets
which are both open and closed

Note 1 to entry: The formal definition of connected is that any pair of locally open sets whose union is the entire
space must have a non-empty intersection.
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a topological space T is connected if and only if

1
[VX,YCT3X0Y=T]=[XNnY 2] M

This formal definition is difficult to use. The term path connected (3.75), defined below is equivalent for the
purposed of this document. The use or “finite precision” coordinates makes sets which are connected but not
path connected impossible to represent. In all cases “connected” is used, but “path connected” is easier to test
and to visualize.

3.12
connected node
<topology> node that starts or ends one or more edges

3.13
control point
<coordinatg geometry> point used in the construction of a geometry that partially controls its ghape
but does not necessarily lie on the geometry

Note 1 to entfy: A centre of an arc is a control point; poles in b-spline curves are control points.

3.14
convex
<geometry> containing all points on a "line" joining two interior points

Note 1 to enfry: The definition of convex requires a definition of line. For{goordinate systems, this is the usual
linear interpplated arc, but in context, the "line" on a geometric reference surface will be a "geodesic arc{. The
default in thif document is the linear interpolate.

3.15
convex hull
<geometry> smallest convex set containing a given gegmeétric object

Note 1 to entfy: "Smallest" is the set theoretic smallest,not an indication of a measurement. The definition dan be
rewritten as|"the intersection of all convex sets that contain the geometric object". Another definition in a

Euclidean spgce E" is the union of all lines with(both end points in the given geometric object.

C = A.convexHull' @
[C.convek =TRUE|A[Ac CIA[[B.convex =true, Ac B]=[AcC c B]]
3.16
coordinate
one of a seqlience of numbérs-designating the position of a point

Note 1 to enfry: In a coordinate reference system, the numbers are qualified by units. The number of offsets
(generally called "ordihates") in a coordinate is not the dimension. If there is a constraint, the dimension cpn be
smaller. See qoordinate dimension (3.17).

3.17
coordinate dimension
<coordinate geometry> number of separate decisions needed to describe a position in a coordinate system

Note 1 to entry: The coordinate dimension represents the number of choices made, and constraints can restrict
choices. A barycentric coordinate which has (n+1)-offsets, but the underlying space is dimension n. Homogeneous
coordinates (wx, wy, wz, w) are actually 3 dimensional because the choice of "w” does not affect the position, i.e.
(wx, wy, wz, w) = (XY, z, 1) = (X, y, z) which is not affected by w. The dimension will be at most the count of the
numbers in the coordinate, but it can be less if the coordinates are constrained in some manner.
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3.18
coordinate reference system
<differential geometry, geodesy> coordinate system that is related to an object by a datum

[SOURCE: ISO 19111:2007, 4.8, modified — Notes 1 and 2 to entry have been added]

Note 1 to entry: The original definition of coordinate reference system (CRS) uses a geometric object (a geodetic
datum) which is referenced to the real world by a Datum. ISO 19111 can extend this to any "parameter” which
essentially can be represented as the graph of the parameter relation. This graph is in the cross product of
the Datum, the domain space of the parameter function, and the parameter space (which in turn may be multi
dimensional). Thus, every coordinate system used in this document is logically a CRS. Since this was not the
original intent of ISO 19111, this document will use CRS for coordinate systems associated to a geodetic datum,

and y

spati
Eucli

Note

shoul
opers
coord

Same

3.19

cury
<difff

Note
then

respe

the i
the cq

3.20
cycld
<geo

Note
close

se the more general term "coordinate system" for anything else that is either more or less. Her
hl coordinates. In every case where the underlying datum (surface) is not flat, the coordinate
Hean, and the metric is not Pythagorean.

P to entry: In the event that later versions of ISO 19111 change the definition as copied above, t
d not be affected. In the case that dynamic datums are used, the measurements made by f{
tions of the objects in this document would only be valid at the time used for'the' datum and t
inates. If the datum varies, the measure may also vary, but the definitidns of the measures
but the actual values may be a function of time.

ature vector
erential geometry> second derivative of a curve parameterized by arc length, at a poiry

1 to entry: If c(s) = (x(s), y(s), z(s)) is a curve in 3D Cartesian space (E3), and s is the arc leng
the unit tangent vector isé(s) =()'((5),j1(s),z'(s)), i the derivative of the coordinate valu
ct to “s”. The curvature vector is ¢(s)=(x(s),{s),2(s)). The curvature vector can be app

verse of the radius of a circle through any 3 nearby points on the curve (pointed from the cur}
bntre of the circle)

metry, topology> bounded spatial object with an empty boundary

1 to entry: Cycles are used to)describe boundary components. A cycle usually has no bound3
5 on itself, but it is bounded (i.e., it does not have infinite extent). A circle or a sphere, for ex3

e, CRS means
system is not

his document
he geometry
he associated
remains the

(s

th along c(s),
bs of “c” with
roximated by
e to towards

ry because it
mple, has no

bounflary (i.e., its boundarylis)empty), but is bounded.

3.21

data|point

<coofdinate gegnietry> point that lies on the geometry

Note [l to entry: The vertices in a line string are data points, the points used to construct a polynontial spline are
data pointsyData points can be used as control points, but are often derived after the geometry is cgnstructed.
3.22

diameter

<metric> maximum distance between two points in the set of points

3.23

directed edge

<topology> directed topological object that represents an association between an edge and one of its
orientations

Note 1 to entry: Adirected edge thatis 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 concepts.
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3.24

directed face

<topology> directed topological object that represents an association between a face and one of its
orientations

Note 1 to entry: The orientation of the directed edges that compose the exterior boundary of a directed face will
appear positive from the direction of this vector; the orientation of a directed face that bounds a topological
solid will point away from the topological solid. Adjacent solids would use different orientations for their shared
boundary, consistent with the same sort of association between adjacent faces and their shared edges. directed

faces are used in the coboundary relation to maintain the spatial association between face and edge.

3.25

directed nqde

<topology>[directed topological object that represents an association between a node and-onhe pf its
orientationg

Note 1 to entfy: Directed nodes are used in the coboundary relation to maintain the spatial association betfween
edge and node. The orientation of a node is with respect to an edge, "+" for end node, "-" fér'start node. This is
consistent with the vector notion of "result = end - start".

3.26

directed soflid

<topology>|directed topological object that represents an association between a topological solid and
one of its orjentations

Note 1 to entfy: Directed solids are used in the coboundary relation to maintain the spatial association betfjween
face and topdlogical solid. The orientation of a solid is with respect to,a‘face, "+" if the upNormal is outward/"-" if
inward. Thislis consistent with the concept of "up = outward" for astirface bounding a solid.

3.27

distance

<geometry, metric spaces> minimal length of a curv@that joins the two points or geometries

Note 1 to enfry: The usual distance function for twospoints in a coordinate space assumes an underlying plane
and is a Eucl{dean distance. If the underlying Reference Surface is not a plane, then distance is defined by this
minimum leggth of all curves between the, two points. These surfaces are prime examples of non-Eucljdean
geometry, where the parallel postulate in Euclid's Elements does not hold. In mathematical terms, distance fis the
"greatest lowler bound" of the length of the ¢urves. The word minimum is sometimes used, but there should jpe no
expectation §hat an instance of that minimum actually occurs, only that any larger number will have a length in
the set that i smaller.

3.28

domain

<mathematjcs> well-defined set

Note 1 to entry: Dofrains are used to define the "domain and range" of operators and functions. If a fur]ction
"f" maps valyes ffom the source domain "X" to values in the target domain "Y," then the notation is "f:X-Y[" The
relationship between the function and its source domain is referred to as its "domain." The relationship betjween
the function amd-itstargetdommatrisreferred—toasitsrange”—image—orattermatively “codomain—See the

definition of'

3.29
edge
<topology>

'function” and "mapping" in [15].

1-dimensional topological primitive

Note 1 to entry: The geometric realization of an edge is a curve. The boundary of an edge is the set of one or two
nodes associated with the edge within a topological complex.
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edge-node graph
<topology> graph embedded within a topological complex composed of all of the edges and connected

node
Note

3.31

s within that complex

1 to entry: The edge-node graph is a subcomplex of the complex within which it is embedded.

ellipsoid
<geodesy> geometric reference surface embedded in 3D Euclidean space represented by an ellipsoid of
revolution where the rotation is about the polar axis

Note
of thg

Note
coord
is thd
orthd

1 to entry: For the Earth the rotation is about the polar axis. This results in an oblate ellipsoidy
focilocated at the nominal centre of the Earth.

2 to entry: The two usual algorithms for latitude on an ellipsoid and on a sphere (sduch-as use
inates) are only equivalent if the ellipsoid is a sphere, having all radii equal in all\directions.
it a radial line from the centre of a general ellipsoid does not always cross(the surface of
gonally. In general, planar slices through the centre do not intersect the surfacée-orthogonally,

the clirves that correspond to the great circles of a sphere are not geodesics on.the ellipsoid.

Note
diffeq
surfal

3.32
emp
%)

<mat

Note
exact]
consi
the s
of its
progi
contd
empt
intro
and 1
is not
"for 4
categ
relatg

3.33
end
<top

ence is that metrics such as distance and direction on the ellipséid are restricted to curves \
ce and vectors tangent to the surface.

Ly set

hematics> set without any elements

1 to entry: Sets are equal if they contain exactly the same elements. Since any two empty sets
ly the same contained elements (by definitioh none), they are, by definition, equal. The empty
dered a geometric entity, because all thelelements it contains are points. This is a vacuous stj
bt @ contains no elements, and therefore' the "for all" statement has nothing to test and is thu
non-existent cases. There are a lot of true but vacuous statements in proofs about @. This c
ammers since many systems use type safe sets, in which the class of the entities determines :
iner set. The math does not care'about "class” and only sees sets; so that an empty set of aard

Huced by Codd and used iw'relational and other query languages in 3 valued logic. Null me3
hany statements involwing Null are undecidable (neither provably true nor provably false). Tj

1l elements in @*ate true, but vacuous. Most statements beginning "there exist an element in
orically false/It\is almost impossible to construct an undecidable statement about @. Null g
d. "Void" cananean "invalid” or "completely empty.”

hode
plogy> node in the boundary of an edge that corresponds to the end point of that edge

yith midpoint

1 in spherical
The problem
the ellipsoid
hind therefore

3 to entry: The topology of the ellipsoid is inherited from the E3 space in which it is entbedded. The

wholly on the

would share
set (@) can be
tement since
b true in each
nfuses some
class for the
varks and an

y set of zebras in mathematics are (is?) the same set. The other confusion is that @ is not the ¢dlatabase Null

Ins unknown
he empty set

"lack of knowledge-but certainty in the nonexistence of elements in the set. Most statements beginning

)" are always
nd @ are not

3.34

end point

<geo

3.35

metry, topology> last point of a curve

error budget
<metric> statement of or methodology for describing the nature and magnitude of the errors which

affec

t the results of a calculation

Note 1 to entry: In the most usual case, error budgets in this document describe metric calculations using
representational geometry objects to estimate real-world metrics, such as distance and area.
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exponential map
<differential geometry> function that maps tangent vectors at a point to end point of geodesic beginning
at that point with an exit bearing equal to that of the vector and a length equal to that of the vector

Note 1 to ent

3.37
exterior
<geometry,

Note 1 to ent

3.38
face
<topology>

Note 1 to ent

within the sa

organized as

3.39

first geodet
direct geodg

<differentia

from that pq

Note 1 to en

direction and

For example,
original poin

second geodd

3.40
footprint

2D extent of

3.41
function

<mathematji
"domain" of
"range" of t}

3.42

ry: See first geodetic problem for an explanation of the process of calculating this mapping.

topology> difference between the universe and the closure

ry: The concept of exterioris applicable to hoth topological object and geometric ohject

2-dimensional topological primitive

'y: The geometric realization of a face is a surface. The boundary of a face is the sét of directed
me topological complex that are associated with the face via the boundary.relations. These ¢
rings.

ic problem

tic problem

[ geometry, geodesy> problem that given a point on a surface and the direction and dist
int to a second point along a geodesic, determines thatsecond point

fry: This "problem" defines a mapping from the vector space at a point (each vector given
a length) to points of the Figure of Earth that satisfy the problem for that direction and dist
if we fix the distance "r" and take all directions;the resultant geometry is the circle centred

[t of radius "r". This document will make heavy*use of this mapping; see exponential map an

tic problem.

projection of a 3D object on a horizontal surface

pdges
an be

ance

by a
ance.
ht the
d the

cs, programming>,rule that associates each element from a domain ("source domai
the function) te-a-dnique element in another domain ("target domain,” "co-domai
le function)

free function

<mathemati

any object ¢

3.43
geodesic

cs, programming> function in an object-oriented programming language not associat
ass

’u or

:]r:," or

ed to

geodesic line
<differential geometry, geodesy> curve on a surface with a zero-length tangential curvature vector

Note 1 to entry: A geodesic's curvature vector is perpendicular the surface thus has the minimum curvature of
any curve restricted to the surface. This is often defined as a minimal distance curve between two points, but
this does not always suffice, since some points (especially on ellipsoids and spheres) are often joined by more
than one geodesic. For example, on an ellipsoid the points with (¢, A) = (0, 0) and (0, 180) are joined by four
separate geodesic [2 polar (the shorter) and 2 equatorial]. The exponential map is only guaranteed to be one-to-
one for a small area (depending on where the centre is and how the surface is curved).
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geodesic circle
<differential geometry, geodesy> set of points an equal distance from a given point (on the datum)

Note 1 to entry: The geodesic circles centred on a pole (either one) are the lines of constant latitude. Circles in
a tangent space centred on the origin (corresponding to the point of tangency) map to geodesic circles by the
exponential map on the geometric reference surface centred on the point of tangency.

3.45

geometric aggregate
collection of geometric objects that has no internal structure

Note

3.46
georl
boun

3.47
georl
seto
as th|

Note
than
geomy
boun
is em
operd
isac

3.48
georn
<geo
subs
Note

dime
neigh

1 to entry: No assumptions about the spatial relationships between the elements can be made

hetric boundary
dary represented by a set of geometric primitives that limits the extent of,a\geometrid

netric complex
f disjoint geometric primitives where the boundary of each geometric primitive can be
e union of other geometric primitives of smaller dimension within the same set

1 to entry: The geometric primitives in the set are disjoint in‘the sense that no point is int
bne geometric primitive. The set is closed under boundary opetations, meaning that for each ¢
etric complex, there is a collection (also a geometric complex) of geometric primitives that r
Hary of that element. Recall that the boundary of a point\(the only 0D primitive object type
pty. Thus, if the largest dimension geometric primitive is a solid (3D), the composition of t
tor in this definition terminates after at most three steps. It is also the case that the boundaryj
cle.

hetric dimension
metry, topology> largest number.nsiich that each point in a set of points can be assod

ot that has that point in its interfef and is topologically isomorphic to E", Euclidean n-
1 to entry: Curves, because.they are continuous images of a portion of the real line, ha

hsion 1. Surfaces cannot always be mapped to RZ in their entirety, but around each point pos
borhood can be found thattesembles (under continuous functions) the interior of the unit cir

object

represented

erior to more
lement in the
bpresents the
in geometry)
he boundary
of any object

iated with a
space
ve geometric

ition, a small
cle in R2, and

are therefore 2-dimensional:In this document, most surfaces (instances of Surface) are mapped to portions of R?

by th

3.49
geor
<geo

Note

bir defining interpelation mechanisms.

hetric object
metry>'spatial object representing a geometric set

1 to.entry: A geometric object consists of a geometric primitive, a collection of geomet

or a {

ic primitive,

bedmetric complex treated as a single entity. A geometric object may be the spatial repres

entation of a

featu

3.50

re object.

geometric primitive

<geometry> geometric object representing a single, connected, homogeneous (isotropic) element of space

Note 1 to entry: Geometric primitives are non-decomposed objects that present information about geometric
configuration. They include points, curves, surfaces, and solids. Many geometric objects behave like primitives
(supporting the same interfaces defined for geometric primitives) but are actually composites composed of some
number of other primitives. General collections may be aggregates and incapable of acting like a primitive (such
as the lines of a complex network, which is not connected and thus incapable of being traceable as a single line).
By this definition, a geometric primitive is topological open, since the boundary points are not isotropic to the
interior points. Geometry is assumed to be closed. For points, the boundary is empty.
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geometric realization
<geometry, topology> geometric complex where the geometric primitives are in a 1-to-1 correspondence
to the topological primitives of a topological complex, such that the boundary relations in the two

complexes a

gree

Note 1 to entry: In such a realization, the topological primitives are considered to represent the interiors of the
corresponding geometric primitives even though the primitives themselves are closed.

3.52

geometric reference surface

<geometry>
surface of tH

3.53
geometric s
<geometry>

Note 1 to ent
surfaces and
which are act

3.54
inner prodji

<vector geo
such that <;

Note 1 to en
tangent spac

E3 Euclideaip/Cartesian space.

3.55
isolated no
<topology>

Note 1 to enftry: Isolated nodes are usually not discussed in most algebraic or combinatorial topology

network, the
topological s
dimension "n|

3.56
isomorphid
<mathemati

3.57

e Earth possibly restricted to a small area but often covering the entire globe

et
set of points

Fy: This set in most cases is infinite, except where the set consists of a list af point locations. Cy

volumes being continuous are infinite sets of points. Some systems will{define 'degenerate’ cy
ually points.

1ct
metry> bilinear, symmetric function from pairs of vectors <\71 ,\72>—> R to areal nu

\7> :“\7“ and <\71 V2 > =H\71 HH‘;Z Hcos(e) where “024% the angle between v1 and v2.

fry: Inner products in differential geometry arestised on the differentials that make up the
s, In this document, this will usually be vectorsitangent to a datum surface embedded a geocg

e
node not related to any edge

y are not interesting because they cannot be a part of any path. Algebraic topology alwayg
stems there the boundary of any object of dimension" n" is always a union of a set of obje
~1". Which is why the-dimension of the empty set is "-1".

cs> having an isomorphism

b the

rves,
rves,

mber

local
bntric

In a
uses
cts of

isometry

<mathematics> mapping between metric spaces that preserves the metric

Note 1 to entry: The formal definition is f:X —Y >Vx, ye X.distance(x, y)=distance(f (x), f(y)) .

3.58

isomorphism
<mathematics> relationship between two domains (such as two complexes) such that there are 1-to-
1, structure-preserving functions from each domain onto the other, and the composition of the two
functions, in either order, is the corresponding identity function

Note 1 to entry: A geometric complex is isomorphic to a topological complex if their elements are in a 1-to-1,
dimension- and boundary-preserving correspondence to one another.

10
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[A,B isomorphic]

3
[If:A—>B,g:B—A>fog=Id,,gof=Idg] (3)
3.59
homomorphism
<mathematics> relationship between two domains such that there is a structure-preserving function
from one to the other

Note 1 to entry: A homomorphism is distinct from a isomorphism in that no inverse function is required. In an
isomorphism, there are two homomorphisms that are functional inverses of one another. Continuous functions
are topological homomorphisms because they preserve "topological characteristics". The mapping of topological
compllexes to their geometric realizations preserves the concept of boundary and is therefore a henjomorphism.

3.60
maxjmum
max
least upper bound
lub
<mathematics> smallest element larger than or equal to all elements of'a-set contained in] an ordered
domain (<)

Note|1 to entry: [Vaec A=max(A4)>a]=[Vb3[(b>[Vac A=b>a]={max(4)<b]]. Any number|is an upper
bounfl of @ (empty set) as a set of numbers, because any given momber is greater than any number in @ (an
admitted vacuous statement since there is no number in @, but.true nonetheless). This means thaf the max (9)
must[be smaller than any number; thus "-co".

3.61
metric operation

measure

operptions associated to measurements

Note |l to entry: Generically, a metric is a standard of measure of any kind. The Greek word metfon, meaning
“meapure,” giving us “metr”. Latin metricus.and Greek metrikds "of, relating to measuring". See metiic unit (3.62).

3.62
metric unit
unit pf measure

Note[l to entry: See metricopération (3.61).

3.63
minimum
min
greatest lower bound
glb

<mathematics> largest element smaller than or equal to all elements of a set contained in] an ordered
domair (_)

Note 1 to entry: [Vae A= min(4)<a|=[vb3[(b>[Vac A=b<a]=[min(A4)>b]] Any number is a lower bound

of @ considered as a set of numbers, because any given number is less than any number in @ (an admitted vacuous
statement since there is no number in @, but true nonetheless). This means that the min(@) must be greater than
any number; thus "+o0".

3.64
monotonic
<mathematics> never increasing or never decreasing

Note 1 to entry: An increasing sequence never gets smaller. A strictly increasing sequence always gets larger. A
decreasing sequence never gets larger. A strictly decreasing sequence always gets smaller.
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[x(7) is increasing] & [i< j= x(i) < x(j)]
[x(i) is strickly increasing] < [i < j = x(i) < x(j)]
[x(i) is decreasing]l & [i< j= x(i)=x(j)]

[x(7) is strickly decreasing] < [i < j = x(i) > x(j)]

[x(i) is decreasing]v[x(i) is increasing] [x(i) is monotonic]

3.65
n-disc

(4)

<topology, geometry> geometry isomorphic to the set of points X in E" such that ||X||<1; set of all

points in E}

Note 1 to ent
sphere and it|

3.66
n-simplex
<geometry,

a topologically isomorphic image of such a geometry

Note 1 to ent
A 1-simplex i
surface with
An n-simplex
sphere. In all

3.67
n-sphere
<geometry,
points in E}

Note 1 to ent

3.68
neighborhd
<topology, 1

3.69
node
<topology>

Note 1 to ent

3.70
normal cur
<differentia

| less than or equal to one-unit distance from the origin

ry: The 0-disc is a point. The 1-disc is a line. The 2-disc is a circle and its interior. The\3-di{
5 interior (a ball).

fopology> convex hull of n+1 points in general position in a space of dimension at least]

['y: An n-simplex is n-dimensional, and is topological isomorphic tg,an'n-disc. A 0-simplex is a
5 a curve (usually a line) with two 0-simplexes (points) on its boundary; a 2-simplex is a trian|
three 1-simplices on its boundary. In general, an n-simplex beundary will have n (n-1)-simp
and an n-disc are topologically isomorphic. The boundary of.an n-simplex is isomorphic to an
cases, the number prefix represents the topological dimension of the object.

topology>geometry isomorphic to the set'of points X in E™? such that [|X]| = 1; set

*1 one-unit distance from the origin

"y: An n-sphere is isomorphic to theboundary of an n+1 disc.

od
hetric spaces> open set 0f,p0oints containing a specified point in its interior

0-dimensionaltopological primitive

'y: The boundary of a node is the empty set.

vature vector

cisa

n, or

boint.
gular
exes.
n-1)-

pf all

l lesv> projection of t] i licul

tangent plane to the surface at the point

b the

Note 1 to entry: The normal curvature vector of a curve is dependent only on the curve and the surface (which is
a constraint on the curve). The normal curvature vector of a curve restricted to a surface is parallel to the normal
vector of the surface. If the normal curvature vector is equal to the curvature vector of the curve everywhere,
then the curve is a geodesic.

3.71

normal

<differential geometry, geodesy> vector perpendicular (orthogonal) to the geometric object (curve or
surface) at the point

Note 1 to entry: The normal will be parallel to the "upward" normal for surfaces in E® defined in the surface
interface in 6.4.17.2.
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normal section curve
<differential geometry, geodesy> plane curve segment containing the normal at one of its terminal points

Note 1 to entry: The usual construction begins by choosing one of the end points, the normal to the surface at

that end point, and the location of the other end point and creating a plane in E?3, which is then intersected with
the datum. This curve is a normal section curve between these two points, containing the normal to the surface
at the first point. On the sphere, this is the geodesic, and the two normal section curves are equal. On an ellipsoidal
datum, the same is true for two points on the equator, or two points on the same meridian plane, but false in
general. The reason is that in these cases the plane through the two points and the centre of the ellipsoid are
planes of symmetry for the ellipsoid dividing the ellipsoid into symmetric "mirror" image halves. In general, the

geod

Locbatiiza L 1 £

3.73

cicebatiizaan thao a0 oot c 1o antha o noxa ol cacbio o~ ac
Ste o eeWw et e oW o P OtS e S B e et TRt tWwo RO ar Seeceoteutves:

oper) set
<mefric, topology, geometry> containing a metric or topologically open neighborheod of each

Note

whic

3.74
part|

1 to entry: In a metric space, a set X us open if each point "x" in the set is contained in some sm

isa s;tbset of X: [X is open] & [xe X]=[Je >0 > distance(x,y) <e]=[ye X] . A topplogy is a set of subs

are considered open.

ition of unity

<mathematics> set of real-valued functions all over the sam@ domain whose arithmetic s

dom

3.75

hin value is 1

path| connected

prop

erty of a geometric object implying that any two points on the object can be placed on

remdins totally within the object

Note

1 to entry: There are more general geometries that are connected but not path connected, bu

reprgsentable as collections of “digital” geometries defined in this document. No geometric objects

by th|
then

3.76
plan
plan

<geo|

Note

e methods in this document on a standard digital computer can be connected but not path ¢
btes at the term "connected".

E curve segment
curve

metry> curve in Ethat is contained in a plane

1 to entry: lima2-dimensional coordinate system, the test for plane curve to be valid if

3-dimensional spaee of the geometric reference surface or coordinate reference system datum.

3.77
plan
<top

r topological complex

of its points

all ball which
ets of a space

um at every

a curve that

L they are not
constructible
nnected. See

done in the

Euclidean 2

legy> topological complex that has a geometric realization that can be embedded in

space (E“)
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3.78
Pythagorean metric

<Euclidean geometry> distance measure on a E" coordinate space using a root-mean sum of the
differences between the individual coordinate offsets

n

Note 1 to entry: P=(p,),Q=(q,), distance(P,Q)= Z(pi ~q,;)? . The proofs of the Pythagorean metrics all

i=1
depend on the local "flatness" of the space. Cartesian coordinate space which have Pythagorean metrics are
called Euclidean spaces (E"). In the realm of coordinate reference systems, only "Engineering Coordinate
Systems" are i trritt i - ully”

use Pythagorfean metrics except for approximation. These approximations are valid for topological statenjents,
but not for refpl world measures without adjustments.

3.79

rhumb line
loxodrome
<geometry, havigation> curve which crosses meridians of longitude at a constanthearing

3.80

range
co-domain
<mathematics> acceptable target values of a function

3.81
row-major form
<mathematics, computer science> storage mechanism for ‘multidimensional array in linear memory,
organized sfich that each row is stored in consecutive locations and such that the complete rows are the
stored one gfter the other and continuing on is a similarfashion of each additional index

Note 1 to entfry: If the indexes are (i, j) with the numherof rows "r" and columns "c", then the mapping betjween
the multidimpnsional locations to the linear storagedocations is given by:

[i,jeZs1<isri<j<c]s [, ) (i-1)c+/]

(5)
[i,jkeZ>1<i<rii<j<cii<k<fIS](,),k)>((i-1)c+j-1) f+k]
1 203

Note 2 to entfy: The matrix | 4~.5~ 6 | in row major form is stored as [1 23 4 5 6 7 8 9]. For higher dimensions,

7 8 9
the same patfern is appliedrecursively.

3.82
second geofletic problem
inverse geqdétic problem
<differential geometry> problem that given two points, determines the initial direction and length of a
geodesic that connects them

Note 1 to entry: See the first geodetic problem, which reverses this operation.

3.83
segment
<topology, geometry> minimal subpart of a geometry, usually as part of a composite

14 © IS0 2019 - All rights reserved
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3.84

simple

<topology, geometry> homogeneous (all points have isomorphic neighborhoods) and with a simple
boundary

Note 1 to entry: The interior is everywhere locally isomorphic to an open disc in a Euclidean coordinate space of
the appropriate dimension D" = {P|||P|| < 1,0}. The boundary is a dimension one smaller. This essentially means
that the object does not intersect nor touch itself. Generally used for a curve that does not cross not touch itself
with the possible exception of boundary points. Simple closed curves are isomorphic to a circle.

3.85

spatjal dimension, adj
<topplogy, geometry> number of independent decisions in a coordinate system required to locate a
position

Note |l to entry: This definition is logically equivalent to the topological dimension of spatial projection of the
CRS. [t describes the space as a target for geometry. Grammatically, the term can be amoeun but us€gd to describe
spacd, as "the spatial dimension of CRS84 is 2".

3.86
spatjal dimension, noun
<topplogy, geometry> any of the independent decisions made in a coordinate system to locafe a position

Note [l to entry: "A Euclidean space with a spatial dimension of 3, ]ES, usually uses axis names 'x', |y', and 'z', Its
first gpatial dimension is 'x', its second is 'y' and its third is 'z.* In the context of the space, the pdjective use
descifibes the space but the singular noun can use a name for an.axis separately.

3.87
spatjal object
<topplogy, geometry> object used for representifig a spatial characteristic of a feature

3.88
spatjal operator
<topplogy, geometry> function or progcedure that has atleast one spatial parameter in its domain or range

Note|l to entry: Any UML operation ©n a spatial object would be classified as a spatial operator as are the query
operators in Clause 8 of this document.

3.89
starf node
<topplogy, graph theory> node in the boundary of an edge that corresponds to the start point of that
edgelas a curve

3.90
start point
<geometry>first point of a curve

391
subcomplex
<topology, geometry> complex all of whose elements are also in a larger complex

Note 1 to entry: Since the definitions of geometric complex and topological complex require only that they be
closed under boundary operations, the set of any primitives of a particular dimension and below is always a
subcomplex of the original, larger complex. Thus, any full planar topological complex contains an edge-node
graph as a subcomplex.
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3.92
tangent
<differential geometry, calculus> direction indicating the instantaneous direction of a curve at a point

Note 1 to entry: The tangent is usually calculated by differentiation of a functional representation of a curve but it
may be approximated by a secant (double intersection) line from the point passing through another nearby point

on the curve. The closer the second point is to the first, the better the approximation of the tangent's direction.

3.93

tangential curvature vector
geodesic curvature vector

<differential.geometry geadesy> projection of the curvature vector of a curve onto the tangent plane to
the surface at the point

3.94

tangent space

tangent plane

collection of tangent vectors for curves passing through the point

3.95

tangent vegtor

first derivatjive of a curve parameterized by arc length

Note 1 to entry: If c(s) = [(x(s), ¥(s), z(s)]is a curve in a 3D Cartesian space (]E3), and s is arc length along c| then
the tangentig 7 (s)=c(s)=(x(s),y(s),z(s)), i.e. the derivative of the codrdinate values of c with respect to §. The
curvature veftorisx(s)=c(s)=(x(s),y(s),z(s)).

3.96

topological boundary

<geometry, [topology> boundary represented by a set*of oriented topological primitives of smaller
topological fimension that limits the extent of a tepblogical object, or by the geometric realizatipn of
such a set

Note 1 to enftry: The boundary of a topological ¢omplex is the boundary of the geometric realization ¢f the
topological cpmplex.

3.97

topological complex

<geometry, topology> collection'of topological primitives that is closed under the boundary operations
Note 1 to entfy: Closed underthe boundary operations means that if a topological primitive is in the topolggical
complex, then its boundary ebjects are also in the topological complex.

3.98

topological expression

<geometry, |topelogy> collection of oriented topological primitives which is operated upon ljke a
multivariat¢ polynomial

Note 1 to entry: Topological expressions are used for many calculations in computational topology.

3.99
topological

object

<geometry, topology> spatial object representing spatial characteristics that are invariant under
continuous transformations

Note 1 to entry: A topological object is a topological primitive, or a topological complex.

16
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3.100

topo

logical primitive

<geometry, topology> topological object that represents a single, homogeneous, non-decomposable
element

Note 1 to entry: A topological primitive corresponds to the interior of a geometric primitive of the same
dimension in a geometric realization.

3.101

topo

logical solid

<geometry, topology> 3-dimensional topological primitive

Note

3.10

type
<pro|

Note
fashi
deriv|
and V|

requiring the programmer to initiate the coercion. “Strong substantiality™is related in that a subt

can a

4 3
4.1

4.1.1

Inth
conc
and

in th|
Impl
mech
statd

4.1.2

Whe
term
class
the ¢

1 to entry: The boundary of a topological solid consists of a set of directed faces.

D

coercion
bramming> conversion of one type of value to a value of a different type with’similar ¢

1 to entry: Point and DirectPosition are informationally identical (related to'each other in
n) in this context. Given a DirectPosition, a Point can be constructed. Giyen a Point, a DirectP
ed from of its coordinates. If coercion is supported, a Point may be used where a DirectPosition|
ice versa. Most programming languages use coercion, but others use €ast” operators (a type of

ways be coerced to any of its supertypes.

bymbols, notation and abbreviated terms
Presentation and notation

Unified Modeling Language (UML)

s document, conceptual schemas ar€ presented in the Unified Modeling Language (UM
bptual schema language presents the specific profile of UML used here. In general, Ul

ost of the classifiers from ISO 19107 which use the stereotype «type» are stereotyped
is document. This documeint‘does not mandate any specific implementation system
ementations do not have-to use "class specification” and may use alternate imp
lanism if they can createdigital "objects" instances that meet the logical intent of the r¢
d in this document;

Naming conventions

Fe possible,'when a classifier represents the common behavior of a set of defined thif
s defirted in Clause 3, the UML classifier will generally use the defined terms as its
ifief Mames are capitalized and contain no space, and the defined term may contain se
lassifier name will separate words using upper-camel-case concatenations (no spag

ontent

a one to one
sition can be
isrequested,
constructor)
ype instance

). 1SO 19103
VIL 2 is used
«interface»
br language.
lementation
pquirements

gs from the
name. Since
veral words,
es but each

word beginning with a capital with all other Ietters in lowercase). Similarly, the name may be some
simplified key phrase. This "UpperCamelCase" rule is generally followed but may be violated if clarity

or co

nsistency with other standards is improved by minor violations. For example;

— Point values may be represented by the datatype DirectPosition or the interface Point.

— Instances of other geometry primitives will realize the interface Primitive in the package Geometry,
and other interfaces for their specific dimension and interpolation mechanism. (Curve, Surface,
Solid, PolynomialCurve, Bspline, etc.

— The abstract root interface of the classes is also called Geometry.

— 1

nstances of curves will realize the interface Curve.

— Any class name referenced from another standard will retain its original format.
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Other names in the UML models may similarly use key phrases in lowerCamelCase (same as
UpperCamelCase, but the first word begins in a lowercase letter). For example, the boundary, dimension,
endPoint and startPoint are all used as names. Operations that create instance of the named classifier
will use UpperCamelCase to parallel the classifier name that it instantiates.

4.2 Organization

The clausesin this documentare organized in terms of UML packages. Inter-package dependencies define
the criterion for viable application schemas; an application schema that contains an implementation of
any package defined from this document will also contain implementations all its dependencies.

The most common keyword for a package in this document is «requirementsClass». Such package
to a conformance class in the sense that each conformance test in a conformance ¢lasj
more requirement referencing classifiers in the corresponding requirements «class s
ment. Keywords comparisons in UML are case-insensitive, but to remainGonsisten
hd stereotypes are used in lowercase.

correspond
test one or
in this docy
keywords a

4.3 Abbr

The followin]
or informat
will need to

?

~

Ok

«»

2D
3D
API
ATS
C++

CAD/CAM

pviated terms and symbols

g abbreviated terms, symbols and names are important key to uiderstanding the norm|
onal content to follow. They are in general known publicly,and readers of this docu
understand their meaning. The following are useful in understanding this document:

CRS

Empty Set, the unique un-typed set containing no gleéments
Logically equivalent

Implies a cross product space of "n" copies ofthe base,n=0, 1, 2, ...; n=o implies a zero-lq
tuple; the cardinality of R" for n=0 is one, the empty tuple

Limits of a UML stereotype or keywerd, either in the text or in a diagram, the symbol
called "guillemets"

2-dimensional (meaning the geometric dimension of spatial portion of the CRS)
3-dimensional (meaningthe geometric dimension of spatial portion of the CRS)
Application Progfamming Interface

Abstract Test Suite

Programming language based on C with object-oriented extensions, "c plus plus”

Computer Aided Design, Drafting or Manufacture (usually geometry based design syst

5 will

will
rated
t, all

ative
ment

ngth

S are

ems)

Goordinate Reference System, usually a reference to an instance of the classifiers in ISO

9111

CS
DMS

El’l

ECEF

ECR

JavaScript

18

Coordinate System

Degrees (°), minutes ('), seconds (") - representation of an angle such as 34° 32" 15"

Euclidean n-space (n dimensional Euclidean geometry space including the Pythagorean

metric, usually 2 or 3 dimensional, spatial)

Earth Centred, Earth-Fixed (an E3 space containing the ellipsoid of choice)

Earth Centred Rotational, alternate name for ECEF

Prototype-based scripting language with objects, dynamic typing and first-class functions

© ISO 2019 - All rights reserved
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hlthough w

3rd

JSON JavaScript Object Notation

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

MBR Minimum Bounding Region (sometimes Rectangle)

OCL Object Constraint Language (as defined by the UML standards)

Per Permission

R The real numbers

Rec Recommendation

REQ Requirement

RM Tuples of "n" Real numbers, possibly non-Euclidean, non-Cartesjan

R™T R" in homogeneous coordinates [(X,y)e R? — (wx,wy,wie R2Lifw ;tO};
is an ordinate the dimension of R™? is "n" since Vw: (¥, y,1)=(wx,wy,w)

RSID| Reference System Identifier, or Reference SystemIdentity

SQL B Common name for SQL 99 during its development

SQL 99 SQL language adopted in 1999, which ineltides object-oriented datatypes

SQL/MM SQL Multi Media extensions for SQL;-see ISO/IEC 13249 3

TEN Tetrahedron Irregular Network;(no specific constructor is implied)

TIN Triangulated Irregular Network (no specific constructor is implied)

UML Unified Modeling Language

URI Uniform Resource)ldentifier (IETF RFC 3986)

WKH Well-Knowt Binary (data represented as standardized structured binary)

WK Well-Known Text (data represented as standardized structured text)

Z Theintegers

Z+ The positive integers, often used as an index of ordinal numbers, i.e. 1st, 2nd |

A Tuples of "n" integers

5 Conformance

5.1 Requirements class conformance targets

5.1.1 Conformance targets

This document presents conceptual schemas for describing the spatial characteristics of geographic
features. This schema defines conceptual interfaces that may be realized in application schemas,
profiles and implementation specifications. The document concerns ONLY externally visible interfaces
and places no restriction on the underlying implementations other than what is needed to satisfy the
interface specifications. Application schema structural examples are given in Annex B.

© IS0 2019 - All rights reserved
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Standardization targets (things which are testable against the Conformance Classes) determine the
depth to which tests are made. This document determines tests for three classifications of target types.
These are:

— Datastructures for data interchange, messaging or transfers using encoding similar to those defined
in I1SO 19118[3]. These formats may be text or binary based. Text formats include any use or well-
known text formats, or textual encodings such as XML, or JSON. Binary transfer can be associated
to the in-core storage formats of any sufficiently robust programming language;

— Interfaces to software libraries and services; or

— Interfacesta databases using query ]qngnngpc such as SQI [12] or GeaSPARQI [40]

Each interface will have a default constructor with an associated datatype that describes one
common cre¢ation operation (constructor) based on a minimal and logically complete repnesentation
of that inteffface’s datatype implementation. Interchange and encoding will be based on'these default
constructorp and datatypes.

Compliance|to a conformance class by a "datatype" structure is a logical conformance, not a spgcific
structure. If the datatypes implemented correspond in its informational-centent to the dgfault
constructors, they are deemed compliant. The following requirement defines tlie test more concis¢ly.

REQ. 1 Conformant data structures shall be logically equivalént to the default constructor
for those interfaces supported by a requirementsélass.

Rec. 1 Equivalence should be demonstrated by a onéte one bidirectional association be-
tween the values of the conformant datatypevalues and the possible values of the
classifiers in the corresponding requirements class in this document.

Two structures or statements are logically equivalent (=}if each can be derived or its truth deternjined
(=) from the¢ other. For two logical statements or constructs A and B:

[A=B]i=[[A=B|A[B=A]] (6)

The mechanfism defined in the above recommendation essentially makes all implementations compliant
to ISO 19107 also compliant as a data application to this document. For example, all arcs constructgrs in
ISO 19107 chn be used to calculate the parameters of the default arc data constructor (see 7.9.3) which
is the arc ceptres and a set of arclendpoints.

Few applicdtions will require the full range of capabilities described by this conceptual schema.
This document, therefone,/defines a set of conformance classes that will support applicafions
whose requirements fange from the minimum necessary to define data structures to full object
implementafion. Thé.conformance classes are arranged as a core set of functionality with an orferly
progression| of extensions, so that a partial implementation of this document has a logical path tp the
functionality of'the extensions.

Implementations that define full object functionality will allow the implementation of all operations
and support logical access to the conceptual attributes and associations defined by the classifiers of the
chosen conformance classes.

These implementations will normally be programming language dependent, but there are no specific
language restrictions. UML is generally used for object-oriented languages with class systems, but
as long as instances can be created that support the functions required, the use of a class system is
an implementation decision. For example, C++ or JAVA may directly implement the UML model in this
document, but JavaScript (which does not have a class-based system) is still capable of implementing
object instances that can support the class contracts in the conformance classes in this document.

Implementations that choose to depend on external "free functions" for some or all operations, or forgo
them altogether, will support datatypes sufficient to record the state of each of the chosen classifier as
defined by its member variables and operations.

20 © IS0 2019 - All rights reserved


https://standardsiso.com/api/?name=78d09e2d312bd9a5968e4df970c6c5e9

ISO 19107:2019(E)

The support of sufficient data implies that all functions defined here can be implemented based sole on
these data descriptions. Common encodings may include XML, Well Known Text, marshalling languages
such as JSON (JavaScript Object Notation) and any other format/language needed by an application
environment.

Common names for "metaphorically identical” but technically different entities are necessary to link
knowledge common to different domains or applications. The UML model in this document defines
abstract interfaces and data structures, application schemas define conceptual classes, various
software systems define implementation classes or data structures, and the encoding standard
(e.g. ISO 19118) defines entity tags. These may 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

This
nam
or ng
equiy
Geog

leeper level there are signiiicant techmnical differences in the digital entities being iy
"allows" named types defined in the UML model to be used directly under the sam
s in application schemas (see examples in Annex B). If distinctions need to be made, p4
mespace should be supplied. For example, this document defines a Geometty.interf
ralent to the Geometry defined in ISO 19107, and gml: AbstractGeometgry.defined ij
raphy Mark up Language (GML).

Because ISO 19107 is a logical subset of this document (see Annex D), alkimplementations

to IS
conf

two
a)
b)
The

inter
univ

and

forg

REQ

REQ

Ther]
obje(

0 19107 that have corrected the pertinent errors in that document are conform
rmance class of this document. Each Requirements Class described in this docume
hssociated conformance classes,

!

purpose of "a type" conformance is to identify the minimal functionality for
operation of geometric data applications. The purpose of "b type" conformance

brsal communication of spatial informationbetween applications consistent with th
its predecessor ISO 19107 and thereby defining a consistent and universal information|
bometry in spatial applications. For example, all versions of GML would be in "b type" ¢

ased on data, operations, and behaviour or

ased on data alone.

2 An “a-type” or “behavioral” conformant implementation of any requirem

this document shall be able to satisfy all requirements in that Requiren

A “b-type” ot “data” conformant implementation of any requirements ¢
document shall be able to communicate spatial information (coordin
try or topology as appropriate) based on the default constructors defi
requiréments class or logically informational-equivalent data struct
transformation to the default constructor data types by a well-known a
fined logical mechanism.

e are_Toany conformant options for schemas that define types for geometric and
tsythey are differentiated based on differences in the following criteria:

hplemented.
e or similar
ckage name
hce logically
h ISO 19136

conformant
int to some
nt will have

the active
s to enable
s document
community
bnformance.

bnts classin
nents Class.
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topological

Geometry metrics {geodesy;
Topological dimensionality;
Interpolation schemes;
Structural complexity;

Functional completeness.
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5.1.2 Geometry metrics (geodesy)

In defining the geometry metrics, the application schema will be required to specify which underlying
surfaces will be supported in calculating geometric measures. In general, the underlying surfaces
(called "GeometricReferenceSurface") are:

— The 2D plane or map geometry uses standard Cartesian geometry and Pythagorean "flat" metrics,
and has inherent inaccuracies associated with the curvature of the Earth dependent on the size of the
area covered and the characteristics of the chosen projections (coordinate reference systems or CRS).

— A 2D sphere uses clas51ca1 spherlcal surfaces (a perfectly round Earth of constant curvature)

sat circle ju , arth's
surface Dependlng on the CRS sllghtly dlfferent spheres may be chosen fora "best f1t" for a 11r11ted
locale. While theoretically more accurate than planar, as the area of coverage increases accurdcy of
measurgments do degrade but at a slower rate.

— A 2D ellipsoid uses a surface generated by the rotation of an ellipse about its shorter axis (polar)
creating a circular equator and other lines of constant latitude, with orthogonalelliptical lirles of
constarft longitude. These systems adjust for the eccentricity of the ellipsoidy but do not factor in
local gravitational anomalies. Again, varieties of "best fit" ellipsoids are used:

— A contifjuous 2D surface of an equipotential surface of gravity (such,as\the geoid or quasi geoid) or
a tidal Reference Surface (such as mean sea level or lowest astronemic tide); Potential (or hgight)
differences are referenced to an ellipsoid.

NOTE Although generally smooth and spatially continuous in two.dimensions, such a surface is irregular
and there is|insufficient information to compute across it. It is @sually represented through an analytical
approximatign using spherical harmonics where the spatial contextis referenced to an ellipsoid, such as the Earth
Gravity Modgl 2008 (EGM 2008) referenced to the WGS 84 ellipsoid, or by a digital elevation model referenged to
a 2D plane.

Three dimepsional geometry models will also be supported. There are essentially two approaches

— Geocenfric Cartesian 3D, using a 'flat' 3D-Euclidean space: These include geocentric (origin gt the
centre df the Earth) and projective (origin’on the surface of the Earth).

— Using ohe of the surfaces from the-four classes above, and adding a measure of the distance jn 3D
either apove or below the "GeometricReferenceSurface": The third dimension is measured paraalllel to
a near normal or normal line/ferthogonal to the surface, in the general direction of gravitational up).

5.1.3 Topplogical dimensionality

In defining the topologiedl dimensionality of object types to be implemented, the application schema will
be required|to specify which of the interpolation types for curves or surfaces they wish to implempnt.

There are fqur levels for simple spatial geometry:

— O-dime' cianal ebiccte (haointeand lacationc in o wazall dafinad conedin s coctnpa).
SoharoujeeespothtsaharotatohsHaWwemrat e atoorathate-SySteiy;

— 0-dimensional and 1-dimensional objects (adding curves of various types);
— 0-, 1-, and 2-dimensional objects (adding surfaces or areas of various types);

— 0-, 1-, 2- and 3-dimensional objects (adding solids).

5.1.4 Interpolation schemes

Curve implementations, for those application schemas including topological 1-dimensional objects, will
always include "linear" or "geodesic" interpolation. Application schema including 1 dimensional objects
should always include a mechanism to approximate any curve as a line or geodesic string to allow for
transfer of data into simpler schemas when needed.
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Surface implementations, for those application schemas including 2 dimensional objects, will always
include a "planar” or "reference surface" interpolation technique. The most common such interpolations
are boundary representations, where boundary curves lie on a single surface. These include triangular
irregular networks (TIN) and polyhedral surfaces. Obviously, in 2D coordinate reference systems these
polygons (with any curves as boundary) are the only surface types. "Non-flat" surfaces require 3D
coordinate reference systems.

Rec. 2 Application schema should always include a mechanism to approximate any surface
as collections of planar surface segments to allow for transfer of data into simpler
schemas when needed.

Addifional curve and surface interpolation mechanisms are optional, but if implementdd, they will
folloyw the definition included in this document.

Therg are no restrictions on extensions of this document. The most common exXterision themes may
inclulde, but are not limited to the following:

— Mechanisms to improve geometric measures such a Gaussian and Riemannian metri¢ techniques
nd algorithms for the improvement of accuracy or efficiency in-measures for length, area and
olume for geometric objects;

— Interpolation techniques that extend the point, curve, surface and solid techniques|established
this document, e.g. triangulated networks, tetrahedral\networks, specific spline interpolation
ethods. These may be targeted to specific applications;

— Indexing or tiling algorithms that improve performanee or efficiencies for geometries in important
eographic coordinate reference systems or datums;

— Incoding techniques for geographic geometry,such as WKT, JSON or XML;

— Algorithmic improvements to the maintenance and editing of geometry and topology structures
oth cellular and simplicial topology;

— Dealing with spatial temporal (4D))geometries and topologies.

5.1.§ Structural complexity

Fourflevels of structural cemplexity are identified:
— (Gieometric primitives;

— (ieometric camplexes;

— Topological primitives and complexes;

— Topelogical primitives and complexes with geometric realization.

NOTE Hsingtedefinitionsof each compoment of geometry are Tequired; themr geometric tomplexes are
introduced into the schema. Primitives within the same geometric complex share only boundaries. If the schema
requires explicit topological information, then the geometric complex is expanded to include the structure of a
topological complex. The most obvious implementation would have every geometry object also implement the
topological object interface. The types of object included in a complex are controlled by the dimension of that
complex. What is commonly called "chain node" or "link node" topology is a 1-dimensional topological complex.
What is commonly called "full topology" in a cartographic 2D environment is a 2-dimensional topological
complex realized by geometric objects in a 2D spatial coordinate system. A full topology in a 3D environment
would be a 3-dimension topological complex realized by geometric objects in a 3D spatial coordinate system.

The third criterion is the level of functional complexity or completeness that determines the member
elements (attributes, association roles and operations) of those types that are implemented.
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5.1.6 Functional complexity

There are three levels of functional completeness as follows:

— Data types only;

— Simple data access operations;

— Complete operations.

Subclause 10.8, Requirements Class Derived Topological Relations, of this document defines Boolean
operators that may be used to investigate topological and metric relations between geometric objects.

The normat
UML model
class in the
class extens

5.2 Confq

To conform
suite (ATS)
given by "dg
possible val
Geometric R
— planes;

— spheres

— ellipsoidls (biaxial rotated on the polar axis), spheres and planes; or

— geosurf
Mechanism
— none (2
— distanc

Dimension

— 0-dimeipsion, only points or direct positions;

— 1-dimef]

— 2-dimeq|

ve content of this document is divided into the "requirements class" packages listedi
hnd normative Clauses. Each of these sets of requirements will correspond to a conformni
Abstract Test suite. Each requirements class Dependency will be realized as ajcoriformn]
jon.

prmance classes

to this document, an implementation will satisfy the requiremerts of the abstract
n Annex A for a specified conformance class. In general, theseonformance classes c4
scription” parameters. These parameters include the following identifiers and their |
les:

eference Surface (coordinate surface representing O-height):

and planes;

hces and geoids, ellipsoids, spheres.and planes.

for height:

D);

e from the GeometricdReferenceSurface (3D or compound 2+1D).

f non-empty gedmetry supported (empty is "-1" dimensional):

sion, cuxves and points;

1sion, surfaces, curves and points; or

n the
ance
ance

test
in be
ist of

— 3-dimension, solids, surfaces, curves and points.

Support of topological structures up to dimension?)

— o supp

ort;

— 1-dimensional network graphs, e.g. links and nodes;

— 2-dimensional graphs, e.g. networks spanned by surfaces; or

2) Higher dimension topological complexes are acceptable, but probably restricted to cellular or simplicial
topological complexes, where each element is an isomorphic copy of a disk of appropriate dimensions

(0, =tper"

complexes) to be applied appropriately.

24

|p||51}). This will allow academic theorem from algebraic topology (specifically CW or simplicial
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3-dimensional, e.g. as above with surfaces spanned by solids;

Higher dimension based on application domains, see ISO 19111, usually parametric extension of a

base spatial representation of at most 3D.

Support for interpolations:

Euclidean geometry in local spaces (using the tangent plane) which is then mapped to
supp
(incl
This
impl
pack

Each
systd

5.3

Each|

the

M
"Geolfxetry" contaiging primitive such as Point, Curve, Surface, Solid or Topology. Directly b
exte
does
"Geo
interjpolation type.

linear including small circle along a parallel of latitude or great circle along a meridian;
planar;

bilinear and trilinear;

;I)olynomials, such as bicubic;

gplines which use the vector algebra in the domain (R“ ) of the coordinate referénce
in the direct positions;

1

humb line curves of constant navigational bearing, crossing all merjdians at the same

and others.

ldes geodesics, geodesic circles and other conic sections including spirals).

means that there will be one core conformance,class containing general abstract

hges as needed to create a logical progression«f valuable extensions.

implementation will have a set of "codelists” that specify support for geometry classeg
ms and underlying geometric surfaces«(see 6.2.1).

Requirements classes

lirementsClass» in the UML model. Dependencies between these packages, see Figure 1

L. All other requirements classes are dependent on this core. The second layer

sions for each-of the variations of the primitive types: curve, surface, solids and topo
not need-a\separate requirements class since there is only one Point interface that ij
metry<package. For Curves, Surfaces and Solids there are more conformance extensiq

system used

angle;

the surface

orted using the mapping defined by geodesics (see expeonential map in the definitions below

classes but

bmentations for point only. Each extension adds new implementations classes, clystered into

, coordinate

Conformance Class correspands to a single Requirements Class listed by clause number in the
Anngx A. Each such pair or cohformance plus requirements corresponds to a package witl;En

«req
to dd

stereotype
correspond

pendencies between-the classes. For example, the core requirements class is "Coofrdinates” in
is rooted at
elow are the

ogy. "Point"
in the core
ns based on
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«requirementsclass» Spatial Reference Systems
Coordinates Coordinate Data Types

E_J ReferenceSystemType |
[_] Geometric Reference Surface g Transfinite Set<DirectPosition> Geometric Reference Surface
(] Spatial Reference Systems |- — — — — — =>{ . 5 ConpoundReference System
Coordinate Data Types GeometricGoordinateSystem [§ GeometricSurfacesType
=] -
oo GeometicReference Surface

A o ReferenceSystem
-0 HomogeneousCoordinate System I - - —_ =>| 0 PlaneMap
o Spher

«requirementsclass
Geodesics

___ | gl ceodescData

o Geodesic

o Ellipsoid

|
|
|
|
: o GeoSurface

Curves

}
i
JI o Geoid Rotation
«requirementsclassy [ Lines [<-- «requirementsclass» RelativeDirection
Geometry (] Geodesics Lines ixedDirection

[5 SpiralData

77777 = ParameticCunveSolidData 5\\9 o Spiral
5] ParameticCuneSolidType —o Clothoid
«requirementsclasss - P tricCurveSolid
B o ParametricCurveSoli
.o SolidSpline 4 @
LN

5] BoundayType ~— ] Rhumb <= LmeData k= -———-———————————— «requirementsclass
= i E| Polynomials
GeometryType I | ] Polynomials e
[5] Curvelnterpolation | |Em Conics erequirementsclassy ] Polynomial ArcData
Surfacelnterpolation I |3 spirats S Rhumb EL: uveData
- Spli
& Solidinterpolation | |3 Splines Py ——— & RhumbData & RealPolynomial
g Inteval ! A Polygon o Rhumb —o FunctionArc [ Axis
] Knot
= i - FunctionCurve
PrimitiveData [ [j_PolygonData A
= OfentableData T T = PolyhedralSutaceData
%‘] PSS | [ Parmmetic Cue Surtaces = TrangleData - z"’yll"”’; Curve
ealFunction
CurveData - — {3 Polygon = |5} TrangulatedSurfaceData i
= I Spline Surfaces 15 Pl A
GeometryData I I o Polygon |
] OffsetCurveData | |[] Conic Surfaces } @ Polyhedral Surface :
PointData ! I — TN [ Rl S
& ProductCurveDat I A | =0 Tangle | o
SolidData le %‘ 1 @ TriangulatedSurface | |
5] SurfaceData i Solids } L | '\ +2e 1
Complex ! ‘ Conics plines
- | _ |1 Boundary Representation | __
o ProjectionCurve ! (] Gridded Solid 1‘ } = «requirementsdass El Arcayamge'\\f ) & SplineCuveForm
«equirementslasss ; =
—~ ;raﬂ[sﬁmteSetOfE redtPositions ! i A et S Spline Surfaces = AryCemer 5] BSplineData
ey I L [ |5 esplineSurtaceForm || 5l A3t [5 KnotType
o Collection i 1 [§ ParameticCuneSufaceData I = GircleDat 5] SplineCuneData
! > | | BSplineSurfaceData || = E
o Geometry I I | __|—o ParametricCuneSurface = = Data ] Sline CurveForm
o Primitve | 'S{Equl‘fe."‘lesﬂ'm'm' | 777 | s Bilineareria < 7+‘ 0 BSplineSurface g cArcData o Bezier
o Encoding ! implicial Geometry | o Cylinder | o Ao o CubicSpline
o Query2D U |[g simplex } o Sphere ! OSQ Girde o NURB
—a Query3D I |G SimplicaTem | & Cone ! [asqmamart g ConicAm g PolynomialSpline
! |
o Solid ! |G simplicialComplex ! [ o Conic o SplineCurve
o Point I |[g SimplicialPolynomial | i Van\ o EllipticArc o BSplineCurve
o Orientable ! | crequirementsdass 1o Cor V o Ellipse
o Curve i | _ __ | Boundary Repres entation o Cligder X
| |
o Surace | [eequmemensias ! W |
~o OffsetCurve | PointClouds | N |
o ProductCurve L |
r PointCloud | «requirementsdlass
-2 .
} | «requirementsdasss Spirals
I Gridded Solid @
! |
|
I
|
I
I
I
|
|
I
I
|
|
|
|

{g] ComplexData «requirementsclass arequirementsclass
[5] Expression «requirementsclassy Edge Face Solid
5] BxpresionTem ~o DirectedEdge g DirectedFace «q DirectedSolid
5] PrimitiveData - __| -]
= g Edge o Face o Solid

L _ | [ TopologyData

[§ Orientation

o Complex
o DirectedTopo

o Topology

o Primitive [5] DimensionExtension
o Expression = SetMask

o ExpressionTerm

Figure 1 —@ometry packages and requirements classes
2
6 Coordjnates algggre geometry

Y
6.1 Sema ntz@

Coordinate géometry requires a coordinate space to exist. This space is usually not planar, so the §pace
is generally not Euclidean. The first requirements class describes the geometric space and the following
requirements classes describe the geometry that goes into them (Figure 1). 1SO 19111 describes how an
ordered list of coordinate values are used to represent a point on a geometric object called a datum.

Euclidean spaces use Cartesian coordinates, E", and use a Pythagorean metric. Other non-Euclidean
("curved") spaces may use R" as coordinates but generally do not have Pythagorean metrics.
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Requirements Class Coordinate

6.2.1 Codelists to specify capabilities

Any implementation will need to specify how deeply it has implemented the object types and other
requirements. To do this a set of configurations codelists will be available as explained in 5.23).

REQ. 4 Applications shall implement the full functionality that is specified by their claims
for support of coordinate systems, coordinate reference systems, geometry types
and any other parameters of conformance listed in a local codelists. The codelists
that shall be available, if applicable, include GeometryType, BoundaryType, Cur-
velnterpolation, Surfacelnterpolation, SolidInterpolation, GeometrieSurfaceType,
ReferenceSystemType and Datum

NOTH Each codelist will be specified in its own separate requirement. Any such requirement|is part of the

testing described by REQ. 4.

6.2.1 Coordinate systems for Geometry — Semantics

6.2.2.1 Coordinates, points and locations

The
be in
proc

and fisually based on a set of constraints on values of.tli€ various offsets within the array. |

daSSso

Inaf{
dimg
so th
the d
line Y
the d

EXAN
in ad
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to-on|

A co
syste
repre

1 dimensional coordinate space R" consists of all n longyarrays of numbers (or any t}

terpreted as numbers). Each array of numbers represents a "point” in the "R"™" sp;
psses or situations, this may be restricted to a subséet'of such points, called the 'extent

Fiated with a location, but a single location may, be the target of multiple coordinate sp

mall region near a pointin R", if there is-an isomorphism from this region to a geomg
nsion of that geometry is "n" in that region. In barycentric coordinates, the mapping

n
at "the sum or the ordinates is 1" itrgstricts the coordinates to a hyperplane in R" a
imension is "n-1". In homogenegus-coordinates, variations only in the coordinate "w"
vhose coordinate sets map to the same point. Locations are given by direct positions; §
imension of the coordinatesspace depends on how those coordinates are used.

PLE A 1-dimensional coordinate space may be mapped to a circle by angular displacemer]
hosen direction from & chosen origin on the circle. In this case, "x" and "x + 2" are distinct
inate space, but repfesent the same angular location on the circle. Any interval of x shorter tH

e and invertible, so'the geometric dimension is preserved. In this example,

location (DirectPosition(x)) = location (DirectPosition (x + 21))

rdinaté;space and a function that maps coordinate tuples to locations define a coordin
m (Se€ [SO 19111) that is associated with an implementation of the datatype DirectPosit
séntations from this coordinate system.

ype that can

ce. In some
of validity',

ach point is

hce points.

try then the
s restricted

hd therefore
will create a
ee 6.2.9, but

t (in radians)
points in the
an 2t is one-

hte reference
on that uses

3) Thisimplies conformance testing suites should test these functionality according to the claims of the applications
documentation claim.
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All geometr
within a cod
describable
Euclidean g

a (coordinat
as vector P,
NOTE

i.e.a "line of s
of shortest le

EXAMPLE
the arcofaci
geodesics on

This "line" in the coordinate system does not necessarilyrepresent a line in the real, physical ¢

«codelist» «codelist» «codelist» «codelist» «codelist»
GeometryType BoundaryType GeometricSurfacesType Surfacelnterpolation Curvelnterpolation
+ empty + metric + none + productCurve
+ geometry + mod-2 + planar + line
+ point + atLeast-2 + Linear + geodesic
+ curve + spiral + spherical + rhumb
+ surface «codelisty + triangular + circular
+ line - ReferenceSystemType + parametricCurve + solid
+ geodesic «codelist» + polynomialSpline + clothoid
+ polygon Solidinterpolation + nurbs + elliptical
+ collection + none + bezierSpline + conic
+ splinecurve + linear + elliptical + polynomialSpline
+ splinesurface + tetrahedron + conic + bezierSpline
+ splinesolid + parametricCurve «codelisty + tin + bSpline
+ rhumb + spline Datum + triangulatedSpling] + nurbls
* Bezeir + ;om osite
+ b-spline P
+

nurbs

Figure 2 — Codelists used in REQ. 4

ic objects in this document are represented as mathematical or geometric construc
rdinate system that represents some set, usually infinite, of coordinated points, each
by a DirectPosition. This document deals with both Euclidean ("flat" spaces) and

e) line defined by two coordinate points, and a linear interpolation in R", here represe

ight" projected back down onto the surface of the Earth, which is a segment of a geodesic curvg
hgth between any two of its points which are the "great circles"” on a sphere.

A Mercator projection "line" is a line of constant bearing (rhumb line or loxodrome), and is
rcle (for east-west lines) or a segment of polar'spiral. The only rhumb lines in a Mercator map th
h sphere or ellipsoid are the equator or a line of constant longitude ("meridians") running north-

An implementation of the Package Coordinate shall have all instances and prq
ties specified for this\package, its contents, and its dependencies, contained i1
UML model for this package in this document.

imply, requires®hat this package needs to be implemented completely including all
ackages, in particular those that may be associated to ISO 19111.

ordinate. systems

and P, that represents all points in.{i=ua+(1—u)g|0£u£1};X(O)=E;i(1)=g.

tions
boint
non-

eometries ("curved" spaces). A simple example of such gegmetry constructions woulld be

nted

vorld,
path

bither
ht are
outh.

per-
n the

of its

, alP of these systems will satisfy some basic properties.

bse”spaces will be coordinate reference systems as defined by ISO 19111, but nT all.

REQ. 5
REQ 5, put {
dependent (g
6.2.2.2 (d
Many of th
Nonetheles{
REQ. 6
REQ. 7
REQ. 8
REQ. 9

28

Each coordinate offset in the tuples of a direct position shall contain instances of a
class that can be represented as and therefore coerced into a single real number.

Spatial coordinates shall be consistent with a coordinate reference system defined

by the mechanisms in ISO 19111.

Temporal coordinates shall be consistent with a reference system consistent
ISO 19108.

with

Parametric coordinate shall be consistent with the extension mechanism defined

in ISO 19111.
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This does not mean that the coordinate offset will be a real number, but that it can be converted to one.
For example, 4° 30" (four degrees, thirty minutes) is equivalent to 4,5° and could therefore be used as
a coordinate offset. In the discussions in this document, we will assume that all coordinates have been
represented by real numbers, but this does not restrict representations such as DMS (degree, minutes
and seconds) as they can always be cast as a real number.

A coordinate reference system that speaks of longitude will often restrict them to the equivalent of
the interval [-180° 180°]. This causes some problems for geometries that cross the 180° meridian. The
easiest work around for this sort of problem is to eliminate the discontinuity by allowing -179° and
181° both to be valid and to represent the same longitude as far as position on the earth is concerned.

REQ

The

For ¢

degr

meag

16 Foracoordimate offset that cambeextendedusing thre periodof a f
additions or subtractions of that period shall not affect the validity and
the DirectPosition.

toordinate offsets are not assumed to represent the same or even compatible units

bxample, in a 3D latitude longitude system, the first two offsets are dngles such ajf
bes, and the third (usually height or, more properly, "ellipsoidal height") will be a li
ure such as metres. With this and the curvature of the ellipsoid, the-standard Euclidg

formpulae using the Pythagorean Theorem will not represent a distance, but will define the
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REQ.

NOTE

nuous functions or topology. In other words, the underlying space is a "manifold" an
nuous image of the Cartesian coordinate space of the sameldimension. The continu
ot normally be an isometry (a "preserver of distance", sé€e the definition in Clause 3).

function that depends on this sort of measure, such¢asrdistance, curve length or surfg
two interpretations: one using the local Euclidedanh metrics, which are essentially u
her that has been converted to an approximation of the real-world measure. This is ar
n, but should be consistent with the conceptlial model of the application. For examp
{t a sphere, but spherical trigonometry makes spheres easier to handle than ellipsoid
e uses a local mean radius of the Earthsthe differences in length measures may exhib
uracy, which may be sufficient for many applications.

11 Metric (measurement) operations in geometry-related interfaces shall y

approximation of real-world values practicable. A conformant applig

of the valuesTeturned.

st all modern coofdinate systems used in geography can be mapped back to an Ea
 fixed (ECEF) "geocentric" Cartesian coordinate system which is essentially a Eucl
e the Pythagorean metric is valid. Mapping back to this coordinate system will aly

[47]) which can calculate directly in elliptical or spherical coordinates (latitude
extreme, less accurate but equally valid is to map geometry to a local engineering s
nces) ‘where the same "Euclidean geometry" based calculations (either corrected
ble.and have controllable error budgets especially in small areas.

nction, the
position of

of measure.

in decimal
near unit of
an distance
same set of
1 is locally a
us function

ce area, can
hit less, and
application
e, the Earth
s, and if the
t only small

1se the best
ation shall

supply error budget information to allow the user to determine the fitness for use

rth centred;
idean space
yays allow a

option fortealculations using 3D calculus techniques. There are methods for ellipsolds (see [48]

longitude).
ystem (map
or not) are

12 Alllocations in a list or array shall use the same coordinate system and

shall refer-

ence reality in a manner representable by continuous functions from the coordinate
tuples (direct positions) to reality in such a manner that "nearby” coordinates in

the direct positions map to "nearby" positions in reality.

The formal definition using topological terms of a continuous mapping:

Let X,Y be topological spaces and f: X — Y is a mapping from X to Y.

[ f is continuous] & |:VB cY,[Bisopen|= |:f_1 (B)is openﬂ

This document does not assume that these functions maintain coordinate dimension. For example,
direct position may be given in "homogeneous coordinates" which equates, for every w#0, the
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coordinate (wx, wy, wz, w) in four dimensional space R* with the point (x, , z) in a three dimensional

space R3. The topology of both systems is three dimensional, since the value of "w" does not affect the
spatial position.

Some offsets in the coordinate array of a direct position may have no spatial interpretation, such as a
temporal parameter, or one that corresponds to some other measurement or quantity associated with
the position being described, such as a measurement in a linear reference system, or a physical property
of space, such as temperature or pressure. Such offsets will not usually affect distance measures, unless

those measures are interpreted by the application in some manner.

All direct pq

sitions will have a projection into a purely spatial coordinate as would be associated

7ith a

coordinate 1
if the coor

di
that the coollljdinate system will locally be reversible, but that it may wrap around singularities i

definition o
poles in suc]
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6.2.2.4 Underlying geometric.space
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For larger a

eference system (SC_CRS) from ISO 19111. This projection is not assumed one to omne,
ate system is purely spatial. It is assumed locally one to one, and bicontinuous. This n

" the SC_CRS, such as occurs at 180° longitude line in a latitude longitude system or g
L a system.

ptrics and distance measures

ove description, the "flat" concept of distance given by the Pythagorean Theorem i
licable to DirectPositions except in limited circumstances.

solution is the use of Riemannian or Differential geometty, but this level of generality i
eded in geographic information. The key to the simplification is in ISO 19111, in thg
ces that approximate the Earth are usually embedded in a 3D geocentric Euclidean s

that the geometries on this datum surface are.also in E3. Most calculations on ellip

enty's formulael48]1471[46] or in the ECEF E3 that contains the datum surface. The disf
great circles on a sphere for two points is (@ngles in radians) is:

{(#1,21).(#2.4,)}, r=(local) radius of the Earth

)=r(arccos(sing; sing, +cos¢p;(Cosy, sin(Ml -4 |)

form of Vincenty’s formulal4Z\js'straight forward and it creates accurate ellipsoidal re
1 source versions of the algorithms may be found on the web.

stems inherentlymake assumptions about the "space” in which the geometric object]
ssical Euclidean‘geometry assumes that the objects lie in an infinite flat plane represe
, by a Cartesian coordinate space with a standard Pythagorean metric. Geogr
if restricted to relatively small areas can be analysed using classical Euclidean met
calculations in a Cartesian coordinate space that depend on the 'flat' Pythagorean m
reasythe effects of the Earth's curvature become significant even for primitive survg

systems.
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EXAMPLE

Much of the United States is surveyed using the Land Ordinance of 1785, which defines Public

Land Survey System (PLSS) commonly called "the Jeffersonian Grid". In this system, major boundaries are
defined by "equally spaced" horizontal (east west) lines of constant latitude and vertical (north south) lines of
constant longitude. Since these lines are generally the boundary lines between owned parcels, roads often follow
them. Since the lines are spaced by distance (6 or 24 miles, approximately 10 or 38 kilometres), they misalign
due to the curvature of the Earth, the north south roads often "jog" (meaning a brief abrupt double change in
direction, "left then quick right" or vice versa) when they cross the major east west lines also being used as rights
of way for other roads. The further away from the origin of the "grid" the greater the width of the "jog". Similarly,
on any UTM projection, the metres easting and northing for a grid square would not be sufficient to calculate the
area of that square with the distortion of the area dependent on the square's position.

In other words, Euclidean based intuition is inaccurate on a curved, and therefore non-Euclidean, surface.
To make such calculations more accurate, a more accurate model of the Earth's surface is needed. The
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most common models involve 2D surfaces embedded in a 3D space. The 3D space is a Euclidean space,
with a Pythagorean metric represented by Cartesian coordinates. The geometric/metric structure of
the surfaces is inherited from the embedding 3D Cartesian space. On the surface, the distance between
points is defined by curves of shortest distance lying on the surface that joins the points in question,
similarly to the way lines in flat Euclidean spaces define distances in the Pythagorean metric. Thus, the
distance between points on a sphere is defined by the length of the great circle on the sphere joining the
two points. For ellipsoids, the geodesics are more complex, but they are defined as curves of shortest
distances between points, and their length defines the metric on the underlying surface.

The surfaces in most general use are:
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6.2.3
A Ge

geonjetric space for determining various measures (e. g. length or area) (Figure 3).

The i

i
$pheres - a 2-dimensional sphere with a fixed radius, embeddable in R3, allowing the us

q

]

q

q

s a close app

roximation to reality,

pherical geometry and trigonometry,

Ellipsoids - a bi radial surface of revolution using an ellipse of revolution whose nj
ipproximately aligned with the Earth's polar axis, or

[alculated GeometricReferenceSurface or Geoids - an adjustment of an ellipsoid to an e
urface of gravity to adjust for the variations in Earth's local density and thus it gravity

ade between them for CRS definitions. In this document a distinction is made becaus
lations on a sphere use simpler formulas based on the’symmetries of a sphere, e.g. thd
It circles" geodesics, whereas many geometric caleulations on an ellipsoid are more ¢
require the use of more complex approximations:An approximation is not necessarily |
a closed form formula, which will use polynomial approximation for trigonometric fu
Fent implementations may treat these differently.

s of local usage can adjust a CRS te work based on a local best fit of the Reference
fically to preserve the accuracy _of Euclidean geometry. To do this, there are 124 d

e systems used to cover thewcountry. Such a system could use the "Reference Surfa
meter for the coordinate conformance class.

GeometricReferénceSurface

.1 InterfaceGeometricReferenceSurface

pbmetricReferenceSurface is any surface usually embedded in a Euclidean space used ]

nterface GeometricReferenceSurface has three attributes:

gperly scaled

e of classical

inor axis is

guipotential
' potential.

D 19111 a sphere can be considered to be a special cas@ of an ellipsoid and no distinction need

e geometric
se based on
omplex and
ess accurate
nctions, but

Surface. For

iple, in the United States local.mapping agencies often use State Plane Coordipate system

istinct state
re — Plane"

0 describe a

i

© ISO

s a URL In many cases this will correspond to a surface used as a datum;

metadata: URI[1..*] — each geometric surface should have a complete set of metadata;

datum: Datum — the actual surface (derived from metadata).

2019 - All rights reserved

id: URT— each GeometricReferencesuriace has a unique identity. To support Web access, the identity
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REQ. 15
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A GeometricReferenceSurface implementation shall have all properties for
interface specified for it in the UML model in this document.

that

If the GeometricReferenceSurface is not embedded in a Euclidean space, then it shall
have either a Riemannian metric or some other mechanism to determine distance

and area metrics within a documented level of accuracy.

The use of approximations for distance and area measures shall be part of the

metadata of any application

Some ellipsoid approximations based on approximating spheres are given in Formula (7). These three

items, the C
position reld
such as leng]

REQ. 16

REQ. 17

NOTE F(
geodesic are
error budget

REQ. 18

REQ. 19

In a 2D syst]
attribute inf

6.2.3.2 (Cd

The codelig
supported b

REQ. 20

RO, the Geometrickererencesurrace and the assoclation between coordinates in the Ck

th, distance and area may be done using the geometry objects defined in this decumer

If the CRS is supplied but the GeometricReferenceSurface is unspecified, the de|
surface shall be the surface of the CRS object's related Datum as defined in ISO 19

When using a 2D CRS, all geometric measures, such as distanee, bearing, leng
area or volume, shall be consistent with the underlying GeemetricReference$§
face or Datum

r surfaces that are more complex (ellipsoids and geoids) numericapproximations for distance

often used. Implementations will be required to access thesé approximations to determine
For ellipsoids, Vincenty’s formulael4Z1[38] may suffice.

For each 3D CRS, the horizontal 2D measures shall be consistent with the geom
reference system, and the vertical adjustment shall be consistent with an isom
embedding of the GeometricReferenceSurface in 3D Euclidean space.

Each implementation systemshall specify each CRS supported in a codelist.

em, volume measures may be calculated from footprints (horizontal extent) and sep
ormation such as averageheight.

deList: GeometricSurfaceType

t GeometricSurfaceType is a list of all GeometricReferenceSurface types by ide
y the local application.

Thelocal instance of the codelist GeometricSurfaceTypes shall list all Geomg
ReferenceSurface or Datum types supported by the local application.

and

itive to that GeometricReferenceSurface are sufficient to define how geometric caleulafions
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6.2.3

Somyd
flat i

While the versions of this assumption are varied, two cases’'seem to be more common than

1.
2.
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flat earth” assumptions, and

. «interface»
«codelist» GeometricReferenceSurface
GeometricSurfacesType (_ = +surface
+ id: URI {readOnly}
+ metadata: URI [1..*] {readOnly,ordered} 1 Base
+ /datum: Datum Surface
«interface» «interface» «interface» «interface»
PlaneMap Sphere Ellipsoid GeoSurface
+ radius: Distance {readOnly} + linverseFlattening: Real

7

+ semiMajorAxis: Distance

+ semiMinorAxis: Distance

«interfacé»
Geoid

Figure 3 — GeometricReferenceSurface

.3 Interface PlaneMap

mage of an underlying graphic (paper or screen) differs.from reality only by the scalg

[artographic map projections.

e "flat earth" assumption, the plane*is’mapped to the Earth by assuming a singl
in") of attachment (possibly givenjin a geographic coordinate system) and all ¢
ed by measured offsets and directions (vectors) from this origin. This essentially e
exponential map” (see the definition in 3.36). This is especially useful in small areal
hture of the Earth makes enly small variations in the measures, in general areas

jlometres (or 6 miles). In_JSO 19111, these systems are called Engineering CRSs;

tectural or engineering'drawings using large scales.

e map is created by using local surveying procedures, then one way to think of thi
der the map to-be’representation of the tangent plane at the origin, and the mapping
hap to be defined by the differential geometry "exponential map" from this tangent
accurate geometric reference system. The exponential map looks at the tangent pl
linates,being a bearing and a distance from the origin. This "polar" representation is
Fate the geodesic on the Earth with this initial bearing, and this length and using its
osition on the Earth that is represented by the position on the map defined by this ar

b geographic processing is still done using a "map metaphor” which essentially assumnes that the

of the map.
others:

b point (the
ther points
quivalent to
s where the
of less than
hnd may be

s may be to
to points on
blane to any
hne in polar
then used to
endPoint as
gle and this

dist

nce

If the map plane is viewed as the x y, or E?, the normal to the plane is a vector representing "up". The
geodesics in the plane are the straight lines, but these can only be used with any accuracy in small areas
since when they are brought back to the curved Earth, their geometry changes. This essentially means
that these entities use "map measures" and the CRS system in use is a projection.

Different projections may preserve different aspects of the real "curved" geometry. Some may preserve
shape, angle, area or distance better than others. But, projection of a spherical or ellipsoidal model of
the Earth to a plane cannot be done without some distortion. Conventional topographic maps usually
preserve shape in a small area (they are often conformal maps, preserving angles, see the definition in
3.10). Mapping designed for statistical purposes may preserve area. For accurate measures of different
types, different map projections may be required.
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6.2.3.4 Interface Sphere

The spherical approximation to the Earth's surface is one of the oldest in continuous use, and "central
angle" latitude and longitude (valid for spheres but not ellipsoids) is the most common mental model
of terrestrial locations (Figure 3). Further, spherical trigonometry (19th century) gives closed form
solutions to most calculations needed for model-based measures.

Each sphere's shape is completely defined by its single attribute:

— radius: Distance — radius (mean radius of Earth is about 6,371,009 m)

Assuming thesp C
the surface |are the extensmns of the radial 11nes from the centre of the sphere. The geode51c oh the
sphere are the great circles defined by planes through the origin and creating circular curves centred
there with their normal equal to the normal of the sphere.

NOTE This means in these spherical CRS systems, 2D geodesics are great circles. The use*of-3D adds offsets
from the sphere and distances calculable by integrals in the embedding Euclidean space.

Math The [planes that pass through the sphere's centre cut the sphere in great circles. Since these
circles are dontained within these planes, their curvature vectors (2"d derjvatives of the curves|with
respect to afrc length) are vectors following the radial lines of these circlespand thus perpendicular to
the sphere. [Cherefore, the great circles have zero tangential curvature-vectors and are thus geodesics
by the definjtion in Clause 4.

6.2.3.5 Interface Ellipsoid

Mathematicplly an ellipsoid can have 3 separate radii, but a geographic ellipsoid is defined by a sufface
of rotation for an ellipse, around its shorter axis (which:becomes the polar axis). So, each geographic
ellipsoid's shape is defined by two radii (Figure 3) for-itaxes:

— semiMajorAxis: Distance — largest radius, anywhere along the equator (a);
— semiMiporAxis: Distance — smallest radius, at the two poles (b).

A third alternate value, "inverse flattening”, is often given, eliminating the need for the semi-minor|axis.

— inverseFlattening: Real — derived value equal to [ ] which is close to 300,0.

a —
REQ. 21 A compliantimplementation that supports Ellipsoids as a GeometricReference¢Sur-
faces fortheir coordinate reference shall implement all metrics consistent with this
ellipsoid's embedding in E3.

REQ. 22 Distance on ellipsoids shall be determined by geodesics on the ellipsoid that are
curves with a zero tangential curvature vector, or by some reasonable approxjima-
fion (see REQ. 30)

6.2.3.6 Interface GeoSurface

For the purposes of this document, a geosurface is any surface defined by offset mechanism from
another standard GeometricReferenceSurface (its "Base Surface"), the most common example being an
isosurface of the gravity potential (Figure 3).

REQ. 23 Compliant implementations using a GeoSurface shall take into account the offset
mechanism in calculating metric values.
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6.2.3.7 Interface Geoid

For the purposes of this document, a geoid is a geosurface defined by an isosurface of the gravity
potential usually using an ellipsoid as it Base Surface (Figure 3).

6.2.4 Interface ReferenceSystem

6.2.4.1 Semantics

A reference system is usually an implementation of the datatype RS_ReferenceSystem from ISO 19111.

The

major difference is that the local version uses a URI as an identity, since most usefu

geographic

infon
easil

6.2.4

REQ

URI fised for this purpose should be HTTP-URIs.

6.2.4

In m
extra
prac

REQ

Rec.

6.2.4

The
num
corrg

mation has to be in a commonly understood coordinate system meaning its and details
y available to all (Figure 4).

.2 Attribute id

24 Each ReferenceSystem shall have a URI for identification:

id: URI

.3 Attribute rsid

hny applications, such as linear reference systems/(ISO 19148) and moving features
columns are added to the coordinates for "other" non-ISO 19111 purposes. The m
ice is to concatenate reference systems, represented by listing an RSID for each compo

rsid:RSID [1..*]

httribute dimension gives the number of offsets in the coordinate array that is the
per of axes in the system. The ordinates and the axes are in the same order, each org
b sponding to the same offset in the axis array.

needs to be

(1SO 19141),
Dst common
hent system.

25 Each ReferenceSystem object shall have a sequence of RSIDs to identifly projected
reference systems from which it is composed.

3 The RSID should follow a general pattern of [spatial axes] ([temporal axes]) ([ho-
mogeneous Weight]) ([parameter axes])

4 ttribute,dimension

same as the
linate offset
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- «datatype»
«interface>» +parameter Parameter
ReferenceSystem > &
N + name: CharacterStiing
+projection ™ .
prol + id: URI 01, value: Any
+ rsid: RSID[1..%] {ordered}
+ /dimension: Integer wcodelisty
+ flaxis Axis[dimension] {ordered} RS ReferenceSystem Type
+ [/datum: Datum +base
T 1
[ I |
«interface» «interface» «interface»
CompopndReferenceSystem GeometricCoordinateSystem HomogeneousCoordinateSystem

Figure 4 — Reference systems

6.2.4.5 Aftribute axis

The array axis lists the various axes from the identified reference systenis (in the rsid array).|Axis
groups fronj each RSID are grouped in the order given in the corresponding reference system.

axis: Axis [1..7%*]

6.2.4.6 Attribute datum

The attribufle datum is the datum used for the spatial components of the geometry in this system.

datum: Datum

6.2.4.7 Role parameter

A ReferenceSystem can have direct connections to any number of parameters (name, value pairs} that
may participate in the use of the system:Most parameters may be derived from the reference syjstem
IDs (RSID).

parameter: Parameter [0..*]

6.2.5 Codelist ReferenceSystemTypes
The codelist ReferenceSystemTypes is a list of all primitive systems supported by the local applicafion

REQ. 26 The local codelist shall list all primitive coordinate reference systems suppgrted
by the local application

6.2.6 Interface CompoundReferenceSystem

6.2.6.1 Semantics

A compound reference system allows the implementer of geometry entities to concatenate coordinate
tuples into single coordinate direct position values. Within a single set, all spatial coordinates should be
from the same coordinate reference system.

REQ. 27 A Reference System with more than 1 projection shall support the interface for a
CompoundReferenceSystem which has an attribute projection consisting of an array
of RSID for each projection.
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EXAMPLE If a reference system consists of a 2D CRS to establish horizontal positions, a 1D vertical reference
system for height and a 1D temporal reference system for time, then the rsid will consist of an RSID identifier for
the horizontal CRS, a second RSID identifier for the vertical system, and a third RSID for a temporal system.

A compound coordinate system is one which is composed of a sequence (represented by an ordered
association role) of other coordinate systems. The dimension of a compound system is the sum of the
dimensions of its projections. The spatial dimension of the space is purely dependent on the projections
that are to geographic positions in the real world.

This is a logical generalization of the CompoundCRS defined in ISO 19111, which is normally restricted
to adding spatial or temporal dimensions. This interface does not restrict any additional columns, and
may involve dpppndnnr‘ipc hetween coordinate offsets

6.2.4.2 Role projection

The prdered association role "projection” of CompoundReferenceSystem lists the\components of this
instance of the interface, in the order that the coordinates are used in the compound reference system.

CompoundReferenceSystem: :projection:ReferenceSygtem|[1l..*]

6.2.4.3 Attribute rsid

The RSID identifiers of the ReferenceSystem instances in the pfojection role are repeated af an array of
RSID| system identifiers in the inherited attribute "rsid".

rsid: RSID [1.%*]

NOTH The only reordering of axis or ordinates that is usable is in the essentially local-only
GeonjetricCoordinateSystem that can rearrange the grdinates using its local attribute permutation

6.2.7 Interface HomogeneousCoordinateSystem
Hompgeneous coordinates are usefulin‘defining rational b-splines and are used in projectiye geometry.

REQ| 28 A HomogeneousCoordinateSystem shall be a GeometricCoordinateSystem that
shall have an extra axis for a non-zero weight "w". All other affected gffsets shall
be multiplied by this "w".

The fisual mapping between the 2D base coordinate system to the corresponding homogengous system
isx|y) = (x vy 1) <Wwx,wy,w),w#0orin3D (x,y,2) = (X, ¥,z 1) = (Wx, wy, wz, w), w # (), and so the
usual projection back to the base system requires division by wasin (X, Y, W) = (X/W, Y/W, 1) = (X/W,
Y/W) and so WAmust be non-zero. Since all the "classes” in this document are "«interfaces»" |the internal
repr¢sentation’of the coordinates is an implementation decision.

6.2.8 “Interface GeometricCoordinateSystem

6.2.8.1 Semantics

The final step in creating a coordinate system for geometric calculation suitable for geographic
measures is to combine the concepts in ISO 19111 in the CRS definitions, with the calculation
mechanisms described above into a single interface (Figure 5).
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REQ. 30
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Every geometry used to represent a locus of positions in a geographic space shall
be associated with a coordinate reference system (CRS) as defined in ISO 19111 or
one of its extensions, and to a GeometricReferenceSurface that shall be used in all

“metric” calculations implemented by its object representations.

If ageometry instance is associated with a GeometricReferenceSurface different from
the datum of the associated CRS, then the metadata associated with that geometry
shall make explicit reference to this inconsistency and shall describe an an error
budget for errors introduced by this use of non-standard geometricreference system.

Figure 5 describes the object model for these basic classes dealing with the relationship of geometry to

its coordinafe space. This is an information model, and any implementation of this model that cen

the needed §

6.2.8.2 Aftribute name

The attribu
coordinate s

Rec. 4

6.2.8.3 Attribute spatialDimension

The attribut]
values for tl
usually "hot
in metres. T
isosurfaces;

REQ. 31

NOTE
The spatial d

Tlhe spatial dimension of a coordinate space is the number of decisions made to locate a point in g

nformation regardless of the form will be compliant.

fe "name” is a human-readable name in the local language that is a ‘mnemonic fo
ystem.

GeometricCoordinateSystem: :name:CharacterString

Information communities should standardize the Geometric Coordinate Sy
names for common usage and provide or spécify metadata locations for all
systems.

e "spatial dimension" indicates the dimension of the spatial coordinate systems in use. |
e spatialDimension are two and three. For spatial systems, the first two coordinate
izontal offsets". Examples include\(latitude, longitude) in degrees and (easting, nort
he third dimension, at each point, is usually orthogonal, at least nominally, to the gr
i.e. the usual 3rd coordinate.is some form of height, often but not always in metres.

spatialDimension:Integer

Each spatialdimension shall be represented in or transformable into measur
length or-distance.

mensions in a coordinate system are those decisions. So, in a (latitude, longitude) system, the s

kains

r the

stem
such

Jsual
5 are
hing)
Qvity

es of

pace.
batial

dimension is

we, and the spatial dimensions or axes are latitude and longitude. See definitions 3.85 and 3.8

6.
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«interfacex» «implements» RS_ReferenceSystem
ReferenceSystem | _ _ o o o o o e~
- + name: RS_ldentifier
+ id:URI + domainOfValidity: EX_Extent [0..1]
+ rsid: RSID [1.."] {ordered} .
; : «union»

+ /dimension: Integer RSID
+ Jaxis Axis [dimension] {ordered}
+ /datum: Datum + number: Integer

0.~ treferenceSystem + dring: CharacterString S«CtpreR»S

{ordered} + uri: URI x

+CRS I 0.1
Coordinate Reference System
+geom etricCoordinates
7 B
interface «interface»
« » .
G tricRefe eSurfap
GeometricCoordinateSystem +cs +aurface cometrichelerefcgsyrape

) - - + id: URI {readOnly}
* name-. C.harac?erStnng Geometric + metadata: URIJA..*] {feadOnly|ordered}
+ spatailDimension: Integer Surface + Jdatum: Datusm
+ temporalDimension: Integer )
+ parametricDimension: Integer
+ pemutation: Pemutation [0..1] ={1,2, 3, ...} gdatatype»
+ spatialProjection: Projection Projection
+ temporalProjection: Projection

P d ) + outOmer Integer[1..*]=[123 4 ..|| {ordered

+ csDistance(p1: DirectPosition, p2: DirectPosition): Number + J/axisAxis[1..dimension] {ordered}
+ distance(p1: DirectPosition, p2: DirectPosition). Distance
+ pointAtDigtince(center: DirectPosition, vector: Vector): DirectPosition [}
+ foelocate(pos DirectPostion): DirectPostion
+ bearting(center: DirectPosition, target: DirectPosition): Bearing «datatype»
+ cslnnerProduct(center: DirectPosition, v1: Vector, v2: Vector). Number Permutation

Figure 5 — Reference System and CRS

6.2.8.4 Attribute temporalDimension

The attribute "temporal dimension" indicates the number of temporal axes in the coordinate system.
In a $tandard spatiotemporal reference System, the temporal dimension is 1 and represents either an
absolute position (implying both tinie and date) or the time passed since an event or tim¢ implied by
cont¢xt. The temporal dimension rhay be larger, and the interpretation of each offset shpuld be well
documented and defined in the-thetadata for the geometric coordinate system.

GeometricCoordinateSystem: :temporalDimension:Integer

6.2.8.5 Attribute parmetricDimension

The gttribute "parametric dimension" is the count of the number of undifferentiated parameters stored
in the geometric'coordinate system. Other than being numeric in nature, there is no a priotji restriction
on paramefers and their interpretations. Each offset should be well documented in the metadata for the
georTetric coordinate system.

— T\ . o
ParaMeCcr rCUTINCIIS TOlIT. TITcege T

6.2.8.6 Attribute permutation

The attribute "permutation” allows a local reordering of the coordinate offsets from the default one for
the use of the local application. Permutations are represented by "0-up" ordinate offsets of the output.
An empty permutation implies that the coordinates are not rearranged.

permutation:Permutation[0..1]

EXAMPLE A normally (latitude, longitude, height) system which is left-handed when subject to a [2, 1, 3]
permutation becomes a (longitude, latitude, height) system, which is right-handed.
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The most common purpose for use of an internal permutation is to maintain a "right-handed"

coordinate system to allow standard mathematical calculation. For example, using Green's theorem to determine
the orientation of a cycle “c(t)”:

CJ.) o(t) xdy—ydx>0 |= [C(t)is counter — clockwise]

(8)

is valid only if the (x, y) coordinate system is right-handed. If the system is left-handed, the sign of the integral is

changed.

6.2.8.7 A

tribute spatialProjection

The attribuf
represented
range of the

e "spatialProjection" is a projection to a purely spatial coordinate system. Projection
by ordinate offsets indexed by the positive integers, Z* ={1, 2, 3, ...}, of thé axes i
projection function.

GeometricCoordinateSystem: :spatialProjection:Projection

6.2.8.8 Attribute temporalProjection

The attribuf
from ISO 19
the geometr

6.2.8.9 0}

The coordi
coordinates
Cartesian sy
reference su

Rec. 5

6.2.8.10 0}

The distanc
means that {

e "temporalProjection” is a projection to a sequence of puf€ temporal coordinate sy
108. The semantics of multiple temporal offsets in a reference system should be cover]
ic coordinate system metadata.

GeometricCoordinateSystem: :temporalProjection:Projection

peration: csDistance

hate system distance function "csDistance" is the normal distance function foj
using the appropriate Euclidean metric function (usually the Pythagorean formulae
rstem). This metric will normally preduce the same topological structure on the geomn
rface as the "distance" function:See 3.62 metric unit.

csDistance (pl:DirectPosition, p2:DirectPosition) :Number

The result of esDistance should normally correspond to a metric unit.

beration:-distance

e is the 'real world" equivalent of the distance on the geometric reference surface, W
his is the best approximation supplied by the application to the distance that could act]

S are
h the

stem
ed in

the
for a
etric

rhich
ually

be measure

d between the real world pncifinnc rnprncpnfpd hy the pninfc (cnp PFQ 1 1)

distance (pl:DirectPosition,p2:DirectPosition) :Distance

In a 2D system, the distance between two points is the length of the "shortest" geodesic on the geometric
reference surface joining them.

6.2.8.11 Operation: pointAtDistance

The operation "point at a distance" solves the first geodetic problem that is given a starting point, an
initial direction (bearing) and a distance; find a new point at that distance from the original point with
that bearing as the initial tangent to the geodesic joining them. In the protocol for the operation, the
parameter vector gives both the bearing (the direction of the vector) and the distance (the length of the
vector).
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pointAtDistance (centre:DirectPosition,vector:Vector) :DirectPosition

NOTE 1

a surface that is isomorphic to B2

The vector space at a point is a Euclidean space of the same dimension of the underlying manifold. For

Semantically, the centre point and the vector are an element of the tangent space on the
GeometricReferenceSurface at the centre point. This operation is called the exponential map for the

GeometricReferenceSurface at the point, mapping a Cartesian vector space E? (the tangent plane at the
point) onto the surface. Locally, this maps a flat image of the locale of the centre onto a geodesic surface

(the GeometricReferenceSurface).

NOTH
ISO1

physi
and t
coord

This
surfd
Geor

6.2.9

The

posit
funcf
3DE

6.2.9

This
of th

NOTH
two
The d
coord

6.2.9
The

2 A common example of this usage are the Earth-fixed Engineering Systems (SC_Engineer
D111, most particularly those using polar coordinates, in which all locations are given coofdin
cal measures (direction and distance) from a fixed point. Once the geographic location-of.the

ngCRS) from
htes based on
intis given,

0
he 0 is aligned to a bearing, the exponential map becomes a CRS transform from the Engineerfﬁlg CRS to the

inate systems using the GeometricReferenceSurface as a datum.

mapping projects the local tangent space of the GeometricReferenceSurface b
ce to create local equivalent instances of common Euclidean structures (such a
hetricCoordinateSystem.

.12 Operation: geoLocate

oeoL.ocate operation maps a position in the geometric‘coordinate space to the co
ion in the geocentric coordinates of the embedding space for the geometric reference g
ion allows algorithms to map complex geographicgeometries into classical 3D geomet
iclidean space using a Cartesian coordinate systém.

geoLocate (pos:DirectPosition) :DirectPosition

.13 Operation: bearing

operation "bearing"” solves the second geodetic problem that is given two points; find
e geodesic that joins the firstygpoint to the second.

bearing(centre:DirectPosition, target:DirectPosition) :Bearing

The solution tethis problem is only guaranteed to be unique for a small distance. For e
oints are antipodal.enl a sphere, then the bearing between them in indeterminate and any be

nly geometric réference surface for which the solution is always unique is a plane; for examplg,

inate systemdin-a Mercator projection.

.14 Operation: csInnerProduct

ceordinate system inner product is a function that, for each tangent space defined b

1N e "dat o Aaaet" Lo bbb a1l ool b ant oo Mgt ne e At 10 0 Py

ack to that
5 circles) in

Fresponding
urface. This
ries in a flat

the bearing

kample, if the
hring is valid.
a geometric

y the centre

varia

measures such as length, <x,x> =HXH and angle, <x,y>=

dafin 3 ol +o. nt g Th A £111 £
oTCaCTmIC S a ot protatt 10T ot 1otar Laus\,ut oya\,\, TTICTIICT PT oauctisusettttot

Al

cos0 where 6 is the angle in

space between x and I/

NOTE

© ISO

csInnerProduct (centre:DirectPosition,vl:Vector,v2:Vector) :Number
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doing vector

the tangent

The usual equations for inner products depend on the orthogonality of the axes in the vector space.
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6.2.9 Datatype DirectPosition

6.2.9.1 Semantics

Instances of the DirectPosition datatype hold the coordinates for a position within some coordinate
system (Figure 6), which may be compound and represents an ordered sequence of constituent
coordinate systems. Each coordinate system may be associated with at most one spatial coordinate
reference system as described in ISO 19111.

6.2.9.2 Attribute rsid

The attribufe rsid is a reference by identify to reference system identifiers (RSID) of the wa
componentd of the coordinate system used for this direct position. Each RSID corresponds te_a syibset

of coordina

6.2.9.3

The attriby|
dimension ¢

NOTE

Since each
DirectPositi
of the RSID

e array for the axis in the corresponding reference system.

DirectPosition::rsid:RSID [1..*] {ordered}

AII:ribute dimension

e "dimension" is the dimension of the associated Reference\.System, and is thu
f the position coordinate.

DirectPosition::dimension:Integéer

The use of a homogeneous weight (w) would not be counted'as a reference system dimension.

component ReferenceSystem occupies its "dimension" offsets, the dimension o
pn instance is the sum of the dimensions of/its ReferenceSystem (corresponding to th|
n the attribute rsid), giving the following-constraint:

coordinate.length=SUM (referenceSystem.dimension)

6.2.9.4 Aftribute coordinate

The attribu
position in {

6.2.9.5 Dg

The associa
values in th|
SC_CRSasd

fe "coordinate” is a sequence of Real numbers that hold the coordinates values for
he specified reference systems.

DirectPosition::coordinate:Real[l..*]

brived Role referenceSystem

ion role referenceSystem" is the sequence of coordinate systems, indexed by the
e rsidyarray from 6.2.9.2. Normally, the first in the array will be a realization of the
escribed in ISO 19111.

rious

b the

F the
e list

this

RSID
type

DirectPosition.referenceSystem[] :ReferenceSystem

The attribute array "rsid" contains the identities of the Reference systems in the derived association

role referen

42

ceSystem.

DirectPosition-referenceSystem([i].rsid DirectPosition.rsid[i]
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6.2.9.6 Operation: spatialProjection

REQ. 32

Rec. 6

ISO 19107:2019(E)

The operation "spatialProjection” shall project the DirectPosition to its purely

spatial components.

The resulting DirectPosition should be in an ISO 19111 coordinate reference system.

DirectPosition::spatialProjection () :DirectPosition

«datatype»
DirectPosition

+ coordinate:Real [1..*]{sequence}

+ /dimension: Integer

+ /rsid:RSID [1..*]{ordered}

+ geometricSystem(): GeometricCoordinateSystem

+ DirectionVector(toPosition: DirectPosition): Vector

+ projection(projection: RSID): DirectPosition

+ pointAtDistance(bearing: Vector): DirectPosition

+ distance(toPoint: DirectPosition): Real

+ vectorToPoint(toPoint: DirectPosition): Vector
«create»

+ DirectPosition(coordinate: Number, SRID: RSID): DiregtPosition

«codelist»
Datum

«codelist»
Axis

«union»
RSID

constraints
{coordinate.length=SUM(referenceSystem.dimension)}

+
+
+

number: Integer
string: CharacterStrin
uri: URI

b

rsid:RSID [ 4positions

Coordinate System
1 +/referenceSystem

sinterface»
ReferenceSystem

Figure 6 — DirectPosition

6.2.9.7 Operation: pointProjection

REQ| 33

The operation "pointProjection” shall project the DirectPosition to its

1l el 1 H

purely spa-

Rec. 7

NOTE

£aal 4. il on 22 1o 1. £, 'l‘Ah 101 l
trarcomponents;excepronat it sita St ot innomogeneousrorny,rthe origina

DirectPosition was homogeneous.

The resulting DirectPosition should be in an ISO 19111 coordinate reference system.

DirectPosition::spatialProjection () :DirectPosition

coordinates, were (X, y, z), the homogeneous form would be (wx, wy, wz, w). The "w" is the weight.

© IS0 2019 - All rights reserved
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6.2.9.8 Operations derivable from Point by type coercion

6.2.9.8.1 Semantics

The default constructor for Point (see 0) is a complete DirectPosition with the coordinate system
information. Therefore, any operation of Point is available for DirectPosition by type coercion. The
other way, the Point attribute called DirectPosition inverts the constructor and returns the "Position"

as an instan

The followi
DirectPositi
functions cq
Point instan

Rec. 8

Implementa
positions.

6.2.9.8.2

The operati
determines
the vector. T

6.2.9.8.3
The operati

point whosg
equal to the

6.2.10 Uni

ce of DirectPosition.

Position.PointMethod(..)=Point (Position) .PointMethod(...)

Point.PositionMethod(..)=Point.directPosition.PositionMethod(..)

ng two operations are optional in that they are not needed for the principle-purpo
pn, i.e. the indication of location. In a system that implements Point (see/6.4713), {
uld be replaced by casting the DirectPosition to Point and then executing\them fron

Compliant implementations that support the interface Point, erdo geometric ana
on a non-planar Reference Surface should support the operations "vectorToP
and "pointAtDistance" for DirectPositions.

fion standards dependent on this document may require these operations on d

Dperation: vectorToPoint (toPoint: DirectPosition): Vector

bn "vectorToPoint” will return a vector inithe tangent space at the point whose dire
h geodesic curve that intersects "toPoint” DirectPosition at a distance equal to the leng
his operation solves the second geodetic problem.

DirectPosdtion: :vectorToPoint

(toPodnt:DirectPosition) :Vector

Dperation: pointAtDistance (bearing: Vector): DirectPosition

bn "pointAtDistdnce” will return a DirectPosition given a vector in the tangent space 4
direction determines a geodesic curve that intersects that DirectPosition at a dist
length of theivector. This operation solves the first geodetic problem.

DieectPosition: ::pointAtDistance (bearing:Vector) :DirectPosition

se of
hese
h the

ce. Because these operations are valuable in navigating non Euclidean Figures of the Earth
(all but the planes), being able to bypass a Point instance constructor is worthwhile.

lysis
bint"

irect

ction
th of

t the
ance

n Datatypp RSID

The RSID, or reference system identity, is an identifier for a reference system and a generic ID that can
hold a variety of identity types for local use. The RSID content can be a number, a character string or a
URI. It is meant to be a local identity, but can be equal to global values from a recognized Authority.

REQ. 34

44

The use of an RSID equal to a global identity linked to a recognized authority shall
imply that the local object is consistent with the item defined by that recognized

authority.
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6.2.11 Codelist Axis

The local instances of the Axis codelist (Figure 7) will contain the names of any axis that can be used in
local instances of Reference System. Any name in this codelist will have a class of Axis Description that
contains information on the axis' use.

REQ. 35 To keep axis types separate, the Axis codelist shall contain sub-list for each
general type of axis, including: Spatial, Temporal and Parametric

6.2.12 Role metadata: AxisDescription

Everly axis is associated with a metadata description. The exact mechanism for this cnnection is
an ithplementation option. The simplest mechanism is to use a standard name wjth\a [well-known
defidition (latitude, longitude).

Attribute Axis::metadata:AxisDescription

6.2.13 Datatype Axis Description
Each|Axis type will have a metadata description (identified by the name of the Axis).

REQ{ 36 Each axis in use shall have an Axis Descriptiofiassociated with it by name. The Axis
Description instance shall have a URI pointer that identifies all information needed
to use the axis in question in a Geometric.Coordinate System.

6.2.14 Codelist SpatialAxis

The PpatialAxis codelist will contain all axis_names used to represent spatial extent where spatial
geonpetry is described. Each name should beused in at least one of the SC_CRS instance in|local use as
defined in ISO 19111.

REQ| 37 The local instance of the Codelist SpatialAxis shall list all spatial axig types sup-
ported by the application.
6.2.15 Codelist SphericalAxis

The BphericalAxis codelist will contain all axis names used to represent spatial extent :E‘leasured in
angl¢s, such as zenithAngle, bearing and radius, used in a polar coordinate system. Each name should
be uged in at leastoire of the SC_CRS instance in local use as defined in ISO 19111.

REQ] 38 The local instance of the Codelist SphericalAxis shall list all spherical axis types
supported by the application.

6.2.16 Codelist TemporalAxis

The TemporalAxis codelist will contain all axis names used to represent temporal extent. Each name
will be used in a temporal reference system in a TM_ReferenceSystem value ISO 19108 in local use.

REQ. 39 The local instance of the Codelist TemporalAxis shall list all temporal axis types
supported by the application.
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_ IO_IdentifiedObject
«codelist» +/metadata «datatype»
Axis > AxisDescription «type»
0..* —— Coordinate Systems::
+ metadata: URI[0..1] CS_CoordinateSystemAxis
+ name: RS_Identfier
+ unit: CharacterString [0..1] + axisAbbrev: CharacterString
+ axisDirection: CS_AxisDirection
[ | + axisUnitID: UnitOfMeasure
deli - + maximumValue: Number [0..1]
oo . «codel :i»_ «codelist» + minimumValue: Number [0..1]
emporalAxis ParameterAxis ing: i
SpatialAxis + rangeMeaning: CS_RangeMeaning [0..1]
] «absolute» «index»
«weight» + dateTime + m
A A ekt «relative» «distance»
Lr — e
«codelis{» «codelist» «codelist» «codelist» «cedelist»
Cartesian PolarAxis Vertical Axis EllipsoidalAxis SphericalAxis
«length «length» «length» «length» «angle»
+ X + rho =radius + depth + ellipsoidal height + bearing
ty «angle» + H «angle» + zenithAngle
RZ + theta = bearing constraints + geodet?c Iatitgde «Iength»
{H=gravity-related height + geodetic longitude. + radius

6.2.17 Codelist ParametricAxis

The Paramd
used in one

REQ. 40

6.2.18 Codelist Datum

The local in
as defined i

Figure 7 — Axis

tricAxis codelist contains all axis names used to represent parameters. Each name w
pr more parametric reference system inocal use as defined in ISO 19111.

The local instance of the Codelist ParametricAxis shall list all parametric axis t|
supported by the application

stances of the Datum/codelist contains the names or RS_Identifier values from Da
n ISO 19111. Tracing the identifier name back to the data links the local datum to

The local instance of the Codelist Datum shall list all Datums or Datum types
ported by the application.

ill be

ypes

fums
their

sup-

definitions (Figure 8)
REQ. 41
46
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«type» «type» +/metadata
10_ldentifiedObject < CD_Datum
+ name: RS_|dentifier +name (from ISO TC211::1SO
=~ A 19111 All::ISO 19111:2007

Referencing by
Coordinates::Datums)

(fromISO TC211::1SO 19111
All::ISO 19111:2007
Referencing by Coordinates::
Identified Objects)

«codelist»
L_ _ _ Datum

Figure 8 — Datum

6.2.19 Datatype Parameter

6.2.19.1 Semantics

The |datatype Parameter can hold any parameter name and dn assigned value for|use in any
Reference System.

REQ| 42 The "m" axis shall be used for "measure parameter" to be consistent with the earlier
version of 19107. The "w" axis shall be used if the coordinates are hompgeneous.

REQ| 43 In a direct position, all offsets before"w" shall be multiplied by "w" in the transform
to homogeneous coordinates.

Normhally, homogeneous coordinates are only,used for classical projective geometry purppses, and so
the "w" will only affect the spatial projections. Remember that the spatial axes are multiplied by the

"w" 3lso.

X,y ) (x,y,1)(wx,wy w) )
V,2)o(x,y,z,1)(wx ,wy ,wz,wy)

o W

6.2.19.2 Attribute name

The attribute "name'Céarries the name of the parameter.

Parameter::name:CharacterString

6.2.19.3 Attribute value

The agttfibute "value" carries the value of the parameter.

Parameter::value:Any

6.2.20 Datatype Permutation, Projection

6.2.20.1 Semantics

The datatypes for permutation and projection (Figure 9) are essentially identical except for their usage.
A projection selects offsets in the coordinate axis and is then used to create a smaller DirectPosition
by limiting the position information to the chosen offsets. A permutation selects offsets in some order
and essentially projects to the same space, but with a rearrangement of the offsets. They hold the
target positions of the input order. Positions are numbered one up (position as ordinal number, first,
second ...); Therefore an n-tuple in original order is (1, 2..., n). The projections can select the columns

© IS0 2019 - All rights reserved 47


https://standardsiso.com/api/?name=78d09e2d312bd9a5968e4df970c6c5e9

ISO 19107:2019(E)

and reorder what is output. The only difference between the two names is the exhaustive nature. A
Permutation has a target coordinate offset for every source coordinate offset (input and output are the
same length). A projection can reduce the number of offsets, and is a permutation if its target size is the
same as its input size.

6.2.20.2 Attribute outOrder

The outOrder attribute contains the target ordering by listing the output column in order (using
ordinate numbering 1=first, 2=second, etc.), by using the offset for pre-image input column.

outOrder: Integer [1l..*]

EXAMPLE If the columns of a 3-tuple are rearranged by 1-3, 2—1 and 3—-2 (circular shift to the leffJ] then
the representation of the permutation is the sequence (2, 3, 1), i.e. (x,y, 2) = (¥, z, x). If (lat, long, height) ne¢ds to
be (long, lat, height) then the permutation is (2, 1, 3).

6.2.20.3 Aftribute axis

This is an glternate and parallel of outOrder. The axis list is by name, out@rder is by axis orfinal
position. Various encoding can use either one.

axis: Axis [1..%*]

6.2.21 Intdrface ReferenceDirection

The ReferemceDirection interface is empty, but is to be !implemented” by any datatype that can
represent a|direction (or unit tangent vector) at a point. This lead to a circular, but valid, potentially
recursive, definition for the datatype Bearing.

6.2.22 Datpatype Bearing

6.2.22.1 S¢mantics
The datatype Bearing denotes a direction»The bearing can take either one of two forms:

— A set of angles, one a planar Bearing, and the second a measure of altitude (positive abovg the
horizontal, negative below the)horizon), essentially creating a local spherical coordinate system.

— A derived directional veetor from the coordinate system at the initial point, a unit vector with the
directign associated.to.the set of angles.

Since the twp types af mieasures are identical, the values of bearing are the same, but the interpretations
will depend on the-usage (usually a reference direction, the "0" offset and a direction of rotgtion,
clockwise of counter clockwise).

The value 6f—the—datatype—Bearing—may—be—vatid—only—at—the—point{from—which—the—measure is
taken. The common "parallel” transformation of vectors from point to point is only valid if the
GeometricReferenceSurface in use is planar (i.e. Cartesian and hence Euclidean). The fundamental
problem is that the sphere does not have a 2D universally valid global coordinate system for its tangent
spaces. The use of a fixed direction reference such as "true north" does allow for some translation if the
reference does exist and is unique at a position. For example, north is non-existent at the North Pole,
and not unique at the South Pole.

Bearings may be measured two ways, absolute (such as true north, see bearing) or relative (such as
"fore" or "aft").
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«datatype» «datatype»
Vector Projection

+ origin: DirectPosition + outOrder:Integer[1..¥]=[1234...]{ordered}
+ offsets: Real [1..%] + /axis: Axis [1..dimension] {ordered}
+ /dimension: Integer
+ /coordinateSystem: GeometricCoordinateSystem %
+ CrossProduct(v2: Vector): Vector
+ DotProduct(v2: Vector): Real «datatype»

«create» Permutation

+ Vector(position: DirectPosition, coordinates: Real): Vector
+ Vector(position: DirectPosition, direction: Bearing, length: Length): Vector

«datatype» «codelist» «interface»
Parameter Rotation ReferenceDirection
datatype»
+ rjame: CharacterString + clockwise\right A Enpelope
+ ‘hlue:Any + counter-clockwise\left |
| + lewerCorfer: DirectPosition
+~bpperCorfer: DirectPosition
| T T T T T T T T T T T T~ e |
L | | |
«codelist» : : :
CutveRelativeDirection | | I
| |
+ fangent | «datatype»
+ FeverseTangent 1 «codelist» Bearing
+ pormal L FixedDirection
+ feverseNormal «codelist» + angle:Angle [0..2] {orderéd¥
+ piNormal RelativeDirection + trueNorth + /vector: Vector [0..1]
+ feverseBiNormal + magneticNorth + reference: ReferenceDirection
+ fJeftNormal + fore/forward + gridNorth + rotation: Rotatien
+ FightNormal + aft/bakward + trueSouth
+ [upNormal + port/left + magneticSouth «create»
+ HdownNormal + starboard/right + gridSouth + Bearing{V: Veetor, reference: ReferenceDirection, rotation: Hotation): Bearing
Figure 9 — Vector, Bearing,and Permutation
REQ| 44 The reference direction for an instance of Bearing shall not transitively reference itself.

Bearjing is used to represent direction in the-coordinate system. In a 2D coordinate refergnce system,
this ran be accomplished using an "angle measured from true north" or a 2D vector goint in that
diregtion. In a 3D coordinate reference system, two angles or any 3D vector is possible. If poth a set of
anglés and a vector are given, then they shall be consistent with one another. In coordinate systems
with|higher dimensions, similar«epresentations are possible.

6.2.22.2 Attribute angle

In thfs variant of Bearingusually used for 2D coordinate systems, the first angle (azimuth) s measured
from| a coordinate axis (usually north) in a clockwise fashion parallel to the Reference Surface tangent
plang. If two angles are given, the second angle (altitude) usually represents the angle¢ above (for
posiffive angles),or below (for negative angles) a local plane parallel to the tangent plane of the Reference
Surface.

Bearing::angle:Angle[l..*]

6.2.22.3 Attribute direction

In this variant of Bearing usually used for 3D coordinate systems, the direction is expressed as an
arbitrary vector, in the coordinate system.

Bearing::direction:Vector[0..1]

6.2.22.4 Attribute reference: ReferenceDirection

The attribute reference is the direction from which the bearing is measured, i.e. the direction of a
positive measure. Most systems can use a negative number to express a measure opposite of the default
rotation.
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reference: ReferenceDirection

6.2.22.5 Attribute rotation: Rotation

The attribute rotation specifies the direction from which the bearing is measured.

6.2.22.6 Constructor: bearing

The default constructor for bearing takes any non-zero vector (H\7

at that poinf} with the standard defaults for the maost common fixed hnaring

‘> 0) at a point and creates a bearing

If the bearir
parameter '
bearing. Th
the Bearing

6.2.23 Codelist Rotation

The codelist
countercloc

6.2.24 Codlelist RelativeDirection

The codelis
usually use
(backwards

6.2.25 Codelist FixedDirection

The codelisf
used in refe
true north o

6.2.26 Codelist CurveRelativeDirection

The codelis
directions a

Bearing (v: Vector, reference: ReferenceDirection="north",

rotation: Rotation="clockwise"): Bearing

g of a curve c(t) is required, then the vector would be é(t) for the position defined b
t". Since speed is not pertinent for direction, the magnitude of the wector has no effg
s means that if the vector v is used in the constructor, the derivéd value of the vect

constructed will be \7/”\7 , a unit vector in the same direction as'the tangent.

Rotation lists the two potential rotational direction’for an angular measure, clockwis
kwise. These are as viewed from above the Reference Surface.

F RelativeDirection lists the common ,potential relative reference directions for beg
l in reference to a moving vehicle."The most common values include fore (forward
, port (90° left) or starboard (90> right).

FixedDirection lists the common potential fixed reference directions for bearing, us
rence to the globe, aimap, a coordinate system or a grid. The most common values in

r south, magneticaorth or south, grid north or south (reference to a grid or projection).

 CurveRelativeDirection refers to vectors associated to a curve. Some common v
re:

[y the

ctin
or in

b and

ring,
, aft

ually
clude

pctor

tangent

reverse

rightNo

50

2 direction t o ](QZ'UZ'U)'

tangent, opposite of the tangent, (—f) ;

biNormal, the direction towards the centre of curvature, the inside of the curve;
reverseBiNormal, opposite of the biNormal, the outside of the curve;

leftNormal, leftward from the tangent;

rmal, rightward from the tangent;

upNormal relative the Reference Surface;

downNormal, opposite of the upNormal.
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These valued may be used to either extend or replace the 2D directions from RelativeDirection.
6.2.27 Datatype Vector

6.2.27.1 Semantics

The common "vector” in Euclidean spaces may be translated to any point in the space because the flat
nature of the Euclidean space has a universal coordinate system that works at all "start” point of a vector.

The datatype Vector in this document must be associated with a point on the GeometricReferenceSurface
to be well defined. The directional parts of the vector must also specify the "start position" of the

vect
reprg
a lat
cons
Zero
coor
reprg

6.2.2
The

isat
syste

6.2.2

The
vect

EXAN
vecto

6.2.2

The 4
spac

r. Where the coordinate system is well behaved, the spanning vectors of the tange
bsented in the 3D geocentric space by the tangents to the coordinate functions.. For
tude, longitude system, a local tangent space basis are the unit tangent vectorsto t
fant longitude, and the curves of latitude, except for the poles where the lorgitude fu
tangent at the pole. If (lat, long = (d¢g, dA) then the symbols (d¢, dA) are thé\differentia
linate functions represented by tangents in the direction of increasing.) and A resp
esent a basis for the local tangent spaces.

7.2 Attribute origin

ttribute origin is the location of the point on the GeometricReferenceSurface for whig
hngent. The direct position is associated with a coordinate system; this determines th
m for the vector. The direct position's spatial dimensjen'determines the dimension of

Vector::origin:DinéctPosition

7.3 Attribute offset

hittribute offset uses the coordinate system of the direct position and represents the 1
r in the differentials of the local coerdinates.

Veéctor::offset:Realll..*]

(PLE If the Euclidean-plane (EZ) is in use, then the DirectPosition is a coordinate pair
r is the differentials in both/directions, hence offset is two long and has a coordinate base of (d

7.4 Attribute dimension

ttribute dimeénsion is the dimension of the origin and therefore the dimension of the 1
p of the vector.

Vector::dimension:Integer

ht space are
example, in
he curves of
nction has a
s of the two
pctively, and

h the vector
b coordinate
the vector.

bcal tangent

X, y) and the
x, dy).

bcal tangent

6.2.27.5 Attribute coordinateSystem

The attribute coordinateSystem is the system of the origin and therefore determines the coordinates of
the local tangent space in which the vector exists.

Vector::coordinateSystem:GeometricCoordinateSystem

6.2.27.6 Operations: CrossProduct, DotProduct

The dot product returns a real value that is the sum of the products of the corresponding coefficients of
the two vectors. The dot product is a third vector perpendicular to the other two. If the vector space is
only two dimensional, the cross product returns a directed magnitude and not a vector.
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roduct (v2:Vector) :Number
sProduct (v2:Vector) :Vector

»

coordinates:Reall[]) :Vector
direction:Bearing, length:

(position:DirectPosition,

(position:DirectPosition, Length) :Vector.

The constructor vector creates a vector with the given offsets or the given direction and length, at the
specified direct position, in the coordinate space of the direct position.

6.2.28 Inte

rface Envelope

6.2.28.1 Sdmantics

Envelope is|often referred to as a minimum bounding box or rectangle. Regardless of dimensio
Envelope cajn be represented without ambiguity as two DirectPositions (coordinate peints). To en
an Envelopag, it is sufficient to encode these two points. This is consistent with all-of the coord
systems in this document. Recall, even if the CoordinateSystem is purely spatial but not globally on
one, the coofdinate may not be valid in the associated coordinate system.

n, an

code

Inate

e-to-

NOTE Emvelopes are not always equivalent to "rectangles"” since this polygofiymay not exist as a georpetry
object if eithdr or both of the two corners is not in the coordinate system or if the’4-point polygon in 2D or 84point
polyhedral ir} 3D equivalent is not a valid geometry because of coordinate wvalidity issues. Essentially, envelopes
are rectangldsin R".
Mathematicplly, the definition of an Envelope is:
| VAe Geometry,Vpe DirectPosition | =

[Vie Z,|A.Envelop.lowerCorner[i]=min{p(i)| pe A}] A (10)

[Vie Z{ A.Envelop.upperCorner[i]=max{p(i)|pe A}]
Since an Envelope is a set of direct positigns, it is also a geometry. Containment is determingd by
coordinate fanges. Notice that Req10 on periodic coordinate offsets will affect the way some spatial
indexes (r-tfees in particular, see [36]) will work. For example, a spatial r tree index based on Env¢lope
in latitude, longitude in the ranges (90, +90) and (-180, 180) may require an Envelope be divided in
parts to allpw it to be represented-in the specified ranges. This would allow an index based on the
envelops to pe able to use the standard r tree assumption that:

[AmB] @[A.envelopemB.envelope] (11
REQ. 45 The.eényelope of the empty geometry shall be the empty geometry.
This requir¢mént'is forced by the mathematical definitions. The min(@) = +c0 and max(@ = —co. A real
number can "+00" "—o0" initi in are in
Clause 3.
6.2.28.2 Attribute upperCorner

The "upperCorner” of an Envelope is a coordinate position consisting of all the maximal coordinates for
each dimension for all points within the Envelope.

Envelope: :upperCorner:DirectPosition

of that offset in all direct position in the original geometry.

52
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6.2.2

ISO 1910

8.3 Attribute lowerCorner

7:2019(E)

The "lowerCorner” of an Envelope is a coordinate position consisting of all the minimal coordinates for

each

dimension for all points within the Envelope.

Envelope: :lowerCorner:DirectPosition

Math For each coordinate offset, the corresponding offset of the lower corner is the minimum of that
offset in all direct positions in the original geometry and. the corresponding offset of the upper corner
is the maximum of those same direct positions.
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ntjeering CRS and then projected onto the GeometricReferenceSurface using the exponen

9 Engineering coordinate systems, Tangent spaces and local interpolations

0 19111, the class CD_EngineeringDatum defines "the origins of an engineering
ence system, and is used in a region around that origin". The class SC_Engineer
extually local coordinate reference system associated with an engineering datum”.

angent space at a point in a geometric coordinate system is the collection of all tangen

ngths) at that point. The coordinate system used for vectors is a E? or E3 (depen
nsion of the underlying spatial CRS. The expression of bearings canbe either polar (1,0)
) (see ISO 19111). The operation pointAtDistance in the interface GeometricCoord

tangent vectors at a point to other points (given by a-DirectPosition) using geo
utation. This operation (formally called the exponential'map in differential geometry

ean constructions (lines, circles, ellipses, general conics and spirals) can work directly

document recognizes two general types of interpolations for geometry: algebraic and

braic interpolations will treat the coordinates independent of geometric interpretatio
bles in algebraic equations. Lines, palynemial splines, b splines and solid boundary repi
xamples of algebraic interpolations(

etic interpolations will use geometric surface considerations to interpolate direct pos
commonly using the local tangent space at one of the control points to use Euclidean cd
hen using the exponentialmap to transfer these constructions to the Reference Sur
Is and other geometry types dependent on distance, direction or on Newtonian phy
this second category.

b design procedures may jump this divide by using parts of both techniques. Linear i
e tangent space’starting at the "tangent point" produces geodesics originating from

e criticaldesign point.

The word "line" was originally used for any rope, thread or string and has the same base
prmatics, the word "line" means the use in Euclid's elements, which is normally linear intey

coordinate
ingCRS is a

t vectors (of

ding on the
or spherical
ateSystem,

:Iln
esic curves

) makes the

ent space (a copy of E" a Cartesian coordinate space) équivalent to a SC_EngineeringCRS. Standard

in this local
tial map.

ceodetic.

h, strictly as
resentations

ition values,
nstructions
face. Circles,
sics will fall

hterpolation
that tangent

. Spirals work in local Engineering spaces, and should be done using the exponential jnap centred

as "linen". In
polation in a

Euclidean space (E"). In this document, line will be linear interpolation in the current coordinate system.

6.3

REQ.

© ISO

Requirements Class Coordinate Data

46 An implementation of the requirements class Coordinate Data shall

datatypes in Requirements Class Coordinate.
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6.4 Requirements Class Geometry

6.4.1 Semantics

The geometry packages contain the various classes for geometry. All geometry classes inherit, from
the root interface Geometry (Figure 10), an implicit link to a reference system (normally a geometric
coordinate system) which defines the meaning of the coordinates in its direct positions. Each primitive
geometric object may contain other coordinate offsets, but will always have a constant coordinate
system and Reference Surface.

REQ. 47

REQ. 48

REQ. 49

REQ. 50

Figures 10,
packages.

n
behaviour ‘(L;Lpends solely on which Direct Positions it contaius.

Objects und
geometry ol
Curves will
their bound

NOTE T
interchange
sounds bette

When a prin
folds back o
normally th

REQ. 51

ments Class Coordinate.

An implementation of the Package Geometry shall have all instances and prope
specified for this package, its contents and its dependencies, contained in the
model for this package in this document.

All direct positions exposed through the geometry object interfaces shall be i}
coordinate reference system of the geometric object accessed unless that oper4
protocol specifically specifies a different return reference system.

All elements of a geometric collection shall be in the(same coordinate refer]
system as specified by that collection.

rties
UML

n the
ition

ence

11, 12 and 13 show the basic behavioural classes and datatypes defined in the geometry

y object that inherits the semantics of GeometPy acts as a set of Direct Position

er geometry will be interpreted as metrigally closed; any point whose distance t
bject is zero is on the object ("in" when.the object is viewed as a set of direct positj
Contain their endPoints; surfaces will contain their boundary curves, and solids will co
ng surfaces.

e use of containment prepositions "in" or "on" for geometry is equivalent and can be
ly. "On" is probably more appropriate when speaking of geometry as a location reference, by
 when speaking of geometry gbjects as sets of positions.

hitive closes back on itself, a curve starting and ending at the same point, or a surface W

5. Its

the
ons).
ntain

used
i

rhich

hto itself and is thus)on "both sides” of all of its boundary curves, it is called a cycle, and is

e boundary of a geometry of one higher dimension.

In all of the operations, all geometric calculations shall be done in the coordj
systém of the first geometric object accessed, which is normally the object wi|
operation is being invoked.

nate
hose

REQ. 52

Returned objects shall be in the coordinate system in which the calculation

b are

done unless explicitly stated otherwise by the semantics of the operation.

Many of the protocols defined in this section are those of set theory. In general, a geometric object can
be viewed as a set (usually infinite) of geometric points, each representable by a DirectPosition.
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REQ. 53 Geometry instantiations of geometric objects shall realize the Geometry interface.
Geometry instantiations of geometric points, when used as values, shall realize
DirectPosition.

REQ. 54 Geometry and Geometry Primitive are abstract in the sense that no object or data
structure from an application schema can instantiate them directly.

REQ. 55 Instances of Geometry and Geometry Primitive shall also be instances of one of one

of their dimension specific subtypes, such as Point, Curve, Surface or S

olid.

This is not the case for Geometry Complex, which can be directly realized by an application schema

clas

for an application schema to include a concrete class called "Geometry Complex" in\a-(

that
case

of sul

conc

6.4.2
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[

6.4.3

s Although Geometry Complex 1S not explicitly implemented by this document, 1T WO

COHEJ)

rmant to this document. Recall that the name space of the application schema-is di

pporting an implementation directly. Constructors on these interfaces result in insta
Fete subtypes, not in direct logical instances of the root type.

Interface TransfiniteSetOfDirectPositions

y geometry operations are simple set theory, which does pet.vary based on the cardi
nvolved. Unfortunately, the term "set" in most programining languages refer to a fin
ts or object identities. The abstract interface "TransfiniteSetOfDirectPositions" repre

| number of members.

e use of finite precision digital computing)."Fhe collection
{xe R|0sx<1}

pically infinite. On a digital computer it may only have 264 things in it, big but
nsfinite” represents that nothing on a digital computer is truly infinite, but that doej
being too large to deal with'in reasonable time.

termine whether, &-particular "direct position" is in the set. Each Geometry Interfa
to implement thisywith the limitations of a limited accuracy computing platform.

5 a TransfinitéSetOfDirectPositions, then:

Xxe A:| = [A.contains(x) = TRUE]

Df this document and such seemingly logical abuses of name are nonethelesstvalid. TH
for the purely abstract interfaces within this document. These interfaceg ‘are logical

'y operations that cannot be always be tested by simple enumeration techniques for

ansfiniteSetOfDirectPositions” can be very latge in the number of elements (limited ¢

uld be valid
lass library
Fferent from
is is not the
y incapable
ces of more

hality of the
te collect of
bents the set
sets with a

nly to finite

not infinite.
not keep it

ole operation is a testing operation "contains", which applies whatever hidden function is required

ce type will

(12)

— codeListtBoumdary Type

The codelist BoundaryType (Figure 2) describes how boundary of a set is calculated in some
"ambiguous" situations. Common values are as follows:

— metric (from metric spaces, based on distance and topology);

© ISO

mod 2;

atleast 2.
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The metric boundary comes from metric spaces, which generalize R" spaces. A metric space A is any set
thathas a function m: A x A = R that acts like a distance. Formally, this means "m" satisfies three axioms:

m:A®A—-R &
[‘v’x,ye A,m(x,y):m(y,x)]/\
[(‘v’x,ye A,m(x,y):0)<:>x:y]/\

[‘v’x,y,ze A,m(x,z)< m(x,y)+m(y,z):|
Given any metric, we can define a distance between a point x € M and a subset A of M.

(13)

dist (x, Q)= min{m(x,a) lae A}

The definitipn of boundary is given by:

[Vxe M| | [xe 4] [ dist(x,4)=dist(x,M-4)=0]]

The "mod 2" and at "least 2" use the Primitives definition of their boundary, but disagree on

Collections work. This is described in detail in 10.8.2.
6.4.4 Interface Geometry

6.4.4.1 Sdmantics

Geometry (Figure 10) is the root class of the geometrig object taxonomy and supports inter
common td all geographically referenced geometrie; objects. Geometry instances are sef

DirectPositipns in a particular coordinate reference system. Geometry can be regarded as a poten

infinite set

Transfinite{
collection c]
Geometry iy

Geometry a

NOTE Aj

Instantiated

Attributes are values assignéd to represent properties of an object. If the general content of the o

is such that
has marked
without par

Per. 1

REQ. 56

REQ. 57

56

of points that satisfies the set operation interfaces for a set of DirectPositions tha
etOfDirectPositions (essentially a setdefined by a Boolean "isIn" operator). Since an inf
ass cannot be implemented directly, a Boolean test for inclusion shall be provided b
terface. This document concentrates on vector geometry classes, but future work ma
b a root class without modification.

a type, Geometry does not have a well-defined default state or value representation as a data
subclasses of Geometry will have.

the value might be calculable from a reasonable representation of the object, this docu
it as "derived". There is no functional difference between an attribute and an oper
hmeters<In «interface» classifiers in UML, the mechanism of implementation is undefi

(14)

(15)

how

faces
s of
tially

is a
inite
y the
y use

type.

bject
ment
htion
hed.

manner, as derived or stored attributes or as functions with or without param

hmplementations may support any attribute or operation from this document in any

ers.

The use of geometry instance for the description of features shall be consistent

with ISO 19109.

All attributes in the root class Geometry, except isEmpty, shall be consistent

with

the basic attribute defined in the default constructor’s type, all of which are subtype

of the datatype GeometryData.
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6.4.4
The

_ «interface» n «interface»
TransfiniteSetOfDiredtPositions Collection
+ contains(pt: DirectPosition): Boolean + allowedType: GeometryType [0..°] = {geometry}
<> + elementType: GeometryType [0..7]
+ /numElement: Integer
+ add(geo: Geometry): Boolean
0.* + remove(geo: Geometry). Boolean
+element «constructor»
«interface» + Collection(data: CollectionData): Collection
Geometry A
+ isEmpty: Boolean {readOnly}
+ asBinary: Binary
+ asGML: XML Segmentation
+ aslext: CharacterString
. sData. G toDat.
+ boundary: Geometry {readOnly} gsigment
+ centroid: DirectPosition {readOnly} "d d
+ closure: Geometry {readOnly} {ordered} <>
+ convexHull: Geometry {readOnly}
+ coordinateDimension: Integer {readOnly} «interface» +element
+ envelope: Envelope {readOnly} ] Primitive
+ is3D: Boolean {readOnly} 0..* {ordbrell}
+ isCycle: Boolean {readOnly}
+ isSimple: Boolean {readOnly}
+ isValid: Boolean {readOnly}
+ maximalComplex: Geometry {readOnly}
+ mbRegion: Object {readOnly} +supEtComplex 0. -
+ representativePoint: Point «interfade»
+ rsid: RSID [1..*] {readOnly,ordered} Complgx
+ spatialDimension: Integer {readOnly}
+ topologicalDimension: Integer {readOnly} +subComplex 0..*
+ metadata: URI [0..*] {readOnly,ordered} <, Contains
+ type: GeometryType [1..*] {readOnly}
+containingGeometry
+ buffer(radius: Disance): Object 0.*
+ dimension(point: DirectPosition): Integer
+ distance(geometry: Geometry): Distance
+ distance(position: DirectPosition): Distance Interior to K
+ equal(geometry: Geometry, cs: GeometricReferenceSurface): Boolen «codelizt»
. " GeometryType
+ equal(geometry: Geometry). Boolen
+ transform(new: RSID): Geometry +containedGeometry + empty
«constructor» 0. + geometry
+ Geometry(text: CharacterString): Geometry + point
+ Geometry(xml: XM L): Geometry + curve
+ Geometry(binary: Bit): Geometry + srface
+ Geometry(data: GeometryData): Geometry + line
«property get» + geodesic
+ is(): Boolean * polllygt':.n
+ collection
«property set» + splinecurve G«data:yp; t
. - voi eometryDdta
+ set(newVal: Boolean): void + splinesurface Ty!
constraints + splinesolid + rsid: RSID[1..*] {ordered}
{dimension() > boundary().dimension} + thumb + type: GeometryType
{boundary().notEmpty() impliesboundary().diménsion() = dimension() -1}
{boundary().isEmpty() = isCycle()}
{dimension() >= cotainedPrimitive.dimension()}
Figure 10 — Geometry root object
.2 Attribute isEmpty
Boolean valued attribute isEmpty indicates that the instance of geometric object is the empty set.
: : . n : "

Since

ject. Once an

instance is known to be empty (this.IsEmpty = TRUE), the rest of the information in the object becomes
redundant until the this.isEmpty Boolean is reset to FALSE.

isEmpty: Boolean

If the isEmpty is set to TRUE, the object is locked until the isEmpty is set to FALSE. Essentially setting
the isEmpty to TRUE changes the behaviour (as defined by its class) of the object to match the class
Empty, defined in 6.4.10. The implementation of this “class” or “behaviour” change may vary depending
programming language or other aspects of the object orientation mechanism.

© ISO
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Per. 2 Implementation may use the isEmpty Boolean to set objects to Empty temporarily
until a "transaction” or similar action is either completed or undone.

Rec.9 Long-term existence (persistence) of an "empty” geometry is not recommended
but is not prohibited.

NOTE In this manner, "isEmpty" can be used much as "marked for deletion" is in some drafting systems,

allowing a geometry to be kept for "undo” commands without its appearance in the display.

REQ. 58

REQ. 59

There is on]
spatially eq

REQ. 60
REQ. 61

6.4.4.3 Attribute asBinary

The attribut

6.4.4.4 Attribute asGML: XML

The attribut

6.4.4.5 Attribute asText: ChavacterString

The attribut

hal.

ca

€ a

€ a

6.4.4.6 Atltribute asData: GeometryData

L , Sha ave d ately In its
other operations and attributes; e.g., this.boundary, this.centroid and otherderived
Geometry are all empty, and any derived DirectPosition shall return a NULL value
or flag.

ANY geometric object for whict EMPTY=T RUE, St hehave appropr

The topological dimension of an empty geometry shall be -1.

y one empty geometry. Multiple instances may represent the empty geometry, but all are

All empty geometry objects shall be spatially equal.

If isSEmpty=TRUE, the GeometryType="empty".

sBinary will be a well-known binary (WKB)\representation for the Geometry.

asBinary:Bdnary

sGML will be a GML representation for the Geometry.

isGML: XML

sText willbe a well-known text (WKT) for the Geometry.

asText:CharacterString

The attribute asData will be the default datatype for the constructor for this element

asData:GeometryData

6.4.4.7 Attribute boundary: Geometry

The “boundary” attribute is the topological boundary of this Geometry. The boundary will always have
a topological dimension one smaller than the current object, unless the object is empty or is a cycle
("isCycle=TRUE").

58

boundary:Geometry
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REQ. 62

ISO 19107:2019(E)

The finite set of Geometries returned by boundary shall be in the same
system as this Geometry.

coordinate

The boundary Geometry Geometries returned may have been constructed in response to the operation.

REQ. 63

REQ. 64

REQ

REQ

REQ
REQ

REQ

The
the 9

Geon

REQ

REQ

NOTH
thea

6.4.4
The {

The return value of the boundary of a cycle ("isCycle=TRUE") shall always be an

instance of Empty.

The return value of the boundary of a point shall always be an instance of the
empty set as a geometry object. For every instance of the point interface or of any

representation of the empty geometry shall also have "ic(‘yrlp:Trnp"

65

66

67

68

69

70

71

prganization of the set returned is dependent on the type of Geometry. Each insf]
ubclasses of Geometry described below may specify the organization of its boundalry set more
completely dependent on the level to which*the application has conformant implem
hetry Complex or Topology Complex.

Some topolegy text use “~1” as the dimension of the empty set to make points just anoth
bove.

.8 Attribute centroid

ttribute centroid is a coordinate location that is the "centre of gravity" of the geometr

The boundary of a curve if not empty or not a cycle shall be 2 points; the
Point) and last (endPoint) point of the curve.

The boundary of a surface, if not empty or a cycle, shall be a'set of cur
which is a cycle and is simple and each of which has the surface on its
its right.

The boundary of a solid, if not empty, shall be a set of surfaces, each of whi

In a 2D spatial system, the only surface which isa cycle (having an empty
shall be the universal surface containing allypessible positions or the e|

In a 3D spatial system, the only solid which is a cycle (having a emptyj
shall be the universal solid covering all possible positions or the empty

All objects in the boundary of a geometry shall be of at least 1 dimens
than the dimension of the original object.

first (start-

ves, each of
eft, but not

chisacycle.

boundary)
mpty set.

boundary)
r set.

antiation of

bntations of

ion smaller

If a non-empty, non-cyclic geometry object shall be a primitive other than a point,

then the boundary geometry object is 1 dimension smaller than the dji
the objeet..The boundary of a finite set of points shall be empty.

mension of

er example of

centroid:DirectPosition

The centroid is a calculated value and may not be actually be on the geometric object.

REQ. 72

The attribute centroid shall return the position of the geometric centroid of the

geometric 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 this average.

EXAMPLE

A "perfect" donut (torus) has its centroid in its "hole in the centre".

© IS0 2019 - All rights reserved
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There can be cases for which this position would be outside the domain of validity of the object's
coordinate reference system, but this is unlikely, since the domain of validity of most coordinate
reference systems is convex. If this unlikely case should arise, the implementation shall decide
on appropriate action. Modifications of the centroid algorithm are possible to interpret curves as
centrelines associated with some width, or points as centres with radius. In such cases, the dimensional
restriction for mixed aggregates may not hold. The implementation specification shall decide on

appropriate

interpretations base on their requirements.

6.4.4.9 Attribute closure

REQ. 73

The attribute "closure" shall return a finite set of Geometries containing all of the

These obje
of Geometr
Geometry if
Geometry i

to the operation.

6.4.4.10 Aftribute convexHull

REQ. 74

There can b
of validity o
of most coo
shall decide
and the use

object. Eachh implementation, hall decide on an appropriate solution to this ambiguity. For

reasonable
the transfon

6.4.4.11 Attribute.coordinateDimension

The attribut

points on the boundary of this Geometry and this object (the union of the o
and its boundary).

t collections shall have further internal structure where appropriate.The finit
es returned shall be in the same coordinate reference system as this,Geometry. I
in a Complex, then the boundary Geometries returned shall be in the Same Complex.
not in any Complex, then the Geometries returned may have been constructed in resp

closure:Geometry

convexHull:Geometry,

The attribute convexHull shall return the smallest convex set containing th
ometric object.

e cases for which this calculated_¢onvex Geometry would be partially outside the do
f the object's coordinate refexence system, but this is unlikely, since the domain of va
dinate reference systemg-is.convex. If this unlikely case should arise the implement
of different coordinate-systems may result in different versions of the convex hull

roordinate systeéms, a convex hull of an object in one will be very closely approximatg
med image of;the convex hull of the same object in the other.

e coordinateDimension is the number of axes in the reference system.

bject

b set
If the
f the

onse

P ge-

main
idity
htion

on appropriate action. Convexity requires the use of "lines" or "curves of shortest length"

bf an
two
ed by

coordinateblimension: Integer

6.4.4.12 Attribute envelope

The envelope of a geometric object is the smallest coordinate rectangle containing the geometric object.

REQ. 75 The attribute "envelope” shall return the smallest coordinate rectangle in the corre-
sponding reference system that contains all the direct position in the geometry object.

REQ. 76 Any coordinate tuple in the data points shall be interior to the "envelope”, with
respect to inequalities defining the envelope, the coordinate form it is presented
in. (see REQ.10).
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The "envelope" will be the minimum bounding box for this Geometry. This will be the coordinate region
spanning the minimum and maximum value for each coordinate offset taken on by DirectPositions in
this Geometry. The simplest representation for an envelope consists of two DirectPositions, the first one
containing all the minimums for each coordinate offset, 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 system.

NOTE

envelope:Envelope

If a coordinate system "wraps" around singularities, there can be several alternate representations

for the envelope. Applications that allow this will have to be careful in choosing one that makes sense in their

operd

6.4.4

The ]
REQ

6.4.4

The ]
is "cl
confi

REQ

The

tiomat concept: Thisdocument does Mot Specify ttow this s doTe:

.13 Attribute is3D: Boolean

Geometry::is3D:Boolean

77 If "is3D" is TRUE for an instance of Geometry, then the spatialDimen

instance is 3.

.14 Attribute isCycle
isCycle:Boolean
Boolean attribute "isCycle" indicates whether the boundary is empty. The common tert

osed" but that has a specific topological niéaning, and this document uses "isCycle
ision.

78 The attribute "isCycle" shall be true if and only if the boundary of thg¢

object has an emptybeundary.

attribute "isCycle" will be-TRUE if this Geometry has an empty boundary after

simpllification (removal of oyerlaps between components in non-structured aggregates, s

subc
curv
word
butl
is th
A cu
isom
geny|
solid

EXAMPLE

asses of Collection). This condition is alternatively referred to as being "closed" as
", This creates some-eonfusion since there are two distinct and incompatible definit
"closed". The use ofthe word cycle is rarer (generally restricted to the field of algebra
bads to less confirsion. Essentially, an object is a cycle if it is isomorphic to a geometri
e boundary 6f-a'region in some Euclidean space. Thus, a point is a cycle as its boundad
ve is a ¢yele if it is isomorphic to a circle (has the same start and end). A surface is 4
prphic<ta‘the surface of a sphere, or some torus (possibly with some number of hol
s not\1). A solid with finite size in a coordinate space of dimension 3 is never a cycle
tobe a cycle, it has to exist in four dimensions.

Boolean attribute "is3D" indicates where the geometric object is using three spatial difnensions.

sion of that

h often used
' to prevent

t geometric

topological
ich as some
in a "closed
ions for the
ic topology),
C object that
ry is empty.
cycle if it is
es — i.e. of a
For a finite

isEmpty.

isCycle & boundary.isEmpty

6.4.4.15 Attribute isSimple

isSimple:Boolean

The following OCL uses the boundary to view Geometry and then tests for an empty set using the

The Boolean attribute "isSimple" indicates whether the subject self-intersects (either by self-crossing
or by self-tangency).
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REQ. 79 The attribute isSimple shall returns FALSE if and only if the geometric object has a

point of self-intersections or has a point of self-tangency.

The attribute "isSimple" will be TRUE if this Geometry has no interior (non boundary) points of self
intersection or self tangency. In mathematical formalisms, this means that every point in the interior
of the object must have a metric neighbourhood whose intersection with the object is topologically
isomorphic to an n sphere, where n is the topological dimension of this Geometry.

Since most coordinate geometries are represented, either directly or indirectly by functions from regions
in Euclidean space of their topological dimension, the easiest test for simplicity to require that a function
exists that is one-to-one and bicontinuous (continuous in both directions). Such a function is a topological

isomorphis
returns TRU

h. This test does not work for "closed" objects (that is, objects for which the isCycle oper
E) which will not be one to one on the boundaries of the parameterization domain.

While Geometry Complexes contain only simple Geometry Geometries, non simple Géonietrie

often used i

"Spaghetti”
geometric a
Such incons

h "spaghetti” data sets.

is a pejorative (uncomplimentary) term, usually indicative of an _unacceptable ley
nomalies and inconsistencies in the data that must be "cleaned" béfore use is made
stencies can include (but are not limited to) any or all of the follewing anomaly type

undershot line is a line that should intersect another, but falls short leaving-a small gap between i

the point of]
(such as wh
especially d
often indica
overshot li
excess line
at too smal
terminate af
point of inte
a line after
same geomg
and gaps be
where the r

intersection. This is often hard to distinguish from real "fiear misses" between fea
ere a road is separated from another by a wall only one’ brick thick). This problg
ifficult to handle when the undershoot fails to close a.surface or polygon boundary. T
Live of the digitizer working at too small a scale andifailing to "snap” to the end of ling|

rle is a line that should intersect and terminate at another, but goes too far, leaving a {
n

the far side of the point of intersection. This*is often indicative of the digitizer wo

a scale and trying to "snap" the end of lines* End loop (a line that should intersec
another, but goes too far and then returns;leaving a small excess loop on the far side g
rsection. This is often indicative of the digitizer working at too small a scale and "snap

try, but do not coincide, leaving ar€as of overlap between two surface boundaries (sli
tween them. This problem is patticularly difficult to deal with in areas of braided str
bal geometry of the natural feature resembles the sliver and gaps of simple bad digitiz

practice. Thiis is often indicative of multiple sources for the same data, which have been merged|

not properly
heuristics (4
different fad

' conflated), into the same-database. The real problem with "spaghetti” comes in thg
pither manual or automated) used to correct the problems often result in additiong
tual errors. This cdimbe a severe quality issue for geometry.

6.4.4.16 Attribute isValid

The Boolear]

REQ. 80

attribute YisValid" tests to assure that the local representation of geometry is valid.

isValid:Boolean

ation

b

are

el of
of it.
5: An
t and
ures
m is
his is
s. An
mall
rking

and
fthe
ping"

he has already overshot it. Slivers and-gaps are multiple lines that should represenit the

vers)
Pams
Ation
(but
t the
1 but

The attribute "isValid" shall be TRUE if and only if the structure of the geometric

objectis valid as geometry.

6.4.4.17 Attribute maximalComplex

As a set of primitives, a Geometry may be contained as a set in another larger Geometry, referred to
as a "super set" of the original. A Geometry is maximal if there is no such larger super set in the same

dataset.

REQ. 81 The attribute "maximalComplex" shall return the maximal set of Geometry within
which this Geometry is contained.

62 © IS0 2019 - All rights reserved


https://standardsiso.com/api/?name=78d09e2d312bd9a5968e4df970c6c5e9

ISO 19107:2019(E)

maximalComplex:Geometry

If the application schema used does not include Complex, then this operation may return a NULL value.

NOTE

The usual semantics of maximal complexes does not allow any Primitive to be in more than one

maximal complex, making it a strong aggregation. This is not an absolute, and depending on the semantics of
the implementation, the association between Primitives and maximal Complexes could be many to many. From a
programming point of view, this would be a difficult (but not impossible) dynamic structure to maintain, but as a
static query only structure, it could be quite useful in minimizing redundant data inherent in two representations
of the same primitive geometric object.

6.4.4

The
doc
geo
nece

The {

REQ

REQ

REQ

6.4.4

The

The'
is gu
the p
use g

.18 Attribute metadata: URI[0..*]

optional attribute metadata is a list of URIs (Uniform Resource Identifiers) of r¢

entation that gives information on the geometry type (class or interface) for the i
etry. If the value of metadata is NULL, or if the metadata attribute is*not support
5sary information is in this document.

metadata: URI[O0..*]

ittribute metadata may be a static attribute of the implementation class of this object.

mative document describing the standard implementation of this obje

.19 Attribute representativePoint: DirectPosition

representativePoint" may be implemented in different ways. It is a point value (DirectP
hranteed to be on (interior to) this Geometry. The default logic may be to use the Dire
oint returned by th&operation "Geometry::centroid" if that point is interior to the obj

Definitions for symbology and type placement are outside the scope of this document.

Geometry: :representativePoint:DirectPosition

bferences to
nplemented
bd, then the

82 Each value of the attribute Geometry:metadata shall be URI references fto informa-
tion on the implementation of this geometry object.

83 If the optional attribute metadata‘is not implemented or has a NULL value, the
needed information shall be frem this document.

84 If the attribute metadata ismiot NULL, then the first URI in the array shall be a nor-

Ct.

httribute representativePoint is a coordinate location that is somewhere on the geomletric object.

osition) that
'tPosition of
bct. Another

frepresentatiyePoint may be for the placement of labels in systems based on graphic pjresentation.

REQ. 85 The attribute representativePoint shall return a position interior to the geomet-

ric object

6.4.4.20 Attribute rsid: RSID [1..¥]

The attribute "rsid" identifies the reference system used for all coordinates used within the geometry.

© ISO

Geometry::rsid:RSID[1..*]
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All direct positions and geometry objects returned by accessing a geometric object
shall use the reference system identified by the "rsid" unless another RSID is implied

or supplied by the interface.

In some geometry types, additional information associated with direct positions may be required to
calculate interpolations (e.g. homogeneous weights for rational splines). These additional values may

be stored at

REQ. 87

the "end" of the direct position's coordinate array.

If the geometry object inherits a reference system from a container, then the

local reference system shall be consistent with the inherited system in
the rsid identifier of the container shall be the initial part of the rsid o

that
f the

NOTE
are added on

geometric object.

This is common for lists of parameters that can be extended in such a manner that new param

the "right" end of the parameter list.

6.4.4.21 Aftribute spatialDimension: Integer

The attributle spatialDimension is the number of spatial axis in the reference system. The normal v

are 2 or 3.

Geometry:: spatialDimension:Integer

6.4.4.22 Aftribute topologicalDimension: Integer

The attribut

Geometrytoq
For primitiy

Empty
Point
Curve
Surface
Solid

]

REQ. 88

e topologicalDimension is the largest topological dimension of the components of the ol

ologicalDimension:Integer

es, the topological dimensions are:

11l-dimensional

-dimensional

-dimensional
2-dimensional

—-dimensional

contained primitives.

6.4.4.23 Aftribute typé: GeometryType [1..¥]

The descrif
instantiable]
implementa

tions (of\geometric interpolations in the document are all defined in interfaces
clasSes. The details of the instantiation of each type of interpolation may vary a
Lions -that are only obliged to follow the forms of the defined interfaces. The attribute

shall hold a

afbdrancabhacl 0 f]'\‘a wﬂ—nv{-‘qna forintarfacac) fraom thic daciimant A its-extensions +h 1

The dimension ef\any collection shall be the maximum of the dimensions of

eters

hlues

bject.

the

not
[TOSS

type
tare

supported b

EXAMPLE

Complex).

64
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y this particular instantiated object.

Geometry::type:GeometryType[l

o]

A designed roadbed may change interpolation mechanism, and be presented as collections of
reaches, road segments between intersections. Such a road may carry a type list including (curve, Geometry
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REQ. 89 The type of the geometry object shall contain a value or values from the local Ge-
ometryType codelist which contains all instantiable types for geometry objects
supported by the system.

REQ. 90 The type value returned shall be the most specific types applicable to this particular

instance of geometry object.

Association Interior to:

Role containingGeometry: CGeometry [0 * ]

In so|

comparison of representation, usually when one of the geometry objects is a smaller dim

that
a cod

explicit in those cases subject to ambiguity.

Role containedGeometry: Geometry [0..%*]

ne cases, it may be difficult to determine if one geometry object is contained ifi'anothe

pf the other. For example, a point on a surface may be subject to "round off" errors thg
rdinate calculation ambiguous. The purpose of the association "Interior to" is to make

by a simple
ension than
t may make
this relation

6.4.4.24 Operation buffer (radius: Distance): Geometry
REQ| 91 The operation "buffer” shall return a Geométry containing all direct positions with
distance to this geometry of less than thé given radius distance.
Geometry: :buffer (raddus:Distance) :Geometry
6.4.4.25 Operation: dimension (point: DirectPosition = NULL): Integer
REQ| 92 The operation "dimension” shall return the inherent topological dimension of this
Geometry, which shall be less than or equal to the coordinate dimensign.
The dimension of a collection®fgeometric objects shall be the largest dimension of any of its plieces. Points
are (J-dimensional, curves-are 1-dimensional, surfaces are 2-dimensional and solids are 3-dimensional.
Locally, the dimension éfageometric object at a point is the dimension of a neighborhood df the point -
that |s the dimension®@fany coordinate neighborhood of the point. Dimension is unambiguously defined
only [for DirectPositions interior to this Geometry.
REQ| 93 If the passed DirectPosition for dimension is NULL, then the operation shall return
the largest possible dimension for any DirectPosition in this Geometry|'s interior.
Geometry::dimension (point:DirectPosition=NULL) : Integer
Operation: distance (geometry: Geometry): Distance
Operation: distance (point: DirectPosition): Distance
6.4.4.26 Operation: distance
REQ. 94 The operation "distance" shall return the distance between this Geometry and
another Geometry, or position.
The two required operations are:
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distance (geometry:Geometry) :Distance //to a geometry

distance (point:DirectPosition) :Distance //to a point

"Distance"” is one of the units of measure data types defined in ISO 19103.

The role of the reference system in distance calculations is important. There are three types of
distances between points (and therefore between geometric objects): map distance, geodesic distance,
and terrain distance. Map distance is the distance between the points as defined by their positions
in a coordinate projection (such as on a map when scale is taken into account). Map distance is only
accurate where the prOJectlon S pomt scale factor is close to umty, but map dlstance is also correctable

for accuracy
correction.

the surface
behaves wel
air and sea
constant be
displacemer
map distand
Since the dij
digital comy
distinguishi
be partially
implementa

6.4.4.27 O]

The functio
set of direc
are spatially
A. If no coo
spatiotempq

Because of |

If a Geomet]
the Geomet
added, then

REQ. 95

REQ. 96

Geode51c dlstance is the length of the shortest curve between those two points
of the Earth model being used by the coordinate reference system. Geodesic )dist
| for wide areas of coverage, and considers the Earth’s curvature. It is especially’hand
navigation, although care should be taken to distinguish between rhumb\line (cur
hring) and geodesic curve distance. Terrain distance takes into accountthe local ve
its (hypsography). Terrain distance can be based either on a geodesic distance or
e. It is necessary to assure that geometry objects are topologicallyclosed (by defini
tinction between less than a distance or equal to a distance is beyond the capability o
utation, this should not matter since the inherent limitation of@digital computations nj
[ng between less than or equal to a distance. There are casesfor which this Geometry w
outside the domain of validity of the object's reference system. If this case should aris
Lion shall decide on appropriate action.

peration equal

n "equal" for Geometry is defined by set guality (Geometry is defined as a trans}
positions). If A and B are instances of implementation subtypes of Geometry, then
F equal if all spatial positions in A are @lso in B, and all spatial positions in B are al
rdinate system is passed, the assumed projection is the spatial coordinates. Theref
ral coordinate system for the geometry would only be checked for spatial equality.

his, any empty geometry is equal to any other empty geometry.

icCoordinateSystem is giveh, the set equality is based on the projection of the objectg
[icCoordinateSystem (6.444.20). For example, if a parameter "t" to represent time has
the equality would-be-spatiotemporal.

If the coordinate system of the passed object is changed to the coordinate sy
of this objéct, the operation "equal” shall return TRUE if and only if the conve
Geomietry is equal to this Geometry in its coordinate system.

The operation "equal” shall return TRUE if the passed Geometry when proje

to spatial coordinates only, is equal to this Geometry if it were also projected ¢

rlocal
along

ance
y for
es of
tical
on a
ion).
f any
akes
rould
b, the

inite
they
SO in
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into
been

stem
rted

cted
o its

. | s e h |
Spatarcoorarnates onty.:
equal (geometry:Geometry) :Boolean

equal (geometry:Geometry, cs:GeometricCoordinateSystem) :Boolean

6.4.4.28 Operation transform

The operation transform returns a new geometric object, in the new reference system indicated by the
passed RSID, equal to this geometric object within the accuracy of the transformation.

66
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REQ. 97 Each Geometry can produce a representation of itself in a given reference system
supported by the implementation

transform(new:RSID) : Geometry

NOTE The behaviour of a transform in non-spatial dimensions can be problematic. Normally, non-spatial
coordinates will have their own internal logic for transformations to other compatible systems. If the Geometry
is puyety spattal; then this transform 15 based on a CTange of Coordinates (Tomm one SC_CRSTo anotngr.

6.4.4.29 Constructors Geometry
Therf are four constructors for geometry:

Geometry (data: GeometryData): Geometry
Geometry (text: CharacterString) :Geometry

Geometry (binary: Binary) :Geometry

Geometry (xml: XML) :Geometry

REQ| 98 The constructor Geometry shall return a Geometry object of the class most con-
sistent with the passed data.

This joperation will be inherited by all subtypes-of geometry and will have to implement this for its own
implementation class. [t may rename the constructor locally to correspond to its class. For gxample:
Curve.Geomtry (CurveBata) = Curve.Curve (CurveData)
Curve.Geometry (text:CharacterString) :Geometry

Curve.Geometirytbinary:Binary) :Geometry

Curve.Gegmet#ry (xml:XML) : Geometry

Each| default datatypeMor geometry will always produce a version of itself regardlefs of which
Geometry constructor gets the data. For example, if a generic Curve constructor gets a LineData input,
its default action’isto locate a "Line" implementation and pass the constructor datatype tp it. So, if an
implementation ‘supports Line, BSpline and Geodesic, then if any constructor gets GeodesicData:

Geometry (GeodesicData) = Line (GeodesicData) =
BSpline ( (GeodesicData) = Geodesic (GeodesicData)
REQ. 99 If any implementation of the Geometry constructor is passed a datatype that it can-

not handle, it shall delegate the construction to the root Geometry constructor that
in turn shall have access to a constructor for any subtype of Geometry supported
by the system.

Table below summarizes the data structures for the default constructors.
NOTE1 Inheritance will repeat parameters for every subtyping relationship. Therefore, for example, the RSID

in GeometryData is inherited by all constructors of geometry interfaces. The "interpolation” codelist values are
not used, since the name of the constructor type implies the interpolation.
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EXAMPLE1 The default constructor data for line, rhumb and geodesic are identical since only the
"interpolation” differs between them.

If an implementation decides on a generic free-function to construct geometry instances, then the
geometry type would have to be included as a first parameter. In encoding this would be reflected in
the record type.

m,n

For orientable primitives, if the orientation is positive "+", it may be omitted from the base constructor.
If the orientation is negative "-", then both a positive and negative instantiation of the primitive should
be constructed. If the encoding mechanism has an identity and reference mechanism, then the negative
primitive should contain a reference to the positive instance. This would support the constraints on

Orientable.

EXAMPLE 2
a dataPoint 1
follow the su

The <LINE [

The Geomet
constructed

Following the pattern below, the constructor list for "Line" would be an RSID from-Geodn
st and knot list from Curve and a type label "LINE". Therefore the BNF for a line geofetry v
btyping tree and would look something like this:

LINE (<RSID>, <DATAPOINT LIST>,<KNOT LIST>)
LINEO (<Geometry DATA LIST>,<ORIENTABLE LIST>,

<CURVE DATA LIST>,<LINE DATA LIST>)
ATA LIST> would be empty, from the table below.

ryData datatype contains a derived parameter "type" spécifying the type of geometry
. In an object system with class structures, this is notiheeded since the constructor ¢

is associatedl to the type to be constructed. In a "free function" world (i.e. not classical OOPL), the

should be ix
type. In wel
isto use a "
for languagg

cluded in the constructor, since the "free functiei” may not be associated to a parti
known text, the name of the type is usually the epening label. Another way to get the
ypeOf" call on the parameter, and drop the/Data" at the end. The inclusion in the mo
s without a type system, such as JavaScript.

Table 1 — Geometry Default Constructor Data Types

hetry,
vould

to be
alled
type
cular
type
Hel is

Default Con (O . .
structor of Supertype \~ N Parameter Types (added to inheritance)
Geometry type:GeometryType, rsid:RSID[]
Collection Geometry element:Geometry[]
Product Collection, Curve element:Curve[], projections:Projection []
Curve
Point Geometry position:DirectPosition
Orientable Geometry orientation:sign
(Primitive)
Curve Orientable dataPoint:DirectPosition[], knot:Real[]
Line Curye
Geodesic Curve
Rhumb curve
Polynomial Curve coordinateOffset:RealPolynomial[]
Arc
Polynomial Curve degree:Integer, numArc:Integer, segment:Polynomial Arc[]
Curve
Offset Curve base:Curve, bearing: Bearing
Curve
Conic Curve centre:Position, angle:Bearing[], rotation:Rotation, isCycle:Boolean
Circle Conic radius:Distance
Spiral Curve curvature:RealFunction,torsion:RealFunction,
startPoint:DirectPosition,
startFrame:Vector|]
Bspline Curve isRational:Boolean,controlPoint:DirectPosition[]
Surface Orientable boundary:Curve[]
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Table 1 (continued)
Default Con- . .
structor of Supertype Parameter Types (added to inheritance)
Gridded Surface dataPoint:DirectPosition[][]
Surface
Polyhedral Surface, Collection
Surface
Polygon Surface
Solid Geometry boundary:Surface|[]
«codelist» «datatype» «codelist» «codelist» «codelist»
GEOMEYTYrE GEOMENyDatT STTTICETETpoTaTTon CUTV ST TpoTatTom SOMMterpolation
' I
«Ida.l?type» ‘«datatype»
PrimitiveData CollectionData
% N
[ [ |
«datatype» «datatype» «datatype»
PointData OrientableData SolidData
«datatype» % Ve «datatype»
CurveData SurfaceData
«datatype» «datatype» «datatype» «datatype» «datatype»
PolynomialArcData LineData ConicData ArcData ProductCurveData
«datatype» «datatype» «datatype» «datatype» «datatype» «datatype»
PolynomialCurveData RhumbData CircleData BSplineData ParametricCurveSurfaceData PolyhedralSurfaceData
T
|
¢ |
«datatype» «datatype» «dataType» «datatype» «dataType» «datatype» !
OffsetCurveData GeodesicData EllipticArcData ArcByCenter BSplineSurfaceData PolygonData [<< — — -
4datgtype» «datatype» dataT
Spiraibata TriangleData (<< — Triang:laizsfj‘:fea)::eData
Figure 11 — Geometry Default Constructor Data Types
NOTH 2 Inthe above table, several default constructor datatypes are empty. In these cases, the contents of the
defaylt-constiuetor do not vary from the inherited datatype from its superclasses. For example, [LineData can
use the sariesstructure as CurveData, but it will use a "linear" interpolation type, which is constant for the Line
consffructer operation. This is also true for Rhumb and Geodesic curves. All use the same constructor values but
use different interpolation because of their class.

6.4.4.30 Operations from TransfiniteSet realization

Each Geometry represents a potentially infinite set of points in its reference systems. This means
that a Geometry acts as a generalized set in some calculations, and is a subtype TransfiniteSet of
DirectPosition in the "coordinateSystem"” of the Geometry.

REQ. 100 All Geometry instances shall support all common set theory operations.

The Geometry instances realize the following operations from the Interface
TransfiniteSetOfDirectPositions.
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element:DirectPosition) :Boolean

contains (set:Geometry) :Boolean

intersects

equals (set:

union (set:Geometry) :Geometry

intersection (set:Geometry) :Geometry

difference

symmetricD]

The "symm

passed Geoinetry. The set definition of symmetric difference or "exclusive or" difference (ADB, A

AAB,or A\

A,Be S¢

6.4.5 Dat

The default
for the class
Geometry ((

6.4.6 CodelList: GeometryType

The codelist
the softwar

based on difnension and mechanism of interpolation.

REQ. 101

6.4.7 Intd

The Encodij
text or bina
representat

GML (a1

:2019(E)

//element of
//subset
//intersects

(set:Geometry) :Boolean

Geometry) :Boolean //equals A=B?

//union, AUB
//intersection

(set:Geometry) :Geometry //A-B

fference (set:Geometry) :Geometry // (A-B)U(B-2)

etricDifference” operation returns the set symmetric difference of this Geometry an

[ B ; ADB preferred) is:

t = A®B=(A-B)U(A-B)=(AUB)-(ANB)]

htype GeometryData

constructor datatype for Geometry is GeometryData. It is¢he root of the datatype hier

es under the Geometry interface. It will contain parallebattributes for the "rsid" attriby
) and the type attribute (0).

GeometryType is a local list of types inheriting from Geometry. It essentially repre
e contract between the implementation.and its users for the support of types of geon]

All subtypes of Geometry supported by an implementation shall be listed in the
copy of the GeometryType codelist. This list shall always include the root inte}
geometry, empty and point.

rface Encoding

ng sub-interface/for Geometry supplies a common set of operations for moving bet}
Iy representations of Geometry and object instantiations. The three common altern
ons are;

y vérsion may be supported)

1 the
\ + B,

(16)

rchy
ite in

sents
etry,

local
face

veen
ative

—  WKT (v

1121 4 )
CIIT"RITIUVVI1 LCALJ

— WKB (well-known binary)

REQ. 102

The require

70

Each geometry subtype shall support attributes and constructors that support well-
known text (WKT), Geography Markup Language (GML), well-known binary (WKB)
and the datatype GeometryData including its subtypes, allowing any instance to
return values for these formats and be constructed from valid instances of elements

given in these formats.

d attributes are:
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asText:CharacterString //WKT character string
asBinary:Binary //WKB Bit string
asGML:CharacterString //GML character string (XML fragment)
asData:GeometryData //associated class datatype

The required constructors are:

Geometry (text:CharacterString) :Geometry //from WKT
Geometry (bin:Binary) :Geometry //from WKB
Geomgtry (gmlText:CharacterString) :Geometry //from GML
Geomgtry (data:GeometryData) Geometry //from datatypg

6.4.8 Interface Query2D

6.4.8.1 Semantics

The Query2D sub interface of Geometry supplies interfaces for query in 2D coordinate §paces or in
3D goordinate spaces where the geometry objects are projectéd onto the horizontal surface (the
GeometricReferenceSurface in use). For each of the operationsin this interface, each of the geometric
objeqts (if not already 2D) is projected onto the Reference Surface being used in thg geometric
coorglinate system.

6.4.8.2 Operation: distance

The pperation distance returns the distance bétween the input geometric object and this geometric
obje¢t after they have been projected onto the,GeometricReferenceSurface being used.

distance. ((another: Geometry): Distance

This|distance is the minimal distance between two points in the two projected objects. If the objects
overlap, then the distance is zero:

Thisdistance is defined to.be-the greatest lower bound of the set of distances between all pdirs of points
that nclude one each frem-each of the two geometry objects. If necessary, the second geometric object
shall|be transformed into’the same coordinate system as the first before the distance is calfulated.

The return valuedmay be in one of the units of measure datatypes defined 1SO 19103.

6.4.8.3 Operation: buffer (distance: Distance): Geometry

The buffer operation creates a new geometry object that contains all direct positions that pre within a

dlst ned (laccthan araaualtatho dictancal afthic conmaotru ahiact
HEe{1e55+ah-oeqidrt0+t1e- a5t hece 6+ S- e omett RARA=sAaca

buffer (distance: Distance): Geometry

NOTE It is necessary to assure that geometry objects are topologically closed (by definition). Since the
distinction between less than a distance or equal to a distance is beyond the capability of any digital computation,
this should not matter since the inherent limitation of digital computations makes distinguishing between less
than or equal to a distance.

The distance operation returns the distance between the parameter geometry object and this geometry
object. The distance will be consistent with the GeometricReferenceSurface in use, and the distance
on the Reference Surface as is consistent with the 2D nature of this interface (Query2D). Thus, the
operation buffer creates a new geometric object containing all the direct positions whose distance from
this geometric object is less than the radius passed. If the radius is "0", the resulting object is equal to
this geometric object. If the radius is negative, the returned geometric object contains all directions
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positions within this object whose distance from the boundary is greater than the absolute value of
the passed radius. The Geometry returned is in the same reference system as this original Geometry.
The topological dimension of the returned Geometry is normally the same as the spatial dimension of
the reference system a collection of Surfaces in 2D space and a collection of Solids in 3D space, but this

may be appl

ication defined.

buffer (distance:Distance) :Geometry

There are cases for which this Geometry would be partially outside the domain of validity of the object's
reference system. If this case should arise, the implementation shall decide on appropriate action.

6.4.8.4 Sd

The operati
intersection|
closed sets
limitation o

6.4.8.5 S¢

The operatjon difference returns the best geometry object that<corresponds to the set thed

difference d
closed sets

along its boyindary (within the limitation of the metric accuracy of the geometric representations)

6.4.8.6 S¢

The operatign symmetric difference (symDifference) returns the best geometry object that corresp

to the set th
Since the sy
differ from
the geometr

6.4.8.7 S¢

The operati
the paramef
the set theo

fon intersection returns the best geometry object that corresponds to the set\thed

t operation: intersection

of the parameter geometry object and this geometry object. Since the interSection o
s closed, the set theoretic answer should be equal to the topological answer (withi
the metric accuracy of the geometric representations).

intersection (another:Geometry) :Geometry

t operation: difference

f this geometry object and the parameter geometry:object. Since the difference of
s not necessary closed, the set theoretic answer may differ from the topological an|

difference (another:Geomettry) :Geometry

t operation: symDifference

eoretic symmetric difference of the parameter geometry object and this geometry ol
mmmetric difference of two elosed sets is not necessary closed, the set theoretic answe]
the topological answer along its boundary (within the limitation of the metric accurg
ic representations).

symDifference (another:Geometry) :Geometry

t operation:dinion

bn unien.returns the best geometry object that corresponds to the set theoretic uni
er gegmetry object and this geometry object. Since the union of two closed sets is cl
reticanswer should be equal to the topological answer (within the limitation of the mj

retic
F two
h the

retic
two
swer

onds
hject.
may
cy of

bn of
bsed,
etric

accuracy of
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union (another:Geometry) :Geometry
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«interface»
TransfiniteSetOfDiredtPositions

+ contains(pt: DirectPosition): Boolean

TransfiniteSet<DirectPosition>

«interface»
Query2D

+ boundaryType: BoundaryType

+ distance(another. Geometry): Distance
L E5 dict - Rict \: fo 1

«interface»
Encoding

/asText: CharacterString
/asBinary: Binary

+ +

«set»
intersection(another: Geometry): Geometry
difference(another. Geometry): Geometry
symDifference(another. Geometry): Geometry
union(another: Geometry): Geometry

«query»
contains(another: Geometry): Boolean
crosses(another: Geometry): Boolean
disjoint(@another: Geometry): Boolean
equals(@another: Geometry): Boolean
intersects(another: Geometry): Boolean
overlaps(another: Geometry): Boolean
touches(another. Geometry): Boolean
within(another: Geometry): Boolean

«reference»

—rasOit—CiraracterStmmy

/asData: GeometryData

+

«constructor
Geometry(text: CharactelString): Ge
Geometry(bin: Binary): Gedmetry
Geometry(data: GeemetryData): Ge
Geometry(gmITextsCharacterString

+ o+ 4+

metry

metry
Geometry

«interfa¢e»
QueTy3D

+ /3Dboundary: Geometry
+ /3DconvexHull: Geometry

withinDistance(another: Geometry, distance: Distance): Boolean

relate(another. Geometry, matrixRows: CharacterString): Boolean

6.4.8.8 Map queryoperations

+

3Ddistance(another.Ge€ometry): Distance
3Dbuffer(distanceN\Distance): Geometry

«set»
3Dunion(arfether: Geometry): Geometry
3Dintersection(another. Geometry): Geometry
3Ddifferenhce(another: Geometry): Geometry
3DsymDifference(another: Geometry): Geometry

+

+ 4+ + 4+

«gleny»
3Dequals(another: Geometry): Boolean
3Ddisjoint(another: Geometry): Boolean
3Dcontains(another: Geometry): Boolean
3Dcrosses(another: Geometry): Boolean
3Dintersects(another: Geometry): Boolean
3Dtouches(another: Geometry): Boolean
3Doverlaps(another. Geometry): Boolean
3Dwithin(another: Geometry): Boolean
3DwithinDistance(another: Geometry, distance: Distance): Boolear

+ o+ 4+ o+ = s

«reference»
+ 3Drelate(another: Geometry, matrixRows: CharacterString): Booled

E]

Figure 12 — Geometry Root Extensions

The fopologicalyquery operations are generally dependent of the work following from|[33], which
allows themtobe defined by a 2 by 2 matrix, but later under a 3 by 3 matrix or possible outcomes of set

interjsections. This is discussed fully in 10.8.

conthbis <3rw ther:C metryu) =B laoaon

nEoin D

S
crosses (another:Geometry) :Boolean
disjoint (another:Geometry) :Boolean
equals (another:Geometry) :Boolean
intersects (another:Geometry) :Boolean
overlaps (another:Geometry) :Boolean

touches (another:Geometry) :Boolean

within (another:Geometry) :Boolean

© IS0 2019 - All rights reserved

// crosses B

// disjoint from B
// equals B

// intersects B

// overlaps B

// touches B

// interiour to B
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withinDistance (another:Geometry,distance:Distance) :Boolean

// A within distance to B

relate (another:Geometry,matrix:CharacterString) :Boolean Boolean

// Referemce using matrix

Some of these operations are equivalent to simple set operations as follows:

A.contains (B) &A2B A.disjoint (B) &aB=0

6.4.9 Inte

The Query3

A.equals (B) &A=B A.intersets (B) #@

A.within (B) &B.contains (A7)

rface Query3D

D sub-interface of Geometry supplies interfaces for query in 3D cqordinate spaces.

these operations are only distinct from those in Query2D if the objects and-all parameters of

Geometry iif

REQ. 103

REQ. 104

The specifiq
3Dboundary
3DconvexHul
The specifiq
3Ddistance

3Dbuffer (

The set opet

the operation are also 3D spatial, all object supporting Query3B_are 3D spatial object

All Geometry objects in a Query3D operation are also of type Query3D

For instances of Query3D, "is3D" shall always be TRUE.

3D attributes are:

Geometry // a spatial 3D boundaxry

1:Geometry // a spatial 3D convex hull

3D operations are:

(another:Geometry) : Pistance // 3D distance
istance:Distance) : Geometry // 3D buffer

ations and relations are-also special for 3D and are as follows:

bince
type

D.

3Dintersectfion (another:Geemetry) :Geometry //A intersect B
3Ddifferenge (another:Geodmetry) :Geometry //A-B
3DsymDiffefence (andther:Geometry) :Geometry // (A-B) U (B-2)
3Dunion (angtheryGeometry) :Geometry //AUB
3Dcontains terether+-ceometsryr+RBooteasn vy
3Dcrosses (another:Geometry) :Boolean //A2B
3Ddisjoint (another:Geometry) :Boolean //aNB=0
3Dequals (another:Geometry) :Boolean //RA=B
3Dintersects (another:Geometry) :Boolean //BNB#Q

3Doverlaps (another:Geometry) :Boolean
3Dtouches (another:Geometry) :Boolean

3Dwithin (another:Geometry) :Boolean

74

//see Clause 10.8
//see Clause 10.8

//see Clause 10.8
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3DwithinDistance (another:Geometry,dist:Distance) :Boolean

//A.distance (B) is less than "dist"

3Drelate (another:Geometry,matrix:CharacterString) :Boolean

//reference implementation of topological operators (10.8)

Some of these operations are equivalent to simple set operations as follows:

A.3Dcontains (B) $&A2B

A.3Ddisjoint (B) <aNB=0

A.3D

A.3D

6.4.1

The 1
Emp
it wg
6.4.4

The {
Bool
that

It is
whet
any g

A BeSet:[A=B|<|[xe A]=[xeB]]

bquals (B) <A=B A.3Dintersets (B) #@

vithin (B) &B.contains (A)

0 Interface Empty

mplementation of the isEmpty attribute at Geometry (see 6.4.4.2) may require the exi
[y object class. Whether a geometry object is empty because the isEnipty is set to TRU
s created as an instance of the class EMPTY, its behaviour is the'same and describe
2. In either case, the implementation of this behaviour is an implementation prerogati

Pmpty set is unique, but it may be represented by any subtype of Geometry through th
ban attribute. There is only one empty set, because the'set theoretic definition of equ
hny @ is always equal to any other @.

required in this document to allow the set'‘operations (see 6.4.4.29) to have a proper
e empty results are possible (e.g., theintersection of two disjoint geometries or the
eometry and itself). Since the Empty,set does not have a defined dimension, no define

Syste
pri
pri
Math

itself
prov

The
(gred

i

m, and nothing that distinguishes it from any other @, it does not properly belong t

tive class.

Some of the behavior of the empty geometry (the empty set, @), especially when it i
geometrically, is possibly counter-intuitive, so the following facts are given (all maf
hble from the definjtions):

listance frommthe empty set, @, to any other non-empty geometry is +oo. This is from t
itest loweribound) or min in the definition of distance:

listance(A,B) =min{c.length|ce Curve,c.startPointe A,c.endPointe B}

§

stence of an
E or because
here and in
ve.

e "isEmpty"
hlity implies

(17)

return type
ifference of
coordinate
p any of the

tive classes, but can use the "isEmpty" Boolean to be represented by instances of any geometry

hteract with
hematically

he use of glb

(18)

For any geometry for which isEmpty=TRUE, then the following hold:

© ISO

A buffer, convex hull, boundary, canonical representation or envelop of @ is @.
The topological dimension of empty is minus one (dim (@) = -1).

The Booleans isEmpty, isCycle, isSimple and isValid are TRUE for @.

The centroid and representativePoint of @ are both @.

The return values of stroke, transform, mapProject (or any projection) of @ is @.
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Any intersection with @ is @ (AND=0).

Any union of gand Ais A (AuD=4).

The difference and symmetric difference of Aand @ is A (A - @ = A).
The difference of @ and anything is @ (0 - 4 = 0).

The distance from @ to @ or any other geometry is +co.

@ is a subset of every set; @ is a superset only of itself.

The set "{9}
is zero. The

(the set of sets containing only the empty set) and @ are not the same. The cardinality of @

cardinality of {@} is one.

6.4.11 Intdrface Primitive

6.4.11.1 Sdmantics

For the pury
dimension 4§
primitives ¢

oses of this document, a geometry primitive is a connected geometry object with a unifform
t every interior point. Depending on the spatial dimension of‘the coordinate spacd, the
pnsist of subclasses of Point, Curve, Surface and Solid.

-1 Empty set, containing nothing

0 Point, 0-dimensional "positions"; each point is isolated.

Curves, 1-dimensional geometry objects where €ach non-boundary point is embedded in a
local neighborhood topologically isomorphig;to an open interval on the "number line"

din a
bsian

Surfaces, 2-dimensional geometry objeéts where each non-boundary pointis embedde
local neighborhood topologically isomerphic to the interior of the unit circle in the Cart
2D space, i.e. a plane.

lin a
bsian

Solids, 3-dimensional geométry objects where each non-boundary point is embeddeq
local neighborhood topolggically isomorphic to the interior of the unit sphere in a Cart
3D space.

A large nun
represented

Euclidean n|
dimension.
and any ren]
other measy
which will

iber of the geometri¢types in this document are defined parametrically, that is the
by functions fronr a set of parameters (in a parametric space, usually a subset of

dimensionahceordinate space or E™) into a coordinate space of some equal or 1
[he first féw~dimensions (up to 3) representing geographic space, the next possibly
ainder representing whatever the application needs, such as distributed attributes or
res. The type of geometry is usually determined by the dimension of the parameter s
hormally be equal to the topological dimension of the resulting geometry. Therefd

0-paramete

y are
some

Arger
time,
some
pace,
re, a

[ géometric_object is a point, 1-parameter geometric object is a curve, a 2-paran

heter

geometric object is a surface and a 3-parameter geometric object is a solid. To maintain this, a
parametric mapping defining a geometric object should be locally bicontinuous to maintain topological
dimension. This means in the parameter space, around any parametric point is a possibly small
neighbourhood in which the spatial projection of the parametric mapping is one-to-one with a
continuous inverse. This would mean that locally, the geometric object would be an image of n
dimensional Euclidean space, which forces its topological dimension to be the same as the number of
parameters.

In each part of the included model, this version of this document includes generalizations of the standard
geometric objects (points, curves, surfaces and solids) to more complex and flexible interpolation
algorithms.

The Geometric primitive package contains all the root geometric primitives. Primitives are considered
the minimal pieces of geometry to be dealt within the context of values. Since most sets of points in
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geometry are infinite (except for points), primitives can usually be split into smaller pieces that would
also represent geometric primitives, so the usual definition of primitives being non-decomposable
cannot be used. In geometry, primitives are objects that are chosen not to be decomposable into finer
geometric objects. They can be decomposed into segments or patches (which are of the same dimension)
that are used for representational purposes (such as interpolation). The closest semantic usage here is
classical Euclidean geometry, where lines, circles and other geometric constructs are treated as a single
entity. Operation may further break them apart as smaller geometric entities, but the originals still
maintain their identity, and structure.

Implementations wishing to combine the functions of geometric primitive types and interpolating
structures should use the multiple realizations of these sets of interfaces in defining classes within
theirfapplication or proiile schema. Care should De taken sSINce INteriace realization carries the intent of
substitutability.

Georpetry Primitive (Figure 13) is the abstract root class of the geometric primitivesIts main purpose
is to| define the basic "boundary" operation that ties the primitives in eachydimensipn together.
A gepmetric primitive is a geometric object that is not decomposed furtheryinto other grimitives in
the gystem. This includes curves and surfaces, even though they are composed of curve [and surface
segnjents. This composition is a strong aggregation: curve and surface.segments cannot gxist outside
the context of a primitive.

NOTH Most geometric primitives are decomposable infinitely many times. Adding a centre point to a line can
split that line into two separate lines. A new curve drawn across a suiface can divide that surface irjto two parts,
each pfwhich is a surface. This is the reason that the normal definition of primitive as "non-decompjosable"” is not
plausgfible in a geometry model - the only non-decomposable objéct 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 pfimitives may
or mgy not be a geometric complex. Geometric complexes have additional properties such as closureg by boundary
opergtions and mutually exclusive component parts.

6.4.11.2 Association: Role segment

The [ole "segment" lists the components.(contained smaller primitives of the same dimension) of
Primjitive, each of which defines a portieh of the Primitive. The order of the segments is the order in
which they are used to define the Primitive.

Primitve::segment: Primitve [0..*]

REQ{ 105 Points-shall have no segments.

REQ| 106 €Curves may have segments; the order shall imply the order of the curves in the
relation role.

REQ| 107 The curve shall be traced first in the composite, then each segment shalll be traced
recursively in its order in the segment array.

REQ. 108 In the case of Surfaces or Solids, the order may be ignored.

In Curves, it indicates the order for tracing. Since the composition is recursive, the traversal is specified
to be depth first. First the root curve is traversed, and then each of its segment curves are traversed in
the order of the role. The various parameter intervals are shifted as needed to make the totality of the
parameter spaces continuous.

6.4.12 Datatype PrimitiveData

The datatype, in addition to the inherited attribute from GeometryData, will have an attribute
"segment” of type "PrimitiveData*[0..]" referencing PrimitveData instances representing the associated
segments defined in Clause 0 "segment”
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6.4.13 Interface Point

6.4.13.1 Semantics

A Point instance of the Geometry is a single location given by a direct position (Figure 14).

6.4.13.2 Attribute position: DirectPosition

The attribute "position" gives the location of the Point in its reference system. The distinction between
Point and DirectPosition is that Point as an object instance has a system supplied identity, but an
instance of DirectPosition is a data type whose only identity is its value.

Point::position:DirectPosition

6.4.13.3 Attribute boundary: Geometry = Empty

The attribute "boundary” gives the boundary of the Point as a Geometry reference system. Sincg the
boundary of a point is always empty, the boundary object will always have isEmpty=TRUE.

Point: :boundary:Geometry.isEmpty

REQ. 109 For all Points P, P.boundary.isEmpty shall alwaysbe TRUE and P.segment—length = 0.

pe Point = [p.boundary.isEmpty] A[p.segment — length=0] (20)

This is the feason that dimension of @ is considered to~be —1. In most cases, where d is the boundary
operator, the following is true:

dim(A)Edim(04)+1 (21)

If a point is limension 0, this would implythat the dimension of @ would have to be -1.
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+segment 0..”

«interface» tsrs «interface» «interface» = {ordered}
GeometricCoordinateSystem 1 Geometry <| Primitive Segmentation
«interface» «interface» «interface»
Point Orientable Solid

+
+

position: DirectPosition
boundary: Geometry =EMPTY

+
+
+

bearing(toPoint: DirectPosition): Bearing
pointAtDistance(bearing: Vector): DirectPosition|
vectorToPoint(toPoint: DirectPosition): Vector

+ orientation: Sign

boundary: Surface [1..%]

+ oppisite(): Orientable

Jarea:Area

constraints

{self->primitive grientation="4"}

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

¥
¥
+ /volume: Volume
¥
¥

knot: Knot [0..3]

interpolation: SolidInterpolation [0..1] =brep

4
4

«create»

Point(data: PointData): Point
Point(pt: DirectPosition): Point

{fpatialDimension=0}

constraints

«datatype»
GeometryData

+ rsid:RSID [1..*] {ordered}
+ type:GeometryType

«datatype»
PrimitiveData <}

e

{self->proxy.orientation=

«create»
+ Solid(data: SolidData): Solid

+ Solid(segment: Solid*): Salid

constraints
{spatialDimension=3}

«interface» «interface»
Curve Surface
«datatype»
PointData

+

position: DirectPosition|

«datatype»
OrientableData

<—

+ segment: PrimitiveData*[0..*] {ordered}|

6.4.1
The

+

orientation: Sign =+

«datatype»
CurveData

+ dat@PRoint: DirectPosition [2..*] {ordered}
+/ knot*knot={0,1,2,3,4,...},1
+ \(segment: CurveData*[0..¥]

«datatype»
SurfaceData

«datatypex
SolidData

boundary: SurfateData* [1..¥]
segment: SolidRata* [0..*]
knot: Knot [31fsequence}

+ boundary: CurveData [1..¥]
+ segment:SurfaceData* [0..*
+ knot:Knot [2]{sequence}

Figure 13 — Geometry Primitives and Their Default Constructors

3.4 Operation: vectorToPoint (toPoint: DirectPosition): Vector

bperation "vectorToPoint'y will return a vector in the tangent space at the point who
determines a geodesic curve that intersects "toPoint" DirectPosition at a distance equal to
the viector. This operatiomsolves the second geodetic problem.

Point::vectorToPoint (toPoint:DirectPosition) :Vector

«interface»
Primitive

«interface»
Point

se direction
he length of

constraints
{Point->segment is Empty}

{typeOf(Curve->segment)=Curve}

position: DirectPosition
boundary: Geometry =EMPTY

bearing(toPoint: DirectPosition): Bearing

{typeOf(Surface->segment)=Surface}
{typeOf(Solid>segment)=Solid}

«datatype»
PointData

+ position: DirectPosition|

© IS0 2019 - All rights reserved

«create»

+ pointAtDistance(bearing: Vector): DirectPosition
+ vectorToPoint(toPoint: DirectPosition): Vector

+ Point(data: PointData): Point
+ Point(pt: DirectPosition): Point

{spatialDimension=0}

constraints

Figure 14 — Point

79


https://standardsiso.com/api/?name=78d09e2d312bd9a5968e4df970c6c5e9

ISO 19107:2019(E)

6.4.13.5 Operation: Bearing (toPoint: DirectPosition): Bearing

The operation "Bearing" is similar to "vectorToPoint" without the distance information in the vector. It
is essentially a constructor for Bearing based on this point and a target point.

Point::Bearing (toPoint:DirectPosition) :Bearing

6.4.13.6 Operation: pointAtDistance (bearing: Vector): DirectPosition

The operation "pointAtDistance" will return a DirectPosition given a vector in the tangent space at the
point whose direction determines a geodesic curve that intersects that DirectPosition at a distance
equal to the|length of the vector. This operation solves the first geodetic problem.

Point::pointAtDistance (bearing:Vector) :DirectPosition

L

6.4.13.7 Cgnstructor: Point (pt: DirectPosition): Point  Constructor: Point (data:PointDatq):
Point

The constryctor Point (overloaded) will create an instance of a Point geométr'y object, at the given
direct Positjon.

Point::Point (pt:DirectPosition) :Point

Point::Point (data:PointData) : Point

6.4.14 Datatype PointData

The datatype PointData, subtyped under PrimitveData, will contain in addition to its inherited
attributes, 9 DirectPosition in an attribute called position (0).

6.4.15 Intdrface Orientable

6.4.15.1 Sdmantics

The interfafe Orientable supplies Afunctionality for primitives that can be meaningfully revé¢rsed
without chapging their "set theoretic” definition.

Orientable grimitives (Figure*l5) are those that can be mirrored into new geometric objects in terms
of their coofdinate systemis,-For curves, the orientation reflects the direction in which the cunve is
traversed, that is, the seh$e of its parameterization. When used as boundary curves, the surface heing
bounded is to the "left"(of the oriented curve. For surfaces, the orientation reflects which directjon is
"up”, the "top" of thexsurface being the direction of a completing "z-axis" that would be the local upyard.
When used ps a-bgtndary surface, the bounded solid is "below" the surface. The orientation of ppints
and solids hagno immediate geometric interpretation in 3-dimensional space.
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Orientable objects are essentially references to geometric primitives that carry an "orientation"
reversal flag (either "+" = "same orientation") or "-" = "reversed orientation") that determines whether

+ =
this primitive agrees or disagrees with the orientation of the referenced object.

NOTE There are several reasons for subclassing the "positive" primitives under the orientable primitives.
First is a matter of the semantics of subclassing. Subclassing is assumed a "is type of" hierarchy. In the view used,
the "positive" primitive is simply the orientable one with the positive orientation. If the opposite view were taken,
and orientable primitives were subclassed under the "positive" primitive, then by subclassing logic, the "negative"
primitive would have to hold the same sort of geometric description that the "positive" primitive does. The only
viable solution would be to separate "negative" primitives under the geometric root as being some sort of reference
to their opposite. This adds a great deal of complexity to the subclassing tree. To minimize the number of objects
and to bypass this logical complexity, positively oriented primitives are self referential (are instances of the

corre
denot

sponding primitive subtype) while negatively oriented primitives are not. Orientable primiti
ed by a sign (for the orientation) and a base geometry (curve or surface). The sign datatype

ves are often
is defined in

ISO 1p103. If "c" is a curve, then "< +, ¢>" is its positive orientable curve and "<, c>" is its negative'origntable curve.
In mast cases, leaving out the syntax for record "<, >" does not lead to confusion, so "<+, c>*{may be written as "+c"
or simply "c", and "<, c>" as " c¢". Curve space arithmetic can be performed if the curves aligh properly|so that:

For ¢, d:OrientableCurves

such that c.endPoint=d.startPoint

then (c+d)== <c,d>
6.4.15.2 Attribute orientation: sign

The
obje(
and
vect

Each
disti
impl
The

a suf
bott

6.4.1

An o
€q

The

i
primjitive.

'orientation” of an orientable primitive determinesiwhich of the two possible orier
t represents. Changing the orientation of a curye‘would reverse its direction and sw
end of the curve. Changing the orientation of ‘a-surface would reverse the directio
r" and the direction of each of its boundary curves.

instance of an orientable primitive may proxy for itself and for its reverse. The at
hguishes these two cases, where "+ implies positive orientation, i.e. a proxy for it
es a proxy for its reverse. In 2D ands3D systems, the primitive can be either a curve

feverse of a curve swaps start and ‘end and thus determines the direction of paramet
face, the orientation is the direction of the top of the surface, and a negative "-"

-" reve
m, in effect reversing the upward normal of the surface.

Orientable::orientation:Sign

5.3 AssociationRoles: proxy and primitive operation reverse (): Orientable

rientable primitive (either a curve or a surface) will be associated with a proxy that
with the opposite orientation. The proxy need not carry any information except the id

hssociation role "proxy" will always be the proxy version of the primitive. The assq

tations this
ap the start
h of the "up

tribute sign
self, and "-"
br a surface.
erization. In
ses top and

is spatially
lentity or its

ciation role

prim

1tive will always be original primitive.
Orientable::proxy: Orientable

Orientable::primitive: Primitive

The operation "reverse()" will always return the opposite object in the pair.

6.4.16 Datatype OrientableData

The datatype OrientableData (Figure 15), subtyped under PrimitveData will contain in addition to its
inherited attributes, a sign in an attribute called orientation (6.4.15.2).

© ISO

2019 - All rights reserved

81


https://standardsiso.com/api/?name=78d09e2d312bd9a5968e4df970c6c5e9

ISO 19107:2019(E)

6.4.17 Datatype Knot

6.4.17.1 Semantics

The knots are values from the domain of a constructive parameter space for curves, surfaces and
solids. Each knot sequence is used for a dimension of the parameter spacek; € {ug,uq,u;..}. Thus,ina
surface using a functional interpolation such as a b-spline, there will be two knot-sequences, one for
each parameter, k; ; =(u;,v;). For such an interpolated solid, there would be 3, k; ;  =(u;,v;,w;).
The sequence of knots act as fence points with the intervals lying between the post, so the ith interval is
[ujg, uy].

In the knot pequence for a b spline, a knot can be repeated (affecting the underlying spline form||llae).
In other curves, knots will all be multiplicity 1. The number of repetitions is the multiplicity gf the
knot. The internal representation of the knot sequence has two equivalent representatiofis.- The fifst is
a simple se:JEJence, with repetitions of each knot for its multiplicity:

T={to.th t;.t3.&t, bwitht; <t;4 (22)
The second |form is each knot (a real, in R) is distinct and accompanied by a multiplicity (a pogitive
integer, in 7).

ki =(t;jg R,m;eZ) (23)

1

Either storalge format is acceptable, but the first is more comimonly used in the defining formulge for
b-splines.
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«in?erfafce» «enumeration» «datatype»
Primitive Sign GeometryData
{root}
+orox + rsid: RSID [1..*] {ordered}
1p Y Positve = "+" + type: GeometryType
«interface» Negative = "-"
Orientable ZF
+ orientation: Sign «datatype»
+ oppisite(): Orientable | +primitive PrimitiveData
A ! + segment: PrimitiveData* [0..*] {ordered}
«interface» «interface»
Curve Surface
«datatype» «datatype» «datatypg»
PointData OrientableData SolidDath
+ position: DirectPosition + orientation: Sign =% + boundary: SurfageData* [1..%]
+ segment: SolidData* [0..*]
+ knot: Knot [3] {seguence}

«datatypéy «datatypg»
«datatype» CurveData SurfaceDhta
Knot
+ dataPoint: DitectPosition [2..*] {ordered + boundary: Curv¢Data [1..%]
+ |value: Real [0..] = {0,1,2...} {sequence} +  knot: Knot-=40,1,2,3,4,..},1 + segment: SurfageData* [0..*]
+ |multiplicity: Integer[0..*] = 1 + segment\ElrveData* [0..*] + knot: Knot [2] {spquence}

Figure 15 — Orientable Primitive

6.4.17.2 Attribute value: Real

The attribute "value" is the value of the parameter at the knot of the spline. The sequence of knots shall
be a pon-decreasing sequence. That is, each knot's value in the sequence shall be equal to or greater than
the grevious knot's valie’The use of equal consecutive knots is normally handled using the|multiplicity.

Knot::value: Real[*]

6.4.17.3 Attribute multiplicity: Integer

The ptEsibute "multiplicity” is the multiplicity of each knot used in the definition of thg curve. The
Semdrtics of the Muitiptcity 1S explained i the description of the various Spimnes.

Knot::multiplicity: Integer[0..*]

6.4.18 Interface Curve

6.4.18.1 Semantics

The simplest of the orientable primitives is the Curve. This interface contains elements needed for
treating curves as geometric objects. In general, it must be kept in mind that there is always a way to
choose any point interior to the curve (not the start or end point) and to break the curve at that point
to create two curves, whose union is the equivalent geometry of the original curve. This is important in
editing procedures where topology or geometric complexes are being maintained.
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This document does not recognize "degenerate"” nor "zero length" curves, which as geometry are points.
Since many existing implementations do recognize such structures for technical reasons usually having
to do with system procedures, care must be taken in such implementations to interpret geometries
with a curve type but only point data.

REQ. 110 Implementations that recognized degenerate geometries (that do not satisfy their
own dimensionality claims) of any type shall have operations that test whether a
"local geometry instance" is actually of another topological dimension or matches
the topological dimension claimed.

REQ. 111 Any procedure requiring a non-empty, non-degenerate geometry of a particular
topological dimension shall be allowed to refuse "degenerate" geometries that do
not meet their dimensionality requirements.

REQ. 112 A curve shall always be bounded in the sense that it shall have a finite envelop, i.e.
not include "points at infinity".

Curve (Figyre 16) is a descendent subtype of Primitive through Orientable. It is the basip for
1-dimensioral geometry. A curve is a continuous image of an open interval and-sa.could be written as a
parameteriged function such as:

c(t):(afp) >R" (24)

“t”  igareal parameter;

R™ apdis coordinate space of dimension n (as determined by the geometric coordinate system).
Curves are fontinuous, connected and have a measurable length in terms of the coordinate system.
The orientation of the curve is determined by thisparameterization, and is consistent with the tangent

function, which approximates the derivativefunction of the parameterization and shall always polnt in
the "forwar@l" direction.

The paramefterization of the reversal ofithe curve c(t) : (a,b) — R"™ would have a function of the fofm:

s(t)=c(p+b—t):(ab) > R” (25)

Any other parameterization/that results in the same image curve, traced in the same direction, such as
any linear shifts and pesitive scales such as

e(t)=c(a+t(b=a)):(0,1)>R" (26)

This is an Uluivalcut Tept esentattonr—ofthe—same—cturve—Tor—clat ;t_y, this—deeutent 1C\,U5u; ZeS a
construction parameter (usually written as “t”) and an arc length parameter (usually written as “s”).
The two symbologies c(t) and c(s) represent the same curve, one parameterized by the constructive
parameter (from a "knot space") and the other by the arc length of the curve (measured from the start
point to the location.
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The derivative of a curve c, written as c, is a tangent vector in the tangent space of the Reference
Surface at the corresponding point on the curve. If the parameter is arc length, then the tangent is a unit
tangent (of length 1):

c(s)e T(c(s));

é(s)=1

(27)

If the parameter is something other than arc length, then the direction of the tangent is the same but its
length is changed by the "speed" of the other parameter.

o

If thd
the ¢

o

Usin

~

and:

o

The

o

The finit tangent is

o

=) +(3(0) (a())”

c(t)e T(c(t));
(t) :“é(t)“é(s)where c(t)=c(s)
pordinates of the embedding E3 space, then if c is written using the knet'space:

(£)=(x(£) ¥ (¢).2(t))

“u_n

p arc length, the variable “s” is used:

(s)=(x(s) ¥ (s).2(s))

(s)zé(t)/”é(t)” wherec(t)=c(s)

ronstructive tangent vector in the same E3 space is

(6)=(x(£). 7 (£)2(t))

(s)=(x(s) ¥ (s)2(5))

“«,_n

(28)

coordinate space is E3, Euclidean 3-space (e.g. geocentric), then the curye.ds written} in terms of

(29)

(30)

(31)

(32)

(33)

In the case wherethe curve “c” uses any non-plane Geometric reference system, the second derivative

c(s)

thus

tang

the tangent:

'c'(s):I;nH;g =k, Kn +1<g§g

© ISO

2019 - All rights reserved

is perpendicular to the tangent. It can be written as a sum of a vector k» normal to the/surface and

the curve's

patallel to the surface normal N, and a vector l;g tangent to the surface but normal t
WﬁmmmmmWWJWndicular to

(34)
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«interface»
Orientable

«datatype»
CurveData

«datatype»
CollectionData

+ orientation: Sign

+ oppisite(): Orientable

+ dataPoint: DirectPosition [2..*] {ordered}
+ knot:Knot={0,1,2,3,4,..},1

+ element: GeometryData* [0..*]

+ segment: CurveData*[0..%]

«interface»
Curve

«datatype»

OffsetCurveData

controlPoint: DirectPosition [0..*] {ordered}
dataPoint: DirectPosition [2..*] {ordered}
knot: Knot [0..1]1={0,1,2,3,...},1 {sequence}
interpolation: Curvelnterpolation ="linear"
/startConstrParam:Real

+ base:CurveData*
+ bearing: Bearing

«datatype»
ProductCurveData

+ projectionCurve: CurveData [1..*] {ordered}]

«interface»

T T T T T T T T+ o+ + 4

/endConstrParam: Real

/startParam: Distance

/endParam: Distance

/startPoint: DirectPosition

/endPoint: DirectPosition

/isRing: Boolean

/length: Distance
/numbDerivativelnterior: Integer [0..1] =0
/numDerivativesEnd: Integer [0..1]=0
/numDerivativesStart: Integer [0..1] =0
/reverse: Curve

1.*

+element
+productCurve

«interface»
ProductCurve

/parameterRange: Interval
projection: Projection [1..*]

B2 A T S

-
-

-

aslLine(spacing: Distance, offset: Distance): Line
constrParam(cp: Real): DirectPosition

length(pointl: DirectPosition, point2: DirectPosition): Length

length(cparam1: Real, cparam2: Real): Length
param(s: Distance): DirectPosition
paramForPoint(p: DirectPosition*): Distance[0..*]
tangent(s: Distance): Vector
tangent(knotParameter: Number): Vector
«copy»
Curve(cparaml: Real, cparam2: Real): Curve
Curve(dist1: Distance, dist2: Distance): Curve
«create»
Curve(data: CurveData): Curve

ProductCurve(data: ProductCurveData)

«interface»
OffsetCurve

+ distance: Length

+ refDirection: Bearing[0..1]

+ OffsetCurve(Data: OffsetGaryaData): OffsetCurve

+baseCurve

0. %

1

s

constraints
patialDimension=1}

isRing() =[isCycle()and isSimple()]}
knot->size=dataPoint->size}

In these cir(

surface, and|
is zero (rg =

A curve ma

Figure 16 — Curve, ProductCurve and OffsetCurve

0) then the underlying ¢urve is a geodesic.

y be composed of gne’or more curve segments. Each curve segment within a curve

umstances, the normal curvature vector kn =k, Kn is dependent on the curvature qf the

the geodesic curvature vecter kg =k, Eg is from the curve itself. If the geodesic curvature

may

be defined yising a differentdnterpolation method. The curve segments are connected to one anqther,

with the en
segment list]

6.4.18.2 Atftribute controlPoint

The control

 of each segnient except possibly the last being the start point of the next segment i
. If the curvedsa cycle, then the endpoint of the last is the start point of the first.

Pomt attribute contains a sequence of coordinate positions to be used in the constru

n the

ction

of the curve geometry. The mechanism will depend on the curve type. The control points will have the
same initial reference system as the geometry, but may have additional parameters columns for use in
the calculation of the data points (see below).

EXAMPLE

86

Curve: :controlPoint:DirectPosition[0..*]

In a Rational spline, the control points are weighted by a homogeneous coordinate. In circles or
circular strings, the additional parameter may indicate the bearing and distance from the control points (centre)
to the data points.
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6.4.18.3 Attribute dataPoint

The array dataPoint contains a sequence of points on the curve. The first coordinate, dataPoint [0], will
be equal to startPoint, and the last, dataPoint [dataPoint.Length -1], will be equal to the endPoint. The

data

points of a curve are in the coordinate space of the geometry.

dataPoint:DirectPosition[2..*]

6.4.18.4 Attribute knot

Knots are constructive parameterization values that correspond to the dataPoint entries, so that,

assu
the ¢

The 1

by p
from

If thq
one g

If we|
" seg
segn

6.4.1

The 3
of tH
mech
the p

ming an array k is the list of knot values, and P the list of dataPoint, and c the curve as
pnstruction parameter, then:

(kn)

name "knot" is from spline theory; it means a point in the parameter space of c(t) that
psitions, in the controlPoint and dataPoint arrays. The term knot-space then means
which knots are taken; i.e. the domain of the constructive parameter.

=P

n

e segment role is used to create a composite curve, then the knot arrays shall be con|
nother:

define "curve.knot.last" as the lastknotin the curve'sknot array, and the "segment.
ent.param.first" and "segment.param.last" as the/first or last knot or parametg
ents and all of its subsegments, then the continujt{Zof a curve requires the following c

{curve.startParam < curve.endParam};

{curve.endParam

segment (1), (Param.first };

{ Vi, segment (i) .param.dast = segment (i+l) .param.first};
{ Vi, segment (i) .param.last = segment (i+l) .param.first};
{ Vi, segment (i) Sparam.first < segment (i) .param.last};
{ Vi, segment (i) .knot.last = segment (i+l).knot.first};

8.5 Attributé interpolation

ttribute interpolation” specifies the curve interpolation mechanism used for the internz
is object¥Other segments, in the association role "segment” may choose other i
anjsmas. This mechanism uses the dataPoints, control points and control parameters t
osition of this Curve. The default value is "linear” in the coordinate system of the object

h function of

(35)

s controlled
the domain

sistent with

knot.last",
r used by a
pnstraints:

I dataPoints
hterpolation
0 determine

interpolation:CurvelInterpolation="1linear"

The attribute interpolation is a description of the mechanism using the controlPoint and dataPoint
arrays to calculate the segment. The default value "linear” implies that the coordinate representation of

each

segment is a combination of two sequential values in the controlPoint array:

P(t)=tP, +(1~t)P,_q;te[0,1]

6.4.18.6 Attribute startPoint

The startPoint is the coordinate location of the beginning of the curve.

© ISO
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startPoint:DirectPosition

6.4.18.7 Attribute endPoint

The endPoint is the coordinate location of the terminal end of the curve.
endPoint:DirectPosition
If the Curve uses segments, then the trancing of the curves internal data is first, followed recursively

by each segment in the order of the segment relation. For this reason the following constraints are
observed:

6.4.18.8 Attribute isRing

The Boolean valued attribute “isRing” indicates whether the curve is both closed and-siniple. I} this
case, it would be a valid boundary component of a surface.

isRing:Boolean

6.4.18.9 Attribute length

The attribute length is the length of the curve. The parameterization.@fithe curve by arc length is|thus
on the interyal [0, lengthl].

length:Length

6.4.18.10 Attribute numDerivativesInterior

The attribute numDerivativesInterior is the number.of continuous derivative guaranteed for valyes of
the constru¢tion parameter between the first and the last knot.

numDerivativesinterior:Integer [0..1]

6.4.18.11 Attribute numDerivativesStart

The attribute numDerivativesStart is the number of continuous derivative guaranteed for values of the
construction parameter just at®he startPoint.

numDerivativesStart:Integer [0..1]

6.4.18.12 Attribute numDerivativesEnd

The attribute numDerivativesEnd is the number of continuous derivative guaranteed for values qf the
constructiofp parameter just at the endPoint.

numDerivativesEnd:Integer [0..1]

The attributes "numDerivativesStart” and "numDerivativesEnd" specify the type of continuity between
this curve segment and its immediate neighbors, the first value for its predecessor, and the second for
its successor. If this is the first or last curve segment in the curve, one of these values, as appropriate,
is ignored. The attribute "numDerivativesinterior" specifies the type of continuity that is guaranteed
interior to the curve. The default value of "0" means simple continuity, which is a mandatory minimum
level of continuity. This level is referred to as "C%" in mathematical texts. A value of 1 means that the
function and its first derivative are continuous at the appropriate endpoint: "C1" continuity. A value of
"n" for any integer means the function and its first n derivatives are continuous: "C"" continuity.
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numDerivativesAtStart:Integer[0..1]=0;
numDerivativesInterior:Integer[0..1]1=0;

numDerivativesAtEnd:Integer[0..1]=0;

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 C9, since there is no spare control
parameter to adjust the incoming angle at the end 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. Functions to smooth curve segment transitions are important for merging segments while

main

aining alevel of continuity
(=] "4

6.4.1

The
endf

The 1
will
and

begins and ends respectively in the segment role, so that the startParam of any segment

first)
two |

6.4.1

The
cases
orde

8.13 Attribute startParam, endParam

httributes startParam and endParam indicate the arc length parametersfor the stg
oint respectively:

startParam:Length

endParam:Length

{param(startParam)=startPoint};

{param (endParam)=endPoint};
{length(startPoint,endPoint)=endPaxem-startParam=length}

tart and end parameter of a top level Curve (etre which is not in the segment role of an
hormally be 0 and the arc length of the curve respectively. For segments within a Cur
end parameters of the segment will normally be equal to those of the Curve where t

shall be equal to the endParam of the previous segment. If a Curve is used for other p
parameters must differ by the arc length of the Curve.

(s): [startParam, endParam] SR

8.14 Attributereverse

reverse of a Curye simply reverses the orientation of the parameterizations of the cu
, this involvés a reversal of the parameters spaces in the curve segments, and a rey

reverse:Curve

- of the s€gments within a curve segmentation association inherited from primitive (0).

rtPoint and

bther curve)
ve, the start
his segment

(except the
urposes, the

(37)

rve. In most
rersal of the

6.4.18.15 Attribute startConstrParam, endConstrParam

The attributes startConstrParam and endConstrParam indicate the knot-space parameters for the
startPoint and endPoint respectively. The "startConstrParam" and "endConstrParam” indicate the
parameters used in the constructive parameterization for the startPoint and endPoint respectively:

© ISO

startConstrParam:Real
endConstrParam:Real
constrParam(startConstrParam)=startPoint;

constrParam (endConstrParam)=endPoint;

2019 - All rights reserved
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There is no assumption that the startConstrParam is less than the endConstrParam, but the
parameterization must be strictly monotonic (strictly increasing, or strictly decreasing).

¢(t):[ startConstrParam,endConstrParam | »R" (38)

NOTE 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
will use constructive parameters, as the programmer deems reasonable, and calculate arc length parameters
when queried.

Attrihuatao

+ 13 mandaey
LTACCI IIUULC

6.4.18.16

The inheritg
simple curv
equal to end

If the curve
(see 10.8.3)
points depe

NOTE
themselves. 1
return value)]
where the Cu
In earlier ver

6.4.18.17

The functio
constructs g
sequence sh
positions or
are set, ther
they shall b
the implemse

The "spacin
points on th
limit of the
the line stri

ed attribute "boundary” on Curve returns the geometry of its topological boundary.

s, if startPoint is not equal to endPoint, the boundary is a two-point array. If startPo
Point, the boundary is an empty array.

boundary:Point[0..2]

is not simple, it may have only one boundary point depending ofi-the choice of boun
For example, a rho curve (shaped like the Greek letter “p”) may be a single point o1

hding on the choice of boundary paradigm.

The above point array will usually be two distinct positions) but both Curves can be cyc

'he most likely scenario is that all of the points used will betransients (constructed to suppo

, except for the startPoint and endPoint of the aggregated.Curve. These two positions, in thg

For
int is

dary
two

es in
rt the
case

rve is involved in a Geometry Complex, will be represenfed as Points in the same Geometry Complex.

Kions of this document, this operation was defined separately on the subclasses of Curve.

Operation asLine

i "asLine" determines an array of. Points lying on the original curve that are usq
line string. If "spacing” is given andnot zero, then the distance between the points ix

all be not more than "spacing".(f)"offset" is given and not zero, the distance betwee
the Line and the original curve shall not be greater than the "offset". If both param
both criteria shall be met-If'the original control points of the Curve lie on the curve,
b included in the pointsin-the Line's controlPoint array. If both parameters are zero,
ntation may use a general "accuracy” limit universal for the data.

asLimpeNspacing:Distance=0,0ffset:Distance=0) :Line

p" parameterdvill control an upper limit of the distance on the original curve of any two
e line string. A "0" means no limit is given. The "offset” parameter will control the u
Histanee*of any point on the original curve between two data points that are preserv

hg, to\some point on the original curve between these same two points. Again, a zero

means no 1i1|nit.

bd to
| this
h the
pters
then
then

data
pper
ed in
limit

REQ. 113 When invoking the operation "asLine" with both zero spacing and offset limits, the
resulting line shall include at least all of the DirectPositions in the dataPoint array
of the original curve.

REQ. 114 All points on the resulting line shall be on the original curve within the accuracy of
the numerical representation for the direct positions.

NOTE 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 "offset" version is useful in maintaining
a minimal representation of the curve appropriate for the display device being targeted (offset = pixel radius).
This function is also useful in preparing to transform a curve from one coordinate reference system to another
by transforming its control points. In this case, the "spacing” version may be more appropriate.
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6.4.18.18 Operation constrParam

The operation constrParam maps the "convenience" parameterization in the knot space to positions on
the curve. Knot values will produce entries in the dataPoint array. The operation may 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 curve, nor restrictions between a Curve and its
component Curves. The most common use of this operation is to expose the constructive equations of
the underlying curve, especially useful when that curve is used to construct a parametric surface. The
default values of the knot space are an array of integer valued, counting from 0, by 1, up to the number

of "knots".
e ParamteptReatitBireatRosits
6.4.18.19 Operations length
The pperation length will return the length of the curve between two points on'the curve,If the curve

isno
lengt
(fron

The

refen
meas
betw
poin
the 1l
pass
betw

The {
the d

Dista
diffe
para

L simple and passes through the positions more than once, the length retuvned will be
hs for the curve between the two points. Another variant of length uses constructive
 the knot space) to determine the segment of the curve for which @length is to be calg

length (pointl:DirectPosition=startPointy

point2:DirectPosition=endPoint) :Length

length (cparaml:Real=startConsthrParam,

cparam2:Real=endConstrParam|*Length

ength of a piece of curvilinear geometry shall\be a numeric measure of its length in 4
ence system. Since length is an accumulation of distance, its return value shall be
ure appropriate for measuring distances. The operation "length" shall return
een the two points along the curve. The default values of the two parameters shall
and the end, respectively. If either0f the points is not on the curve, then it shall be
earest DirectPosition on the curve-before the distance is calculated. If the curve is no
bs through either of the two points more than once, the distance shall be the minin
een the two points on this Euive.

econd form of the operation length shall work directly from the constructive parametg
irect conversion between the variables used in parameterization and constrParam.

nces between-'BirectPositions determined by the default parameterization are
Fence of the/parameter. The length function also allows for the conversion of the
neter to the-arc length parameter.

If p=(startParam + length (startConstrParam, p2))

then param(p)=constrParam(p2)

the smallest
parameters
ulated.

h coordinate
in a unit of
he distance
be the start
projected to
L simple and
hal distance

brs, allowing

simply the
ronstructive

6.4.18.20

REQ.

© ISO

Operation param

115

The operation "param" shall be the parameterized-by-length representation of the

curve as the continuous image of areal number interval. The operation returns the
DirectPosition on the Curve at the distance passed. This parameterization shall
be by arc length, i.e. distance along the Curve measured from the start point and

added to the start parameter.

param(s:Length) :DirectPosition

2019 - All rights reserved
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6.4.18.21 Operation paramForPoint

The operation paramForPoint returns a parameter for the "arc length" interpolation of the curve that
most closely returns the original point. If the DirectPosition is not on the curve, the nearest point on the
curve shall be used.

paramForPoint (p:DirectPosition) :Distance[0..*]

If the passed point " p:DirectPosition " is on the curve, and the returned distance is "d:distance" then:

param(d)==p and paramForPoint (p) contains d

The DirectP]t)sition closest is the actual value for the "p" used, that is, it shall be the point on the’(furve
closest to the coordinate passed in as "p". The return set will contain only one distance, tnlesf the
curve is not[simple. If there is more than one DirectPosition on the Curve at the same mipimal disfance
from the pagsed "p", the return value may be an arbitrary choice of one of the possible answers.

6.4.18.22 Operation tangent

The overlogded operation tangent(number) takes a knotParameter and, returns a tangent vector
associated yvith the coordinate system at the point whose constructive parameter was given of the
curve. If thel coordinates in the direct positions are (x;, x,, x3....) then thé.coordinates for the vectdr are
(dxy, dx,, dx}...) the differential operators for the coordinates. If 7 is-this tangent, and the unit tajlgent
is u then

dq_. de_g
al s M
e -
d de |z| ds
where

t  isthe knot parameter;

s isthe arclength parameter.

tangent (KnetParameter:Number) :Vector

tangent(s: Length): Vector

The operatipn tangent(Length) returns a tangent vector associated with the coordinate system gt the
point "s" arq lengtfiparameter of the curve. If the coordinates in the direct positions are (x, x;, x,, [x3....)
then the cogrdinates for the vector are multiples of (dx, dx;, dx,, dxs...) the differential operatorys for
the coordinates—Tti i fvati izati . The
tangent with respect to arc length will be a unit vector (have length 1.0), which is consistent with the

parameterization by arc length.

tangent (s:Distance) :Vector
Copy Constructor Curve (cparaml:Real, cparam2:Real) :Curve

Copy Constructor Curve (distl:Distance,Distance:Distance) :Curve
The overloaded copy constructor Curve, takes two points on an existing curve and excises the part of

that curve from the first given position to the second positions. The first version uses the constructive
parameter to select points. The second version uses distance "param"”. If the first parameter is less than
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the second, then the new Curve will agree in orientation with the original one. If the first parameter is
greater than the second, the orientation will be reversed.
Curve (cparaml:Real, cparam2:Real) :Curve

Curve (distl:Distance, Distance:Distance) :Curve

6.4.19 DataType CurveData

The datatype CurveData, a subtype of OrientableData, will contain copies of the attributes needed for
every Curve construction. The attributes are described in 6.4.18.5 "interpolation" which is usually

deriyable from the class name, 6.4.18.4 "knot", the lists of dataPoints, 6.4.18.3, as DirgctPositions,
and the list of segments for any subsegments as CurveData. Some curve interpolations will require
controlPoints also (e.g. b-spline).

6.4.20 Interface OffsetCurve

6.4.20.1 Semantics

An offset curve is a curve at a predictable distance and bearing fronia base curve. They cpn be useful

as a {
centl
side

imple alternative to constructing curves that are offsets bydefinition. For example, if
eline is stored, then offset from that curve at a constant{distance is the right hand a
bf the road.

The

curve. The offset is a bearing and a distance. If thebearing is absolute, the offset is the
equiyalent of a parallel translation. If the offset is relative, then the base direction is the ta
original curve, and the offset is a motion referenced to the base curve's direction. For ex
distdnce is 10 metres, and the bearing is 90°, then the offset curve is the right-hand side of {
buffgr of the original centreline (the small l1oops generated as in the usual buffer algorithm
as theey are in buffer generation, and each'point on the offset curve is exactly the correct di
the griginal curve).

6.4.2
The :

NOTH
issue
syste
coord
that ¢
of the

ffset curve stores the offsetand is can be constructedfrom the data or control points of

0.2 Attribute distance: Length

httribute "distance” is.the/distance at which the offset curve is generated from the bas
distance:Length
This assumes a constant distance from the base curve. Extensions to this document can

by using a function of position to determine distance (see ISO 19148 and the discussion of lin
Ims, and«[SO 19141 and the discussion on moving objects). Such approaches can require au

a highway's
nd left hand

the original
geographic
ngent of the
hmple, if the
he 10 metre
ire removed
stance from

S curve.

address this
par reference
bmenting the

inate;system with a linear reference to make the offset function easier to define. There is a ge
overage functions that map positions to values can be used to replace attribute values using

i

futiction. Such extensions are consistent with this document, but require mechanisms of theirfjown that are

neral concept
erange type

currently out of the scope of this document. In this case, the attribute distance could be replaced by a function of
position along the base curve. Such an approach might look like the following, where the domain of the returned
coverage function contains the base curve:

6.4.20.3 Attribute refDirection

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

In 3D, the base curve shall be required to have a well defined tangent direction for every point. If the
curve is not differentiable at some points, then the application may use a reasonable approximation to a
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smoothly varying tangent vector. The offset curve at any point (parameter) on the basis curve "c" is in
the direction:

s =vxt wherev =c.refDirectionand t =¢ =c.tangent (40)

For the offset direction to be well-defined, the refDirection v shall not at any point of the curve be in

the same, or opposite, direction as t ; which usually means that the curve does not have a purely vertical
slope at any point.

refDirection:Bearing[0..1]

NOTE Tie Bearing may not be constant. For example, if the reference direction is a variable tied’tfo the
underlying cfirve (e.g. left, right), then the Bearing will vary along the base curve position.

6.4.20.4 Association role: baseCurve: Curve

The association role "baseCurve" is a reference to the curve from which this curveé is defined as an
offset. All ngn-positional attributes, such as coordinate system, for the offset curive must be the sarpe as
for the base|curve.

baseCurve:Curve

6.4.21 Datptype OffsetCurveData

The datatype, OffsetCurveData a subtype of CurveData, will contain in addition to its inherited
attributes, attributes described in Clause 0 "length"”, and 0 "bearing" and an attribute of type CurvelData*
refereeing the base curve, described in 0.

6.4.22 Intdrface ProductCurve

6.4.22.1 Sdmantics

A product dqure is a curve composed of\other curves each sharing the same parameter space. For
example, a groduct curve "c" built frofn’2 projection curves "cy, ¢," would work like the following:

[cl :[a,b]%R";cz :[a,b]—)Rm}:
i (41)
c=¢1 ®cy:[@b=>R™™ c(t)=(cq1(t),c; (t))}

The more general formiwould be:

i
[OSiSr,ci fa,p]-R" }:{c:(({bci ):[a,b]—ﬂR i w (42)

In the extreme case, each dimension in the geometric coordinate space would be defined by a separate
function. A unit circle as a product curve in R? would be c(t)= (sin(t), cos(t)) .

A product curve may have different interpolation mechanisms for various disjoint subsets of the
coordinate offsets in the CRS. As such, it is both a collection of curves in various projections of the CRS,
and a curve in the full CRS. The collected curves support various offsets in the CRS, passing through the
projections of the datapoints and sharing the same knots. The ProductCurve and its projections share
constructive parameters.

6.4.22.2 Attribute parameterRange: Interval

ProductCurve inherits a knot array from Curve, the first and last knot is the interval of the curve.
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REQ. 116 In a ProductCurve, all projected elements shall be Curves. These Curves shall be
in the elements array inherited from Collection. Each of these Curves shall be a
projection of the ProductCurve into a disjoint projection of the coordinate system
of the ProductCurve. Each of these projected Curves shall share the knot array of
the ProductCurve. Each coordinate offset of the Product Curves coordinate system

6.4.22.3 Attribute projection: Projection [1..*]

The

corrg¢spond, in order, to the coordinate systems of the element curves. This may, be redu

coor

"rsid". Thus, it is an application implementation option since the projections'can be derived,

6.4.22.4 Aggregation role: element

For dach set of coordinate offsets that share an interpolation,‘the ProductCurve has a proj

into

of 11} curves in each of the coordinate offsets, as in the foermula:

o

The fole elements:curve[] lists all of the prdjected curves whose composite is the Product

NOTH In some cases, the interpelations of the coordinates can be cross dependent. So if the

eleva
Prod

o

6.4.22.5 Constructor: ProductCurve(data: ProductCurveData)

A Pr
coor

EXAMPLE

"1'Sp

shall be contained in one and only one of these elements.

parameterRange: Interval

httribute projection is the set of projections of the coordinate system of the Rrodug

linate systems in the element association where each element carries its own coordi

projection: Projection[l..*]

hat subset. For example, any curve could be written@asya ProductCurve whose projecti

(s)=(x(5), ¥(s5),2(s))

(elemedt), projection) :Curve[l..*]

kion model (DEM) z = h(x,) \h( that associates a z-value for any (%, y) position, there w
ictCurve following the elevation model defined by any 2D curve in (x, y):

(s)=(x(s), y(s), h(xs)¥(s)))

pductCurve is essentially a collection of curves, whose domain is the various projed
Hinate’space for the full curve.

tCurve that
ndant to the
nate system

pction curve
bns are a set

(43)
Curve.
'e is a digital

buld be a 3D

(44)

tions of the

ProductCurve: ProductCurve (data: ProductCurveData)

ace" would be something like this:

C =ProductCurve(CRS,((CRS(x), X),(CRS(¥),Y),(CRS(2),2)))

In 3D a curve can be written as c(t) = [x(t), y(£), z(t)] so the construction of C from 3 curves in

(45)

The Collection datatype inherits a CRS reference from the GeometryType, which can then be used in
its projection to each dimension to take the curves (in 1D) X, Y, and Z, synchronized by the common
variable "t" into a "3D Curve".
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6.4.23 ProductCurveData

The DataType ProductCurve Data, in addition to attributes inherited from CurveData will contain
an array for the projected curve using CurveData datatypes. Unlike Curve, this array is not a set of
references. The rsid attribute of the constructed product curve will be concatenation of all the rsid
arrays in the projected curves.

6.4.24 CodelList: Curvelnterpolation

Curvelnterpolation is a list of codes that may be used to identify the interpolation mechanisms
specified by an application schema. As a codelist, there is no intention of limiting the potential values

of Curvelntd
specifying 4
it. All interp
any point on
becomes ve
degree of ac

rpolation. Subtypes of Curve can be spawned directly through subclassing, or indirec
n interpolation method and a default constructor control parameters datatype to'su
plations used in this document have well-known algorithms for splitting a curve'segment at
the curve and maintaining the underlying geometry object (as a set of DirectPgsitions)
'y important in maintaining topology, and should be maintained (at least)te-a controllable
curacy) by any extension to this document that adds interpolation types:

ly by
port

This

REQ. 117 The set of curve interpolations shall be implemented by a cedelist. The local cpdel-
ist Curvelnterpolation shall only contain interpolation methods supported by the
local application.

Table 2 — Codelist Curvelnterpolation by interface and default constructor data

Interpolation Curve Interface O?\V Constructor Datatype

cqmpositecurve |Curve CurveData
ptoductcurve ProductCurve ProductCurveData
linear Line LineData
gagodesic Geodesic GeodesicData
rilumb Rhumb RhumbData
cifcular Arc, Circle ArcData, CircleData
spiral, clothoid Spiral, Clothoid SpiralData
elliptical EllipticAre EllipticArcData
cqnic Conig ConicData
polynomialspline |PolynomialSpline, CubicSpine PolynomialCurveData
b¢zierspline Bezier (BSpline) BSplineData
bgpline BSpline BSplineData
nifirbs Bspline in homogeneous coordinate systems |BSplineData
product ProductCurve ProductCurveData
cqmposite Curve CurveData

Table 3 — Code values and definitions for Curvelnterpolation

Code Value Definition
linear The linear interpolation mechanism returns DirectPositions on a straight line between
each consecutive pair of dataPoints.
geodesic The geodesic interpolation mechanism returns DirectPositions on a geodesic curve be-

tween each consecutive pair of dataPoints. A geodesic curve is a curve of shortest length.
The geodesic shall be determined in the coordinate reference system of the Curve in which
the Curve is used.
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Table 3 (continued)

C

ode Value

Definition

circular

The circular interpolation mechanism returns DirectPositions on a circular arc passing
through a set of dataPoints. The sequence of control points shall each be a circle centre
such that that circle passes through two consecutive data points, and touch with the
previous (if not the first arc) and the next (if not the last arc). The radius of the circle is
determined by the geodesic distance from the control point to the first of its dataPoints.
The second data point should be less than 180° of an arc from the first. This disambiguates
the direction of the arc; longer arcs in the same may use other dataPoints with a repetition
of the centre in the controlPoints. The second continuous arcs may be at any offset in that
same direction of rotation (reversal of direction is not allowed). Circles are generated using

the geodesic distance. A circle in the tangent plane at the centre point on a Reference Sur-
face of the given radius can mapped onto a circle on this surface by the exponenptial map.

Spird

—

One of the classical spirals is generated at each control point in such a manner go that they
form a continuous curve. The spiral type, beginning and ending points,.and parameters is
specified for each control point; the spiral is generated in the tangent'space at tfhe control
point and mapped onto the surface by the exponential map justas'with the cirdle

cloth

oid

Uses a Cornu's spiral or clothoid interpolation, a specialization of spiral.

ellip

Fical

Ellipses are generated in a manner similar to circles in the-tangent space at thelellipse’s

centre and projected on the Reference Surface using the.exponential map.

coni¢

Same as elliptical arc but using five consecutive datapoints in the tangent spac¢ to deter-
mine a conic section.

poly

homialSpline

The dataPoints are ordered as in a line-string,but they are spanned by a polynonpial function.
Normally, the degree of continuity is determined by the degree of the polynomials chosen.

bezig

brSpline

The data are ordered as in a line string;but they are spanned by a polynomial dr spline
function defined using the Bézier basis. Normally, the degree of continuity is d¢termined
by the degree of the polynomials,chosen

bSpl
NUR|

ne
BS

The controlPoints are ordered-as’in a line string, but they are spanned by a polynomial or
rational (quotient of polynemials) spline function defined using the B-spline basis func-
tions (which are piecewise-polynomials). The use of a rational function is determined by
the Boolean flag "isRational". If isRational is TRUE then all the DirectPositions associated
with the control points are in homogeneous form. Normally, the degree of contjnuity is
determined by the degree of the polynomials chosen.

product

The interpolation is done differently on various projections, i.e. offsets in the cgordinates.

Valid
valug

6.4.2

6.4.2
Surf3

names for the set of interpolations may include, but are not limited, to the values in
e of the interpolatidimmechanism is restricted by interface type to the values in Table 2.

5 Interface Surface

5.1 Semantics

lces are the elements of geometry of two topological dimensions.

Table 3. The

REQ.

REQ.

© IS0 2019 - All rights reserved

118

A surface shall be connected (contiguous) in such a manner that for any two points

on the surface, but not on its boundaryj, it is possible to create a curve from one to
the other in such a manner that the curve is also completely contained in the inte-
rior of the surface.

119

A surface shall have as its boundary a set of simple closed curves (called rings).

The surface is to the left of all of its rings. These rings shall not self-intersect or be
self-tangent.
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EXAMPLE A line from (0, -180) to (0, 180) is defined by linear interpolation so would have an equation
representation of c:[0,1] ={(¢,A)} by the vector equation c(x) = (1 - x)[0, -180]+ x[0, 180], which begins as [0,
-180], with ¢ = 0 and A traversing -180 to +180. By REQ. 10, the start point is the same as the endpoint, but the
linear interpolation of a line only looks at the numbers, so this line is the equator starting at the "international
date line" on the equator and moves east until it gets back to where it started. This line is a simple closed curve
and fits the definition of a ring. The northern hemisphere is to the left. This is a valid linear curve (a Line, see
7.1.2; it is also a Rhumb line, but that is accidental as most lat-long lines are not loxodromes) boundary for the
northern hemisphere.

There may for rings in the boundary of the same surface, be tangent to one another at a single point,
left side to left side. As a set and within the limits of calculation error on the machine in question, the
boundary of a surface is uniquely representable by rings.

REQ. 120 A surface in shall always be bounded in the sense that it has a finite envelop;'}.e. it
does not include "points at infinity".

Surfaces in PD will always have a planar interpolation because of the restriction of the dimensipn of
the coordinate space. In 2D because of the restriction above, a surface will have a unique exterior|ring,
the one with the largest envelope, and some number of interior rings. Each such ring in 2D satsfies
the Jordan (urve Theorem and thus divides the space into exactly two regiofis) one bounded and one
unbounded.|For rings that are counter clockwise, the bounded area is to the left of the ring as a cuirve.
For rings that are clockwise, the bounded area is to its right. Each ring is’said to define an area, the one
to its left. A purface in 2D is the set intersection of the areas defined by(its rings.

In all cases, fthe rings in a boundary of a surface shall satisfy the follewing criteria:

Table 4 — Surface restrictions

They will all be simple, with no self-intersections and no‘self-tangencies.

They will all be closed, with the start point equal tothe endpoint.

They may be locally tangent to one another, but only once for each pair, only at a point, and only
left sifle to left side.

The ipterior of a surface must be path cohnected (see REQ. 118)

REQ. 121 For an instance of a-Surface, its boundary rings shall satisfy semantic restrictions
in Table 4 — Surface restrictions.

Surface (Figure 17) a subclass of Geometry Primitive and is the basis for 2-dimensional geonjetry.
Unorientable surfaces such as the Mobius band are not allowed as surfaces, but may be constructgd as
a type of Gepmetry €omplex. The orientation of a surface chooses an "up" direction through the choice
of the upwdrd normal, which, if the surface is not a cycle, is the side of the surface from which the
exterior bounddry appears counterclockwise. Reversal of the surface orientation reverses the qurve
orientation pfeach boundary component, and interchanges the conceptual "up" and "down" direction of
the surface. Tf the surface is the boundary of a solid, the "up™ direction is "outward . For closed surfaces
that have no boundary, the up direction is that of the surface segments which must be consistent with
one another. The Surfaces instance's included Surface describes the interior and interpolative structure
of a Surface.

Other than the restriction on orientability, no other "validity" condition is required for Surface.

6.4.25.2 Attribute boundary: Curve [1..*]

The attribute boundary will contain Curves that have the Surface on their left hand side. The first Curve
may be considered at the exterior boundary, but with the exception of the plane, the concept of an
unbounded exterior does not apply.
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Surface::boundary:Curve[l..*]

In many cases, the boundary curves are derived from the surface, but they may be specified
independently of the surface and then used in its construction. For example, the boundary curves in a
2D coordinate system are sufficient to determine completely the "polygon" surface they bound.

6.4.25.3 Attribute interpolation

The attribute "interpolation” determines the surface interpolation mechanism used for this Surface.
This mechanism uses the control points and control parameters defined in the various subclasses to
determine the position of this Surface.

Interpolation:SurfaceInterpolation[0..*]="polygon"

6.4.25.4 Attribute numDerivativesBoundary: Integer [0..1]

The
and
simp,
in m

ptional attribute "numDerivativesBoundary" specifies the type of contintity between|
ts immediate neighbors with which it shares a boundary curve. The, default value g
le continuity, which is a mandatory minimum level of continuity.“This level is referrg
hthematical texts. A value of one means that the functions are.continuous and diffg

the gppropriate ends "C1" continuity. A value of "n" for any integer'means n-times differe
continuity.

numDerivativesOnBoundary: Inbteger[0..1]=0

As with curves, any surface and therefore any surface-segments (or the older term "patc

split

hble along any curve on the surface that cuts the surface into at least two distinct pi

not dlways easily done, and the orientable proxymay be required. For this reason, any surf

shou

length in the clauses on the various subtypes-of surface.

6.4.25.5 Attribute numDerivativelnterior: Integer [O0.., 1]

The

bptional attribute numDerivativelnterior is the minimal level of continuity within 4

interfior.

numDerivativeInterior:Integer[0..1]=0

6.4.25.6 Attribute périmeter: Length

The attribute perimeter will be the sum of the lengths of all boundary curves.

perimeter:Length

this surface
f"0" means
d to as "C0"
rentiable at
ntiable: "Cn"

h") shall be
pces. This is
hce segment

Ild have a parameterization from some subset of 2D Euclidean space. This will be dliscussed at

he surface's

6.4.

5.7 Attribute area: Area

The attribute area is the total area of the surface.

area:Area

6.4.25.8 Attribute dataPoint: DirectPosition [0..*]

The potentially attribute dataPoint is a collection of points on the surface.

© ISO

dataPoint:DirectPosition[1l..*]
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6.4.25.9 Attribute controlPoint: DirectPosition [0..*]

The attribute controlPoint is a collection of points that are used in the construction of the surface,
based on the interpolation type.

controlPoint:DirectPosition[l..*]

6.4.25.10 Attribute knot: Knot[0..1]

If the constructive parameter space cannot be the default, then, a pair of lists of knot values is included,
see 6.4.17.

6.4.25.11 Operation: upNormal (point: DirectPosition): Vector

The operatipn upNormal will return a vector perpendicular to the surface at the point. The Norm4ls on
the surface will be consistent (the surface will be two sided). In the case where the coordinate syjstem
is 2D, the Nprmal will be in the 3D embedding Cartesian coordinate space of the Geometric refefence
system. In a 3D coordinate system, the upNormal is a vector at the point perpendicular to the tapgent
plane of thejsurface at the point.

upNormal (point:DirectPosition) :Vector

This requires that the surface is orientable, and therefore not sgme variant of a Mébius Band or
Kline Bottld.

«interface»

«datatype»
Orientable P

SurfaceData

+ boundary: CurveData [1..*]
+ segment: SurfaceData* [0..%]
+ knot: Knot [2] {sequence}

«interface»
Surface

«codelist»

+ boundary: Curve [1..*]{ordered} SurfaceInterpolation
+ interpolation: Surfacelnterpolation [0..*] = polygon
+ numbDerivativesBoundary; \nteger [0..1]=0 + none
+ numDerivativelnteriof: Tateger [0..1] =0 + planar
+ /perimeter: Length + Linear
+ /area:Area + spherical
+ dataPoint: DirectRosition [0..*] (2D array) {ordered} + triangular
+ controlPointDjirectPosition [0..*] (2D Array) {ordered} + parametricCurve
+ knot: KnGi{0:.2] + polynomialSpline
+ upNormal(point: DirectPosition): Vector * nurps .

+ bezierSpline

«eredte» + elliptical

#~Surface(data: SurfaceData): Surface +  conic
+\/Surface(bdy: Curve): Surface + tin

+

+ Surface(segment: Surface): Surface triangulatedSpline

constraints
{spatialDimension=2}
TiSShelT =[isCycle and 1sSimple]y

Figure 17 — Surface

6.4.25.12 Operation: Surface (constructors)

The first version of the constructor for Surface takes a list of surfaces with the appropriate side-to-side
relationships and creates a Surface.

Surface (segment:Surface[l..*]) :Surface
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The second version, which is guaranteed to work always in 2D coordinate spaces, constructs a Surface
by indicating its boundary as a collection of Curves organized into a collection of simple, closed curves.
In 3D coordinate spaces, this second version of the constructor shall require all of the defining boundary
Ring instances to be coplanar (lie in a single plane) which will define the surface interior interpolation
method as planar.

Surface (boundary:Curve[l..*]) :Surface

6.4.26 Datatype SurfaceData

The datatype SurfaceData, a subtype of OrientableData, will contain copies of the attribute

every)
0"d
refer

6.4.2

Surfs
mech
limit|

If mo

s needed for

 Surface construction. The attributes are describe in Clause 0 "interpolation”, and:0
ntaPoints"”, 0 "controlPoints" (if needed) and an attribute "segment” of type "Surfag
encing SurfaceData instances representing the associated segments defined in Clause

7 Codelist: Surfacelnterpolation

icelnterpolation (Figure 17) is a list of codes that may be used(to identify the i
lanisms specified by an application schema. Valid values for "interpolation” include,
ed, to the following:

re than one interpolation description fits the method used, theh the most restrictive one

Table 5 — Surfacelnterpolation values

"boundary”,
eData*[0,*]"
D "segment”.

hterpolation
but are not

will be used.

VALUE DEFINITION

none The interior of the surface is not spécified. The assumption is that the surface fpllows the
Reference Surface defined by the@pordinate reference system.
The interpolation method returhs points on a single plane. The boundary in this case shall

planar
be contained within that plane.

I Control points (some ofwhich may be outside of the surface boundary) are organized into

ineqr

bilinkar 2D arrays, and each'square in the array uses the unit square in E?. {x,y)|0<x<1,
0 <y <1} then interpolating using bilinear interpolation.

sphetrical

ellipfical The surfade is a section of a spherical, elliptical or conic surface.

conig

gii; g;lelar Thecontrol points are organized into adjoining triangles, which form small planar segments.

arametricCurve The control points are organized into a 2-dimensional grid and each cell withir the grid is

p spanned by a surface that shall be defined by a family of curves.
The control points are organized into an irregular 2-dimensional grid and eacH cell within

polyhomialSpline |this grid is spanned by a piecewise polynomial spline function. In the case of B¢zier or
b-splines, the more specific term is used.

bsoline The control points are organized into an irregular 2-dimensional grid and each cell within

p this grid is spanned by a basis spline function.

nurbs A b-spline in homogeneous coordinates, the associated Boolean flag "isRational” will be set
to true.

bezier The control points are organized into irregular 2-dimensional grid, each cell within this
grid is spanned by a Bézier spline function.

6.4.28 Interface Solid

6.4.28.1 Semantics

The Solid primitive contains interfaces needed for treating Solid as geometric objects. Since a solid is by
definition, a 3D topological object, it can only exist in a coordinate space with three spatial dimensions.
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In a 3D world, it is sufficient to define surfaces by their boundary (B-REP or boundary representation).
In cases of higher dimensions, such as may be found in coverage functions, some types of solid modelling
with deal with non-homogeneous interior structures or in cases where parameterizations are used to
map "template geometries" into real space, a more complex but more capable approach may be useful.
In these cases, the structure of the interior of the solid may be represented by functions based on the
same sort of mathematics used to embed surfaces in 3D space.

In all cases, a solid has a boundary consisting of surfaces in the same coordinate system as the solid.
These surfaces can be organized into shells that are the 3D equivalent to the rings for a surface. A solid
shall be connected (contiguous) in such a manner that for any two points on the solid, but not on its
boundary, it is possible to create a curve from one to the other in such a manner that the curve is also

completely
surfaces (sh
shells shall
be tangent
side (that m
As a set and
is uniquely 1

REQ. 122

Solids in 3D
coordinate |
one with th

Jordan-Schdgnflies (Jordan Separation) Theorem and thus divides the space into exactly two reg

one bounde
from the up

Solid (Figur
extentofas

ontaine
11s). A solid is always below it shells (as defined by the upward normal of the surface):“1
ot self intersect nor be self tangent. They may, for shells in the boundary of the-same

0 one another at a single point or along a non-closed, simple curve, bottom side’to bo
eans that the upward normals of the two at points of contact are in oppgsite directi
within the limits of calculation error on the machine in question, the boundary of a
epresentable by shells (as a collection of surfaces that are both cycles.(closed) and sim

osed
hese
)Olid,
fttom
ons).
solid

ple).

A solid shall always be bounded in the sense that it has a finite envelop, i.e. not in-

clude "points at infinity".

will always have a simple interpolation because of the €estriction of the dimension ¢
pace. In 3D because of the restriction above, a solid will have a unique exterior shel
b largest envelope, and some number of interior shells. Each such shell in 3D satisfie

1l and one unbounded. Each shell is said to define‘a volume, the one in the direction opp|
vard normal.

e 18), a subclass of Geometry Primitive, is,the basis for 3-dimensional geometry. The s
plid is defined by the boundary surfaces:

6.4.28.2 AJ:ribute boundary: Surface [1..%]

In instanti
"boundary”
appropriate

REQ. 123

These surfa
shells will b

ions of this interface, which will always be instantiations of Geometry, the attr
specializes the boundary defined at Geometry and at Geometry Primitive with
return type.

The boundacty, of a Solid shall be a set of Surfaces that limit the extent of this §

Ces shall be;erganized into one set of surfaces for each component of the solid. Each of {
e a cycle{(closed composite surface without boundary).

*]

Solid::boundary:Surface[l..

f the
|, the
s the
ions,
osite

atial

bute
the

olid

hese

NOTE

The exterior shell of any single component solid is defined only because the embedding coord

inate

space is always a 3D Euclidean one; i.e. the 3D space in which the GeometricReferenceSurface for its coordinates

is defined. In
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general, a solid in a bounded 3-dimensional manifold has no distinguished exterior boundary.
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«interface» «codelist»
Primitive Solidinterpolation
+ none
+ linear
] + tetrahedron
«mterface» + parametricCurve
Solid + spline
+ boundary: Surface [1..%] " Bezel.r
+ b-spline
+ /area:Area
+ nurhs
+_/volume: volume
+ interpolation: SolidInterpolation [0..1]=brep
+ knot: Knot [0..3]
«create» «datatype®
+ Solid(data: SolidData): Solid SolidData
+ Solid(segment: Solid*): Solid
+ boundary:SurfaceData*[1..%]
constraints + segmentiSolidData*[0..*]
{spatialDimension=3} + knot¥Knot [3]{sequence}

Figure 18 — Solid

In cgses where "exterior" boundary is not well definéd, all the shells of the solid boundpry shall be
listed as "interior". This can only happen in a minimum of 4 spatial dimensions and is beyonhd the scope
of th|s document.

The ghells that bound a solid shall be orientedyoutward - that is, the "top" of each Shell as defined by its
"upward normal” orientation shall face away from the interior of the solid.

6.4.28.3 Attribute area: Area
The gttribute "area” shall specify.the sum of the surface areas of all of the boundary components of a solid.

Solid::area:Area

The array class 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 Solid:

Solid:area=self.boundary.area

6.4.28.4  Attribute volume: Volume

The attribute "volume" shall specify the volume of this solid. This is the volume interior to the exterior
boundary shell exterior to any interior boundary shell.

Solid::volume:Volume

6.4.28.5 Attribute dataPoint: DirectPosition [0..*]

The optional dataPoint array can carry point sample information about the interior and boundary of
the solid. In general, the dataPoints can be treated as a "point cloud" of information, but the various
subtypes of solid can add requirements on this array. The directPosition values of this array can
carry as many "parameter” columns as required by the reference system associated with the object as
geometry in 6.2.4. The interpolation mechanism can be found in the interpolation attribute in 6.4.29.
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Solid::dataPoint:DirectPosition[0..*]

6.4.28.6 Attribute controlPoint: DirectPosition [0..*]

The optional controlPoint array can often be used similarly to the dataPoint array, except controlPoint
positions do not need to be contained in the solid. The interpolation values from control points are only

valid if they

are contained in the boundary of the solid.

Solid::controlPoint:DirectPosition[0..*]

6.4.28.7 AttributeimterpotatiorSotidinterpotatiorfomt——————————————————————————

The optiond

| attribute interpolation can be used to define an internal parameterization of the

Values will e from the local codelist for solid interpolations, see 6.4.29.

Solid::interpolation:SolidInterpolation[0..1]

6.4.28.8 Attribute knot: Knot[0..3]

If necessaryj

6.4.28.9 0]

Since this d
boundary. T
solid Bound

6.4.29 Dat

The datatyp

3 knot arrays will be supplied (usually only for parametric solids such as 3D b-splineg

peration: Solid (constructor)

cument is limited to 3-D spatial coordinate reference systems, any solid is definable |
he default constructor for a Solid is from a properly structured set of Shells organizec
Qry.

Solid::Solid (boundary:Curve)\*Solid

Solid(data:SolidData) :Sodid

htype SolidData

e SolidData (Figure 18) contains all data for constructing a solid.

6.4.29.1 Aftribute boundary: CurveData*[1..*]

The attribut

e boundary is an-array of references to CurveData that will be boundary of the solid:

6.4.29.2 Aftribute segment: SolidData*[0..*]

The attribuf

e segment, inherited from PrimitveData, is an array of references to SolidData that w

subsets of

A

is/Solid. These solids should have disjoint interiors, and with the solid segment defing

colid.

by its
| as a

ill be
bd by

the boundanyabove, the union of all these should be connected.

6.4.30 Cod

eList: SolidInterpolation

SolidInterpolation is a list of codes for 3D objects 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:

Table 6 — Values for SolidInterpolation

Value

Definition

none

The solid is solely defined by its boundary
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Table 6 (continued)

Value

Definition

linear or
trilinear

Control points (some of which may be outside of the solid boundary) are organized into

3D arrays, and each cube in the array uses the unit cube in E3. {x,y2)]0<
1, 0 £ z < 1} interpolating using trilinear interpolation.

x<1,0<sy<

tetrahedron

The space will be broken into some number of tetrahedrons, each using a lo

interpolation. Using each tetrahedron is given by 4 control points would use barycen-
tric coordinates to parameterize the convex hull of these 4 points. Solids using this

method will always be convex hulls of their corners. This in essence maps a
4-space Euclidean parameter space define by {(u;, u,, u3) | 0<su; <1, u; , u

cal linear

standard
+ U3 = 1} to

a standard 3-space Euclidean tetrahedron defined by the points {(0, 0, 0),(
0), (0, 0, 1)} and thence to the coordinate system (regardless of dimensiori)
being defined. This mechanism mimics the triangulated surfaces in 2d.

] 0: 0)! (0; 1:
f the solid

parametricCurve

The control points are organized into irregular 3-dimensional grid, each lin
a dimensional axis in the parameter space is associated with axcurve param
using the appropriate controlpoints and the union of all the &uyrves images
a full 3D parameterization of the space. This is similar to.the'parametric cu
approach defined for surface interpolations.

e parallel to
eterization
anresultin
rve surface

polyhomialSpline

A parametric curve interpolation where the interpolating curves are spline

functions.

bezi¢r

The control points are organized into irregular/3-dimensional grid, each ce
grid is spanned by a Bézier spline function.

1 within this

b-spline,
nurbs

The control points are organized into an irrégular 3-dimensional grid and g
within this grid is spanned by a basis spline function. If the coordinates are

neous format, this is a rational spline, and the associated Boolean flag "isRational" will

be set to true.

ach cell
in homoge-

6.4.31 Interface Collection

6.4.31.1 Semantics

Age
itse

metry collection (see Figure 19] is'a type collection of geometry objects that acts as a
ments. The operations add and remove act as union and difference, not necessarily

experted as a set of sets. Implefnentations wishing to implement a "set of sets" cannot ug
Collections (a subtype of Geometry), but could use a simple array of geometry objects.

6.4.31.2 Attribute elementType: GeometryType [0..*]

set union of
s would be
e Geometry

The pttribute elendentType is a list of GeometryTypes that are allowed in this collection. The value

geo

of tgﬂs attribute_is hormally set at construction based on the purpose for this particula
etry collection.

Collection::elementType:GeometryType[0..*]

instance of

REQ. 124

or be a subtype of a type listed.

Per. 3

listed, then the attribute elementType may be read-only.

REQ. 125

listed in the elementType array.

© IS0 2019 - All rights reserved
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If the collection is to be used for a particular purpose that would limit the types

Each object in the collection shall be an instantiation of one or more of the types
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6.4.31.3 Attribute numElement: Integer

The read-only attribute numElement returns the count of the elements in the collection. The only

manner to change the numElement value is to add or delete elements in the collection.

Collection::numElement:Integer

6.4.32 Role element: Geometry

6.4.32.1 The role element is an alternate access point to the elements in the Geometric object.

The two log

6.4.32.2 0}

The operati
direct posit
added to thg

REQ. 126

6.4.32.3 0}

The operati

REQ. 127

6.4.32.4 Cq

The result of the constructor that takes an array of Geometry objects is to union the input object;s

set of sets o

ical arrave Attribute element and role: element are identical
oo oy ottt ottt S e e Rt T O e e e e Rt ar e ettt

Collection::element:Geometry[0..*]

peration: add (geo: Geometry): Boolean

bn "add" inserts a new element into the collection. A geometry collection acts like a §

collection.
Collection::add(geo:Geometry) :Boolean
The set theoretic effect of add shall be equalto the set union of this object ang
object passed as the parameter geo.
peration: remove (geo: Geometry): Boolean

bn "remove" deletes an existing element from the collection.

Collection: :rémeve (geo:Geometry) :Boolean

The set theoretic-effect of a remove shall be equivalent to a set difference of
Collection andthe object passed as geo.

nstructor: €ollection (data: CollectionData): Collection

F DirectPositions.

Collection::Collection(data:CollectionData) :Collection

REQ. 128

The CollectionData datatype contains an array of GeometryData and is the default
constructor for Collection. Therefore, an array of Geometry instances in the same

coordinate system shall be capable to be type cast to an instance of Collection.

6.4.32.5 Association: element: Geometry

The "element" association is an ordered array of linkages to Geometries.
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REQ. 129 The type of any element member of the association shall be a type listed in the el-

ementType array, or subtype of such a type.

6.4.33 DataType CollectionData

The default constructor datatype is CollectionData which, in addition to the inherited attributes from

GeometryData has one array of references "element” to GeometryData*[1..*].

6.4.34 Interface Complex

A geq
samg¢ topological dimension (in a common coordinate system) whose interiors are disjoin
a primitive is in a geometric complex (as a set of primitives), then there exists a set‘of pr
dimgnsion smaller in that complex whose union is the boundary of this first primitive:

A supcomplex of a complex is a subset of the primitives of that complex thatis, in its

. Further, if
mitives one

wn right, a

geonjetric complex. A supercomplex of a complex is a superset of primitives thatis also a corhplex. These

definjitions are essentially subset and superset with the added restrictiof that they must b
A complex is maximal if it is a subcomplex of no larger complex instantidted.

The boundary of a geometric object in a geometric complex is,a“subcomplex of that c
simpllest complex is a single point. The simplest 1-dimensional eomplex is a curve with its ty
simpllest 2-dimensional complex is a surface with its boundary curve, and the curve's start

The inderlying geometry of a complex is usually referred€o as a "manifold". The structure
orgahizes the geometry of the manifold into primitivé elements, analogously to the w|
"charts" are organized by an "atlas" into a map of the'world.

One way, but not the only way, to generate a comiplex from a set of primitives is by beginnin
primjfitives and performing the following Operation:

a) Iftwo primitives overlap, then subdivide them, eliminating repetitions until there is na

b) $imilarly, if a primitive is not simple, subdivide it where it intersects itself, eliminating
ntil there is no overlap.

c) If a primitive is not a paint, calculate its boundary as a collection of other primitives,
Iready in the generating set if possible, and insert them into the complex.

d) Repeat steps a) through c) until no new primitive is required.

e a complex.

bmplex. The
vo ends. The
and ends.

bf a complex
hy in which

g with those

overlap.

r repetitions

using those
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«interface»

Geometry
+element «codelist»
GeometryType
0..*
«datatype» + empty
CollectionData + geometry
+ element: GeometryData* [0..*] + point
+ curve
+ surface
+ i
«interface» N glgcfdesic
Collection
+ Dpolygon
+ allowedType: GeometryType [0..*] ={geometry} + CO'!ECUON
+ elementType: GeometryType [0..%] + 5P|!NECUFVE
+ /numElement: Integer + spI!nesurface
+ splinesolid
+ add(geo: Geometry): Boolean + rhumb
+ remove(geo: Geometry): Boolean
«create»
+ Collection(data: CollectionData): Collection

Figure 19 — Geometry Collection

Many systemns 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 yniversal face is the surface in the Geometry Complexthat has only interior boundary fings
(its exterior|one being the "point at infinity"). Analogously, it}.3D, the universal solid is the one that has
only interiof boundary shells. In bounded manifolds, such:as the sphere, there is no point at infjnity,
and all primjitives are bounded. Without the Jordan Separation Theorem, all boundaries are essentially
interior boundaries. In other unbounded manifolds,stch as a hyperbolic surface, there may be more
than one unpounded primitive. Since this document-does not directly address these sorts of unbouIFded

manifolds, the cardinality of some elements mdy require relaxing if this document were to be applied
to such nontgeographic manifolds. This document does not treat either the universal face or solid as
special casgs, and the relationship between them and their boundaries is represented in the game
manner as any other boundary relationship.

A maximal fomplex 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 containmegnt of
geometry Primitives in a Geometry 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 Geometry
Primitive iswithin a,eomplex, or a Geometry Complex is a subcomplex of a maximal geometry Coniplex,
its boundary operation will not need to construct representative Geometries, since by the defirition
of a compley, the\objects needed to represent the boundary of the contained object will already ¢xist,
and only references to those objects are required by the Geometry::boundary operation. Remember
that the contathmentof scumctr_y Cump}CAco ofre-atotherisasubset aupcroct assoctation; while the

containment of Geometry Primitives in a Geometry Complex is an element set association.

A geometry Complex (Figure 20) is a collection of geometrically disjoint, simple Geometry Primitives. If
a Geometry Primitive (other than a Point) is in a particular Geometry Complex, then there exists a set of
primitives of lower dimension in the same complex that form the boundary of this primitive.

A geometric complex can be thought of as a set in two distinct ways. First, it is a finite set of objects
(via delegation to its elements member) and, second, it is an infinite set of point values as a subtype
of geometric object. The dual use of delegation and subtyping is to disambiguate the two types of
set interface. To determine if a Geometry Primitive P is an element of a Geometry Complex C, call:
C.element().contains (P).

A Complex, a collection of primitives, derives behaviour from the common behaviour of the elements
which coincides with the behaviour of the common root, Geometry, of the Complex and its elements.
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Complexes shall be used in application schemas where the sharing of geometry is important, such as
in the use of computational topology. In a complex, primitives may be aggregated many to many into
composites for use as attributes of features.

REQ.

REQ.

130 A geometry complex shall contain only simple geometry primitive.

131 A geometry complex shall contain the boundary of each of its member

geometry primitives.

s as a set of

A geometry complex (see Figure 20) begins with a collection of primitives of the same dimension
(called the "generators") with disjoint interiors, i.e. they only intersect on common boundaries. Other

primliflves are added so that the collection 15 complefe under the Eioundary operator, I.€, Th

e boundary

of arly primitive in the collection has its boundary representable as other primitives inthe Geometry
Complex.
REQ] 132 All direct positions contained in a geometry complex shall be interior| to one and
only one primitive.
At edch dimension, the set of primitives in the complex of that dimensien forms the generators of a
complex of that dimension. For a 3D complex, the structure works asdollows:
For ¢ach dimension, n = 3, 2, 1 and 0, there exists a collection C, of geometric primifives of that
dimgnsion with disjoint interiors such that the elements of the)boundary of objectsin C, arpin C_;.
d d 9 9
(3 —C,—>C{—Cy—D (46)
G, the geometric complex is the disjoint union of;the interiors of the elements of Cj ... C.|A geometry
complex when given as topological objects is also-a topological complex.
G is glso the union of the generators (as geometry objects, the generators are closed).
«interface» <‘| «interface»
Geometry Primitive
0.* +element +element/[\0..* {ordered}
{ordered}
«jhterface»
Collection
<interface» “‘:hr\“m blex
Complex 0.
+ boundary: Complex
Contains
+ isMaximal(): Boolean
constraints R
{self.boundary.topologicalDimension +1 = self.topologicalDimension} 0 *p P
{~a complex isclosed under the boundary operation {subComplex includesboundary}} h
Figure 20 — Geometric Complex
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6.4.35 Role Complex: generator: Primitive

The array associated with the role generator contains the primitives of the top dimension of the

complex.

Geometry Complex::generator:Geometry Primitive [1..%*]

6.4.36 Role Complex: superComplex and subComplex

A superComplex is any complex that contains all the elements of the current complex, and is hence a
super set of this object, both as a geometry object and as a collection of geometry objects. A subComplex

is contained
collection of

6.4.36.1 Cd

There are st

standard ge
1. D"={p
2. stz

From a topg
the union

hemisphere
into as man

in the "superComplex"” target, and is a subset of it both as a geometry object and
geometry objects.

Complex: :superComplex:Complex[0..*]

Complex: :subComplex:Complex[0..*]

llular complexes (informative example for use in topology)

andard "primitives" called cells for each dimension. In each Euclidean space, there arg
pmetries defined, a disk and a sphere:

e E" ||p|<1}i.e.,all pointsin E" in the unit disk centred at the origin.
pe E"||p|=1}ie. all points in E™ on the unit sphéte centred at the origin.

logical point of view, the boundary of the disk'is the sphere: oD" =5""1; and the sphé
pf its "northern (positive last coordinate)” and "southern (negative last coordin

each of which is topological equivalentto a disk: S" = Dg,. ND;,., -BY slicing the sy

y equal dimensioned disks as necéssary, any geometric structure can be representg

collections ¢f cells each topologically isomorphic to an appropriately dimension n disk. Thus, it {

out that all
complex in

The purposd

6.4.36.2 Of

The Boolea
maximal th{

topological structures of general interest to geometry can be represented by a cel
vhich each primitive is topelogical equivalent to a disk of the proper dimension.

e of the definition of simple for geometry objects is to keep the decomposition in "cells"

peration: Complex: isMaximal

it is contained in no supercomplex in the data.

Complex::isMaximal () :Boolean

as a

two

bre is
ate)"
here
d by
urns
lular

easy.

h valued opefation "isMaximal" returns TRUE if and only if this Geometry Complex is

6.4.36.3 Contains association

The association "Contains" instantiates the “contains” operation from Geometry Primitive as an

association.

Complex::subComplex[0..n]:Geometry Complex

Complex: :superComplex[0..n] :Geometry Complex

6.4.36.4 Association role element

The association role "element" is inherited from Collection.
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© ISO 2019 - All rights reserved


https://standardsiso.com/api/?name=78d09e2d312bd9a5968e4df970c6c5e9

ISO 19107:2019(E)

Complex::element:Primitive[0..*]

If a complex contains a Geometry Primitive, then it must also contain the elements of its boundary.

7 1
7.1

7.1.1

This
distq
lines
sam¢
on th

geo

Allli

REQ

REQ

REQ

Math
ones
orth

Complex:
-- closed under the boundary operation

self-forAll (self-includesAll (boundary))

tatypes in Requirements Class Geometry.

nterpolations for Curves
Requirements Class Line Curve

Semantics

nce between points. In a Euclidean space such as a*planar Reference Surface, this is
between points. Some arguments have been made that "line" and "geodesic" sh
class, but the term "line" is often used to meah a "linear interpolation” between p
e coordinate system. In most cases in geography where the "surface is curved”, this
Hesic" which is always the path of shortestlength between nearby points.

hes in this document are linear interpolations in the coordinate system being used.

134 An implementation of the Requirements Class Line Curve shall impleme
ments Class Geometry.

135 An implementation of the Package Lines shall have all instances and
specified for.this package, its contents and its dependencies, contained
model for,this package in this document.

136 An implementation of the interface Line shall have all properties speci
the UML model in this document.

In differéntial geometry, the geodesics (especially on surfaces in 3-space) are usuall
in which the "normal” (the direction of the 2nd derivative of the curve with respect to g
gonal to the surface. It is an exercise in the calculus of variations to show that these ar

of sh

6.5 Requirements Class Geometry Data
REQ| 133 An implementation of the requirements class Geometry Data shall support all da-

package (see Figures 21 and 22) contains the first curve segments based on the path of shortest

the straight
puld be the
oints based
differs from

nt Require-

properties
in the UML

fied for itin

y defined as
rc length) is
e the curves

r¥act dictanmon ~non o droimad eyt n o fo o

U tC ST U S tamCC oIS tramt U oy trC—SuTTatecy

7.1.2 Interface Line

7.1.2.1 Semantics

A Line (Figure 23) consists of sequence of line segments, each having a parameterization between two
consecutive dataPoints.

The dataPoints (inherited from Curve) of a Line are a sequence of positions between which the curve is
linearly interpolated. The first position in the sequence is the startPoint of the Line, and the last point in

the s

© ISO

equence is the endPoint of the Line.
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7.1.2.2 Attribute interpolation: Curvelnterpolation=linear

For the interface Line, the interpolation attribute (inherited from curve) is always "linear".

Line::interpolation:Curvelnterpolation="linear"

Each segment between any two of dataPoints is always a line segment in R" (n is the dimension of the
direct position in the point array) as a vector space. The effective interpolation between any two points

men

(with index "i" and "i+1" in the point array) is:

c¢(A)=(1=2A)P; + AP, for Ae[0,1] (47)

The knot array, inherited from Curve is the sequence of real numbers that mark to movementfrom one
segment to another.

B (t—k(i)) - (t—k(1)) - ] ]
c(t)—[] _(k(i+1)—k(i)) P; + (k(i+1)—k(i)) P;,, for te[k(l),k(1+1):| (48)

For the entife curve, the first knot is the 'startConstrParam' of the curve, and.the last knot used is the
'endConstrParam’ of the curve. In the above equation, a local variable 1 is defined from the construictive
parameter tJand the values of the consecutive knots in the knot array:

x:—(ﬂ for k(i)<t<k(i+1) (49)

(k(i H- 1)—k(i))
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Lines

«requirementsclass»
Geodesics and Rhumb

+ LineData
«g *Line

+ GedesicData
| & + RhumbData
o + Rhumb

3 + Geodesic
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«requirementsclassy
Polynomials

45 + i
RealPolynomial

+ PolynomialCurveData
+ PolynomialCurveData
+ PolynominalArcData

+ FunctionArc

+ FunctionCurve

+ PolynomialArc

+ PolynomialCurve
+ RealFunction

88533841

O

7.1.2

Figure 21 — CS{

N

ve Packages and Requirements Classes

.3 Operation: Lin &hstructor)

The fonstructor for

contyolPoints/da S.

g&takes a sequence of points and constructs a Line with those p

2

Line::Line(data:LineData) :Line

7.1.3

?\
O
&&?ype LineData

«requirementsclassy» '\'«requirementsclam»
Splines %CD Conics
+ Knot g\\ + ArcByBulge
5 + KnotType @) + ArcByCentefr
+ SplineCurveForm «requirementsclassy Q = A’CC""S““q':’
+ BSplineData Spirals QO + CircleConstfuctor
+ Knot + CircleData
_ + SpiralData S\ - ————> ,
=g *+ Bezier A Q + ConicData
ira i
o« * CubicSpline =@ . C.:) o tAT
~o +NURB ARt w0 *Circle
@ * PolynomialSpline $ «@ * ConicArc
ot SplineCurve ‘\Q ot Conic
—q * BSplineCurve ~@ *EllipticArc
\9 g *Ellipse

The Hofa il cn b nd g
UulTdaurt LuIIiotlr utLur
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7.2 Requirements Class Line Data

«interface»

1
Curve

+element

+baseCurve 1.

+productCurve

4

*
0.* | [ | I |
«interface» «interface» «interface» «interfa... «interface»
OffsetCurve FunctionCurve Conic Line Spiral
4 4 Y |
«interface» «nterace»
Rhumb Geodesic
«|nterface» «interface» «interface» «interface»
PolyhomialCurve Arc EllipticArc Clothoid

«

(7]

nterface»
lineCurve

«

Poly]

?

«interface»
Circle

nterface»
homialSpline

«interface»
BSplineCurve

||

nterface»
bicSpline

«interface»
Bezier

NURB

’ «interfa.’y

REQ. 137

Figure 22 — Curve Interfaces

7.3 Requjirements Class Geodesic Curve

7.3.1 Sen

In a more g

jantics

«éodelist»
Curv€hterpolation

bezierSpline
bSpline
circular
clothoid
composite
conic
elliptical
geodesic
line

nurbs

product
productCurve
rhumb

solid

o+ o+ o+ o+ S

An implementation of the requirements class Line Data shall support all datat
in Requirements Class Line.

bperal setting, where the GeometricReferenceSurface is not flat but curved (as on a g

polynomialSpline

ypes

eoid,

ifold

ellipsoid or

cphprn)’ the shortest p:ﬂ'h between pninfq is a gpndncir The term app]ipc on-any mat

that has an associated Gaussian or Riemannian metric (which acts as a "dot" product of the vectors in the
tangent space at each point), including the situation where geometry gets is name ("geo" means Earth).

REQ. 138

REQ. 139

An implementation of the Requirements Class Geodesic Curve shall implement
Requirements Class Geometry.

An implementation of the Package Geodesics and Rhumb shall have all instances and
properties specified for this package, its contents and its dependencies, contained

in the UML model for this package in this document.

On a sphere, the planes through the centre of the sphere cut the sphere in great circles. The second
derivative of a circle is an inward vector pointing towards the centre of the circle and constrained by
both the plane and the sphere. Therefore, the normal is orthogonal to the sphere and the great circles

114

© ISO 2019 - All rights reserved


https://standardsiso.com/api/?name=78d09e2d312bd9a5968e4df970c6c5e9

ISO 19107:2019(E)

are geodesics. On a Mercator projection of the sphere, the great circles are "sine wave" looking curves
that pass through the equator every 180° (the intersection of the equator and the other circles are
antipodal - perfect opposite positions on the sphere). On an ellipsoid, the meridian and equatorial
planes cut the surface in such a manner as to be geodesics. The other geodesics (in a Mercator projection
of the ellipsoid) are the same sort of "sine wave" looking curves, and they do pass through the equator,
but the period of their passing is smaller than the 180° of the sphere. These geodesics are not planar in
3 dimensions.

7.3.2

Interface Geodesic

14

7.3.23

A Ge
segn

REQ

A ge
emb¢
the s
spee
vect
For 3

(A
best

7.3.2

The

Geon
are {
"dist]

7.3.2

The
from|
geod|

C 43
E.Y JCTTITATICICS

odesic (Figure 22) consists of sequence of geodesic segments. The class is an atrayj
ents, each segment spanning the consecutive dataPoints.

140 A geodesic shall represent a set of geodesic curves between’'data point:

pdesic is a curve on the GeometricReferenceSurface being used; since the Referend
bdded in a Euclidean 3-space, E3, itis also a curve in 3-space. Thétangent vectorc(t)

urface is also a vector in E3. If it is normalized (made a unit vector) the result is call
1" tangent (T =c(t)/|c(t)|=c(s) where the ||-|| is the length)of the vector). The deriv

r with respect to arc length is the curvature vector and i$snormal to the unit tangent fd
i geodesic, it is also normal the surface, and depends only on the surface and its

K= 1/r;). If the radius of the sphere is r #0 then k& 1/r. On an ellipsoid, the radius re
fitting sphere tangent to the geodesic and ellipsoid at that point.

.2 Attribute interpolation

Geodesic::interpqoliation:Curvelnterpolation="geodesic"

cpatial-interpolation between ‘any two dataPoints is a geodesic, as calculated by th
hetricCoordinateSystem, s€e-6.2.8. The basic computational requirements for this i
upplied by the operations-in the GeometricCoordinateSystem for "pointAtDistance”
ance" in Clause Rec. 5rand "bearing” in Clause 0.

.3 Operationi-Geodesic (constructor)

fonstructor.for Geodesic takes a sequence of points, interpolates using geodesic segm
the geoid (or ellipsoid) of the coordinate reference system being used, and creates the
esic string joining them.

Geodesic: :Geodesic (data:GeodesicData) :Geodesic

of geodesic

b (see 3.41).

e Surface is
ht a point on
ed the "unit
htive of this

r any curve.
local radius

bresents the

b associated
hterpolation
in Clause 0,

ents defined
appropriate

7.3.3

DataType GeodesicData

The default constructor for the interface Geodesic inherits all its attributes from CurveData.

7.4

REQ.

© ISO

Requirements Class Geodesic Curve Data

141
all datatypes in Requirements Class Geodesic Curve.

2019 - All rights reserved
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7.5 Requirements Class Rhumb

7.5.1

Interface Rhumb

7.5.1.1 Semantics

A Rhumb line or loxodrome (Figure 23) consists of sequence of curve segments, each having a
parameterization between two consecutive dataPoints where the bearing (magnetic) is constant.

The first position in the sequence is the startPoint of the curve, and the last point in the sequence is the

endPoint of

he curve

REQ. 142

REQ. 143

REQ. 144

EXAMPLE

bearing betw
simple closed
but also a Lin

7.5.1.2 Attribute interpolation

For the intd
controlPoin

The knot ar

7.5.1.3 Rhumb (constructor)

The constry
segments wj

7.5.2 Dat

An implementation of the Requirements Class Rhumb shall implementReq
ments Class Geometry.

A Rhumb curve, similarly to a Line, shall pass through all latitudes'and longit
in the bounding box between any two consecutive points in it dataPoint value

A Rhumb shall represent a set of rhumb curves between data points (see 3.79

As in the example after REQ. 119, A rhumb from (0, -180) to (0, 180) is defined by the rhum
een the two "coordinate points” which are in reality, the same pdint by REQ. 10, This Rhum
curve and fits the definition of a ring. The northern hemisphgse.js to the left. This is a valid R
e and a Geodesic under the definition of geometry equals (centaining the same DirectPosition

Rhumb: :point (=dataPoint) :DirectPosition[2..*]

rface Rhumb, the interpolation attribute (inherited from curve) is always "rhumb”
f and dataPoint arrays are identical, and'may reference the same internal storage.

ray is the sequence of real numbérs-that mark to movement from one segment to anoth

Rhumb: :interpolation:Curvelnterpolation="rhumb"

ctor for Rhumbdines takes a sequence of points and constructs a sequence of loxodr]
ith those as dataPoints.

Rhumb: :Rhumb (data:RhumbData) : Rhumb

hType RhumbData

D.

hire-

udes
S.

b line
b is a
humb

).

The

er.

omic

The default constructor for the interface Rhumb inherits all its attributes from CurveData.
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«interface»
Line

«dataType»
CurveData

interpolation: Curvelnterpolation = linear

Line(data: LineData): Line

dataPoint: DirectPosition [2..*]
knot: Knot [2..*] = {0,1,2,3,4,...}
segments: CurveData* [0..%]

«interface»
; Geodesic
«interface» < I
Curve interpolation: Curvelnterpolation = geodesic

Geodesic(data. GeodesicDaia). Geodesic

«dataType» «flataType»
GeodesicData LineData
«interface»
Rhumb

interpolation: Curvelnterpolation = rhumbline «dataType»

/bearing: Bearing RhumbData

Rhumb(data: RhumbData): RhumbData

Figure 23 — Line, geodesic and rhumb curves

7.6 | Requirements Class Rhumb Curve Data
REQ{ 145 An implementation of the requirements Class Rhumb Curve Data shall|support all

datatypes in Requirements Class Rhumb.

7.7 | Requirements Class Polynomial Curves

7.7.1 Semantics

The formulae for Lines (0) use fuyictions [f;(f)], usually linear polynomials, in vector equatigns using the

i

coorflinate for dataPoints (P) of the curve. The simplest generalization of this is to repla¢e the linear

coefflicient functions with'polynomials or other functions. This would look like this:

n

1020 S fi[ab] =R c(6) =Y fi (£) P

i=1

Another farm would use the canonical basis for the coordinate space, i.e.

(Qifizj

(50)

lifi=j
In which case the formula reduces to c(t) = (f;(£), f,(0). . . fgim (©))-

P; :(61.]),forlSiSn:dim;whereSi] :i i
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An implementation of the Requirements Class Polynomial Curves shall implement

Requirements Class Line.

An implementation of the Package Polynomials shall have all instances and prop-
erties specified for this package, its contents, and its dependencies, contained in

the UML model for this package in this document.

An implementation of the interfaces FunctionalCurve, Polynomial Arc and their
dependencies shall have all properties specified for it in the UML model in this

document.

7.7.2 Inte

7.7.2.1 Sd

A RealFunct

rface RealFunction

mantics

ion is any well-defined mapping from an interval of Real numbers to the Real numberg.

7.7.2.2 Aftribute name

The attribut

e "name" of the function is a locally defined identifier for this futiction.

RealFunction: :name:GenericName

7.7.2.3 Attribute domain

The domain

is the interval for which this function is definedk

RealFunction: :domd@n:Interal

7.7.2.4 Aftribute metadata

7.7.2.5 O]

The operati

7.7.3 Inte

7.7.3.1 Sdg

RealFunction: :metadata:URI[0..*]

peration: value

bn "value" returns thee value of the function for a given real in the domain.

RealFunction::value(r:Real) :Real

rface FunctionArc

mantics

The Functio

NArc holds the data for one interval of the Knot space 1or the Functionturve.

7.7.3.2 Attribute domain

The domain

is the interval for which this function arc is defined.

FunctionArc::domain:Interal

7.7.4 Association Role function

The parameterized association "function” is indexed by the coordinate offset, connects the arc to the

real valued functions that define the coordinate offset values for the arc.
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function (FunctionArc, coordinateOffset) :RealFunction

7.7.5 Interface FunctionCurve

7.7.5.1 Semantics

A FunctionCurve interface treats the coordinates as vectors in a Euclidean space. This means either
that the GeometricReferenceSurface being used is planar or the global coordinate system can be locally

treated as E". It can be treated as a vector space or a local engineering coordinate system for an area
containing the data points for the curve.

One ¢ommon use is limiting the total area of any interpolation so that the scales of the varioys directions
are more or less constant. The natural engineering space is the tangent space at the irditial dontrol point
, using the basis for that space made up of the differentials for the coordinate cupves/e.g. [dx, dy] for a
Euclidean space, or normalize unit vectors in the directions of [d¢g, dA] for latitude)(w), longjtude (A ), or
polar coordinates (distance, bearing)].

7.7.3.2 Attribute FunctionCurve: numArc: Integer

The gttribute "numArc" is the number of real functions needed, and thus is the number of Knot Intervals
to spian. It is the number of spans in the knot array (knot.length-1y.

FunctionCurve.numArc:Integer

7.7.3.3 Attribute FunctionCurve: metadata: URL

The attribute "metadata” is a link to a descriptionsef the function as needed.

FunctionCurve: :metadata:URL

7.7.3.4 Association Role segment:-FunctionArc

The knotSpans are the curve segrherits associated to the knot intervals.

FuetionCurve.segment-FunctionArc [numArc]

7.7.4 Interface RealRelynomial

7.7..1 Semantics

A ReplPolynemntial is real function defined by a polynomial. The complete definition of th¢ function is
given by«thé coefficients of terms for each degree up to the maximal degree of the particulai polynomial
being Gsed. Assuming the variable is "t", and the coefficients are stored in an array c; for =0, 1, 2, 3...
degres, themrrits vatue is givermr by:

degree
] 2 d
p(t)= 2 ci(t')=coteyt+eat™ +.. .+ Chegreet "I (52)
i=0

7.7.6.2 Attribute name, domain, metadata

The attributes "name" "domain,” and "metadata” implement the same attributes from RealFunction.
"Name" is a locally defined identifier for this function. Local Generic names can be represented as
character strings (such as URI's) which can use fixed divider characters between names and their
namespaces.
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RealPolynomial.name:CharacterString
RealPolynomial.domain:Interval

RealPolynomial .metadata:URI[0..1]

7.7.6.3 Attribute degree

The attribute degree is the degree of the polynomial, i.e. the largest power of the variable used.

RealPolynomial: :degree:Integer

7.7.6.4 Attribute c: Real

The attribut

7.7.6.5 O]

The operati

The formuld

p(t)zde

7.7.7 Inte

e "c" is the array of the coefficients of the polynomial.
RealPolynomial::c[1l..*]

c->length = degree + 1

peration: value

bn "value" returns the value of the function for a given real in the domain.

RealPolynomial::value (r:Real’f\Real

was given above:

gree

Z ci(ti)=c0 +c1t+czt2 +...+Chegree
=1

t degree

rface PolynomialArc

7.7.7.1 Attribute degree: Integer

The attribut

7.7.7.2 (4

The default
offsets. Wh{

e "degree" is the maximum degree of all functions.

PolynomialArc: :degree:Integer

nstructor:;PolynomialArc

the knot arn

AVA

constructor for a polynomial arc consists of the polynomial functions that define each
en-used with a PolynomialCurveData, the domain of each arc is the associated segmg

J

PolynomialArc::PolynomialArc

(coordinateOffset:PolynomialArcData) :PolynomialArc

7.7.7.3 Association Role function (coordinateOffset: Integer): RealPolynomial

(53)

fthe
nt of

The association role "function" indicates the functions that describe each of the coordinate offsets for

the arc.

120

(PolynomialArc, coordinateOffset) ::function:RealPolynomial
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7.7.8 Datatype PolynomialArcData

7.7.8.1 Semantics

The default constructor for a PolynomialArc is the PolynomialArcData datatype. In addition to the
inherited data from CurveData, it contains the coordinateOffset polynomials.

7.7.8.2 Attribute CoordinateOffset

For a single arc, all that is required is the polynomial for each coordinate offsets (usually equal in

num
nam

7.7.9 Interface PolynomialCurve

7.7.9.1 Semantics

Apo

Mos{ polynomial curves will be composites of simple segment.arc, defined between each

pair
coor
suffi

7.7.9
The :

Math
more
and
"loca
The
of co

poly]
7.7.1

The
attri

er to the dimension of the coordinate system). In general, named polyvnomial splines

derive their

e from the types of constraints on the constructions, not on its final form.

PolynomialArcData::coordinateOffset:RealPolynomial [0..*]

ynomial curve is a FunctionCurve with polynomial weights as in'7.7.1.

of knots in the knot space (splines, Bezier splines, B.splines and, with a trick in h
linates, NURBS). A constructor for a polynomial ¢uxve usually takes a number of
Cient to create a solvable system of linear equations,for the coefficients.

.2 Attribute degree

ttribute "degree" is the maximum degree of the real polynomials used.

PolynomialCurve: :degree:Integer=(order-1)

The degree is usually one less than the number of control points. The larger the
control of the curve shape:the designer has. For example, a line segment has two co
h degree of one. In a composite, such as a spline, or NURBS, the order gives the cuj
| control” in the sense that only the closest "order” control points contribute to a part
humber is usually ghe 1 + the degree of the polynomial functions used, the same as
efficients in the pelynomial. For example, a line string (degree 1) matches 2 points;
homial (degree2)-matches 3 points.

0 DataType PolynomialCurveData

datatype PolynomialCurveData inherits from CurveData all that it needs, but th
pute inherited originally from Geometry is restricted to PolynomialArcs.

consecutive
bmogeneous
constraints

degree the
htrol points,
ve designer
cular value.
the number
a quadratic

e segments

7.8

Requirements Class Polynomial Curve Data

REQ. 149 An implementation of the requirements class Polynomial Data shall

© ISO

datatypes in Requirements Class Polynomial.
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«interface»
Curve
Z% (from Geometry) «interface»
FunctionArc
«interface» -
. + domain:Interval
FunctionCurve +segment
+ /numArc: Integer 1% «create» di s | ) .
+ metadata: URL [0..%] + FunctionArc(coordinateOffset: RealFunction(]): FunctionArc
A constraints
{function->count =arc->coordinateDimension}
coordinateOffset: Integer A
+function| 1
datat
RealPolynomial «interface»
i RealFunction
+ name:CharacterString
+ domain:interval | + name:GenericName
+ metadata: URI[0..1] «implements» D1 domain:Interval
+ degree:Integer=1 + metadata: URI[0..¥]
+ c:Real [0..*]=0 {ordered}
+ value(r: Real): Real
+ value(r: Real): Real
+function
constraints
{c->length =degree +1} 1
+arc
coordinateOff§ét: Integer
«interface» Kinterface»
PolynomialCurve PotynomialArc
+segment
+ /degree: Integer + /degree:Integer
1.*%
«creatg» {ordered}| «create»
+ PolyrjomialCurve(date: PolynominalCurveData): PolynomialCurve + PolynomialAré(€oordinateOffset: PolynomialArcData): PolynomialArc

«datatype»
CurveData

+ dataPoint: DirectPosition [2..*] {gtdered}
+ knot:Knot={0,1,2,3,4,...},1
+ segment: CurveData*[0..*]

Z% (from GegmetFy)

«datatype» «datatype»
PolynomialCurveData PolynomialArcData
+ /degree:Integer % N coordinateOffset: RealPolynomial [coordinateDimension] {sequence}

+ /numArc: Integer
+ segments: PolynomialArcData [1..%]

Figure 24 — Polynomials and Polynomial Curves

7.9 Requjirements/Class Conic Curves

7.9.1 Senjantics

The commonality between conic and spiral curves is the use of a control point (centre or focus) and a
representation for a Cartesian 2D coordinate space. The common mechanism for all curves with this
property is to "draw" it in a Cartesian plane and then use a projection onto the Reference Surface. For
Planes, this requires no additional work.

For the curved surfaces (spheres, ellipsoids and geoids) the easiest unifying solution is to choose
an Engineering Coordinate system centred on the control point, construct the curve there and then
project onto the surface. The common option is to use the tangent space at the control point, express
the curve in polar coordinates (bearing and distance). Once the planar curve is defined, mapping it to
the GeometricReferenceSurface used the exponential map, generates a geodesic in the given direction
and map to a point along that geodesic at the given distance. This construction on any Reference Surface
is called a geodesic circle.
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In all the classes that follow, the basic construction of the curve will each control points and a tangent
plane at that control points to construct a local segment (between consecutive data points). Once the
segment is in place, the Engineering CS or tangent plane is projected onto the surface coordinates.

REQ. 150 An implementation of the Requirements Class Conic Curves shall implement Re-
quirements Class Polynomial Curves.

REQ. 151 An implementation of the Package Conics shall have all instances and properties
specified for this package, its contents and its dependencies, contained in the UML
model for this package in this document.

REQ[TI5Z Animplementation of the inferfaces Arc, Circle and Conic shall have all properties
specified for it in the UML model in this document.

7.9.2 Interface Arc

7.9.2.1 Semantics

An Afrc (Figure 25) is similar to a Line except that the interpolation is by eircular arcs. The cpntrolPoints
are the centres for the local arc, the dataPoint array the ends of the arcs.

7.9.2.2 Attribute numArc
The attribute "numArc" will be the number of circular arcs\in the string.
Arc.numArc;drdteger

The pth arc, "arc (n)", is associated to the nth centrgat "arc. controlPoint (n) "and two data points, "arc.
datapoint (n) "and "Arc.dataPoin [n+1] "

REQ{ 153 This angular measure injradians of an arc between two consecutive ddtaPoints in
an Arc object shall always be smaller than .

REQ{ 154 Ifthe centre is repeated, then the combined consecutive arcs associated to the same
centre by value shall be less than or equal to a full circle that is 2 7 in radians.

The pumber of arcs in an@¥xc is the length of the controlPoint array and one less than the length of the
dataPoint array.

numArc=(controlPoint—size)=(dataPoint-size)+1

7.9.2.3 Attribute controlPoints

The |nkerited controlPoint array will be used as a sequence of centres of the arcs. Beginning at the
startlPoint of the curve (dataPoint [1]), each controlPoint [i] will he used to centre dan arc from
dataPoint [i] to dataPoint [i+1]; i = 1, 2... numArc. Therefore, there will be "numArc" centres in the
controlPoint array, and "numArc+1" arc endpoints in dataPoint array.

NOTE The reference system for control point in an implement can be extended to carry the radius and
a vector that to two points on the circular arc: (position, radius, azimuth). If this is done, the dataPoints are
defined by the "point at distance" function for the control point controlPoint[i], because radius and azimuth are
essentially polar coordinates for the circle. The two unit vectors would be:

vectorl = radius* (sin(azimuthl), cos(azimuthl))
vector2 = radius* (sin(azimuth?2), cos(azimuth2))
controlPoint[i]. [pointAtDistance (vectorl)=dataPoint[i]

controlPoint[i]. [pointAtDistance (vector2)=dataPoint[i+1]
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The choice of which parameters are stored and which are "derived" is an implementation decision.

7.9.2.4 Attribute dataPoints

The inherited dataPoint attribute will be the array of the start and endpoints of the arcs (start and end
being the shared points of two consecutive arcs in the arc string.

Arc:dataPoints:DirectPosition([2..*]
NOTE One way to visualize this it to see the dataPoints as the posts in a fence, and the controlPoints and

radius anchors the data for the "rails" of the fence, in this case, the circular arcs. There is always one more post
than rails.

dataPoint—ssize=controlPoints—ssize+1
controlPoint[i] .Distance (dataPoint[i]) =

controlPoint[i] .Distance (dataPoint[i+1])

7.9.2.5 Aftribute radius

Each radius|i] vector is in the tangent space of the corresponding controlRoint][i]. If the space is 3D,
the radius vector, and the two endpoints of the arc will determine the plan€ of the arc. In all cases, the
3 points, twp from the dataPoint array and the end of the vector from the control point determing the
sense of the|arc, starting at the first dataPoint [i], passing through the point determined by the vector
(using the ¢peration "pointAtDistance(controlPoint [i], radius. [i]J") and terminating at the segcond
dataPoint [i}+1]. Each arc should be less than 360° to allow for ngn-ambiguous sense of the arc's rotgtion.

Arc:radius:Vector [0~ *]

7.9.2.6 Cdnstructor Arc (data:ArcData): ArcString

The only required constructor for ArcString simply supplies values for controlPoint and dataPoint arjrays.

Arc (datav*ArcDhata): ArcString

7.9.3 Datpatype ArcData

The arc useg common supertype-datatype with circle as input into the default constructor. The datgtype
ArcData contains:

— alist of centres as céutrol points: controlPoint []:DirectPosition;
— alist of dataPqints: dataPoint[]:DirectPosition.

REQ. 155 In ArcData, the distance from a controlPoint to two consecutive data points shall
be equal; i.e. for each controlPoint:
controlPoint[i]. Distance(dataPoint[i]) = controlPoint[i].Distance(dataPoint[i + 1])

The radian measure of any arc the first time a control point is used must be less than 1 radians (180°).
If a larger arc is required, two arcs with the same centre can deal with anything less than 2m. In no
circumstance should more than three arcs with equal centres be necessary.

Each arc will span two consecutive dataPoints, with the first shared with the previous arc and the
last shared with the next. Therefore, the dataPoint array will be one longer than the controlPoint
(centre) array.

The rotation of the arc will be with respect to the two radius vectors (which should not be equal nor
parallel). Rotational direction is observed from the top of the cross-product vector of two consecutive
radius vectors associated with the same centre point.
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dataPoint-size

controlPoint—size+l
radius[i] .CrossProduct (radius[i+1])#0

"Radius[i] 1s not colinear with radius[i+1]"

7:2019(E)

7.9.4 Interface Circle
7.9.4.1 Semantics
The interface Circle-is the same as that for Arr‘, but each arc has the same centre, the same distance
between the centre (controlPoint) and the dataPoints and to be closed to form a full circle| The "start"
and 'lend" bearing are equal and shall be the bearing for the first and last dataPoint listed.
At a minimum because the arc must be less than 360° the controlPoint array-will at least two-long
with|the same point in each position (the centre of the circle). The dataPoiht-array and the points
determined by the radius vectors will give a non-ambiguous sense of thejgrientation of [the circular
curvg. The "default” configuration would have dataPoint[0], controlPoint[0], and dataPoint[1] as points
on alcommon geodesic diameter of the circle, starting at dataPoint[0}-votating towards dataPoint[1]
in the shortest of the two directions, and then completing the circle’through dataPoint[1],|]and back to
datapPoint[0], the longer of the two arcs.
7.9.4.2 Constructor Circle
The ¢ircle inherits the constructor from Arc. A 2-point ArcData would produce the circle that begins the
curvg continuing the direction of the first, and the sherter, of the two options.
Circle(a:h¥eData) :Circle
7.9.5 Interface Conic
7.9.3.1 Semantics
The type Conic represents any-general conic curve. Any of the conic section curves can be canonically
repre¢sented in polar co-ordifiates (p, ) as:
ed T /4
p=——"——for=2—<0<+— (54)
(1+ecosb) 2 2

whertte

¢ isthe'eccentricity;

d C~is the distance to the directrix;

P is semi-latus rectum.
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As defined by a polynomial restriction, a general conic is determined by 5 points. This constraint can be
written as the determinate of a matrix:

2 2

X y Xy X y 1
X2yt oxyr oxg oy 1
det Xzz YZj X2¥y Xz Yo 1 o (55)
X3 y3© Xx3y3 X3 y3 1
Xyt
xs’| y5° Xsys x5 ys 1

This is a general constructor that on a flat surface, a complete conic can be construeted fron five
dataPoints. [Che first controlPoint will be the centre of an exponential map that will be used to consfruct
a conic with the first five control points, #1 to #5. The second arc will use controlPoints #5 tp #9.
Therefore, we can constrain the conic arcs in a single object by

numArc = controlPoint-size

4*numArc + 1 = dataPoing-size
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e

Conic
«interface» + dataPoint: DirectPosition [5..*]
Curve <] + controlPoint: DirectPosition [1..*] {sequence}
+ isCycle: Boolean
«create»
+ Conic(data: ConicData): Conic

ISO 19107:2019(E)

«datatype»
ConicData

+ dataPoint: DirectPosition [5..*]
+ controlPoint: DirectPosition [1..*]
+ /isCycle: Boolean

«interface»
Arc

«interface»

—rTOTTTATCfTtegeT
+ dataPoints: DirectPosition [1..*] {ordered}
+ controlPoints: DirectPosition [1..*] {ordered}

+ angleByCenter(center: Integer): Angle

+ angleByArc(arc: Integer): Angle
«create»

+ Arc(data: ArcData): Arc

EMpticArc «dataTypep
EllipticArcData
+ dataPoints: DirectPosition [4..*] {ordered} - => P
+ comtrolPoints: DirectPosition [1..*] ="foci" {ordered} + dataPoint: DiréctRositior| [4..*] {ordered}

+ EllipticArc(data: EllipticArcData): EllipticArc

+ controlPoinf:DirectPosit]

on [1..*] {ordered}

constraints
{dataPoint->length=numarc+1}
{controlPoint->length=numarc}

«datatype)
ArcByCente]

«datatype»
ArcData

{angleByCente(*)<=360}

{angleByArc(*)<180}
«interface»

Circle

«create»
+ Circle(data: ArcData): Circle
+ Circle(data: CircleData): Circle

constraints
{isCycle=TRUE}
{isSimple=TRUE}

v

«datatype»
CircleData

+ /|

dius: Distance [1..*] {ordered}

{cont
{cont
{cont
{radi
{1+c

constraints
olPoint->length=radius->length}
olPoint[i].distance(dataPoint[i]=radiusl[i]}
olPoint[i].distance(dataPoint[i+1]=radius][i]
s[i].origin=controlDatali]}
nter->length=dataPoint->length}

+ controlPoints: DirectPosit
+ dataPoint: DirectPosition

+ radius: Vector [1..*] {sequence}

+ controlPoint: DirectPosition [1..*] {sequence}
+ dataPoint: DirectPosition [2..*] {ordered}

+ /radius: Vector [1..*] {bag}

on
2..%] {bag}

constraintd
{controlData->length=radius-:
{controlPoint[i].distance(data

Figure 25 — Conics, Arcs and Circles

7.9.5.2 Attribute dataPoint and controlPoints

Given five distinct dataPoints, there is only one conic section that passes through them. 4
be de¢terinined by 5 points, with the startPoint and endPoint of the curve both being dataPg¢
conig ismot a cycle, then we can constrain ourselves to 4 times the number of arcs plus one

{controlPoint[i].distance(data
{radius[i].origin=controlDatali
{1 +center->length=dataPoint

ength}
Point[i+1]=radius[i]}
Point[i]=radiusli]}

}
>length}

«datatype»
Vector

origin: DirectPosition

offsets: Real [1..%]

/dimension: Integer

/coordinateSystem: GeometricCoordinateSystem

+ o+ o+ o+

+

CrossProduct(v2: Vector): Vector
+ DotProduct(v2: Vector): Real
«create»
+ Vector(position: DirectPosition, coordinates: Real): Ve
+ Vector(position: DirectPosition, direction: Bearing, len|

tor
th: Length): Vector

L "cycle” can
int[1]. If the
extra. If the

isCycle=TRUE, then curve can be closed by reusing the first dataPoint as the Tast phantom one.

Conic.dataPoint:DirectPosition[5..*]

Conic.controlPoint:DirectPosition[l..*]

Conic.isCycle:Boolean
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7.9.6 Interface EllipticArc, Datatype EllipticArcData

A single elliptic arc is subsegment of an ellipse, which can be determined by 4 points. The formula is
similar to a generic conic (Formula 40), but only required 4 point (there is no "xy" term). The formula
for each subarc given 4 points is:

x? y2 x y 1
2 2
1" yim x1 oy 1

detxz2 y22 X, y, 1(=0 (56)

2[ 2
x3°| y3© x3 y3 1

2 2
X4 Ya© x4 Yy 1

7.10 Requirements Class Conic Curve Data

REQ. 156 An implementation of the requirements class Polynomial Data shall support all
datatypes in Requirements Class Conic.

7.11 Requiirements Class Spiral Curve

7.11.1 Senjantics, Mathematical background: curves and curvature

Spirals are purves defined indirectly by their behaviour baséd on curvature, more precisely, by the
local radius|of curvature. This, in conjunction with speed, centrols the centrifugal force that woulld be
experienced by a physical object following the curve.

REQ. 157 An implementation of the Requirements Class Spiral Curve shall implement Re-
quirements Class Conic Curves;

REQ. 158 An implementation of the Rackage Spirals shall have all instances and propefties
specified for this package, its contents and its dependencies, contained in the [UML
model for this package in this document.

A spiral curpe is a C3 curve withsstrictly monotonic curvature. Why this is important is traced tp the
formula in ghysics for centrifugal-force:

a:VZ/ (57)

where

a is agceleration;

v isspeed (giving velocity along the curve);
r  isthe radius of the path.

nw_on

For a curve, the "r" is replaced by an expression of curvature:

a=v’k (58)

This means that the lateral force on a moving object (assuming a velocity) is proportional to the
curvature of the path. The tighter the curve, the larger the curvature, the stronger the side force. By
controlling the curvature of the road or railroad, the designer can control the side force on the vehicle
(car or train) and thus control behaviour, limiting the chance of a "spinout” or "derailment".
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The important fact that needs to be known is the two versions of the fundament theorem for curves.

These theorems equate the definition of a curve with the definition of its curvature

[k(t)] which

describes how the direction of the curve changes in time and torsion [t(t)] which describes how the
curve twists (changes plane) in 3D through time. Note that these are valid only where the calculus can
be used in the Cartesian coordinate space of the proper dimension (the physics is usually done in an
Engineering coordinate system where the classic Newtonian forces fit the classic Newtonian equations).

For example, in a clothoid spiral, curvature is changes linear with arc length, and so with a constant

acceleration (deceleration) on an opening (closing) curve, the side force is constant.

1.1 _Fundamental Theorem of Plane Curves (in E2 )

7.11

Let I|be an interval I=(a,b)cR andlet k¥ : I ¢ R — R be a continuous function. Theh. t}

curv

h

c:1>R? such that”é(s)” =1and the curvature of ¢ is k. Any two such curves wil

tranglation and a 2D rotation.

7.11{1.2 Fundamental Theorem of Space Curves (in E3):

Let/
Then

and

be an interval I=(a,b)cR andlet x: I - R with ¥ >0 and 2% — R be continuol
there is a smooth curve c¢:I - R3 such that ||é(s)||: 1 and-the curvature and torsion

r . Any two such curves will differ by a translation and a 3D rotation.

7.11|1.3 Using the theorems

To understand what these theorems mean and.how they will be used in this docu
fundhmental concepts of differential geometry.@eed to be explained. The actual constru
curves in question follow the proofs of the theorems. They are direct "proof by constructio

This
para
lengf
don

document uses two parameterizations-for each curve interpolation type. The firstis a
meter t that is chosen by the implementation for their algebraic convenience. The s
h “s” which is useful in defining'some differential geometric concepts. Statements in
t differentiate between the.two will be true for either choice.

For ¢

“C(S)
nega
along

Beca
local
univ
the

use many eufves are defined using standard calculus in a standard, flat, Euclidean

xample, if ¢ is a curve, then “c(f)” is the curve parameterized by t, a constructive paf
is the curve parameterized by s, arc length from some fixed start point, positive afteg
five before it. To miaintain the orientation of ¢, both variables must increase in the sar
b the curve.

engineefing CRS is required, which can then transform to the CRS of the data se

eomeftricReferenceSurface using the exponential map

lere exists a
| differ by a

Is functions.
of

“«_n

c aref(

Iment, some
ctors of the

n

n .

ronstructive
bcond is arc
the text that

ameter, and
r that point,
ne direction

space E2, a
t. The most

prsallyapplicable Engineering CRS is the tangent plane at a particular point, which npaps back to
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Let c(f) = (x(t), y(t)) be a curve, which is represented by a function c:R—R?. The variable t is any
continuous parameterization of the curve. The derivative

c(t)=(x(¢),7(t)) (59)

is a vector in the tangent space of vectors at c(t). The length of the derivative tangent is given by the
Pythagorean Theorem (¢t and s increase in the same direction of the curve)

o) 0+ 7 0) |- 5 (60)

If ¢(t) is wriften in polar coordinates where r and 6 are functions of ¢:

3(r(t).4(t))>c(t)=r(t)(cosO(t),sin6(t)) (61)

where r(t)::”c(t)”, x(t)=r(t)cosf(t) and y(t)=r(t)sin6(t).

The unit tangent T is

S oae e(t) .
T(t)=c t)g——”é(t)”—(c039,51n0) (62)

The vector N perpendicular to the curve, and point leftward so‘that (fN) is right handed frame,|is:

N(t)=({sin6,cos0) (63)

Let c(s)=(>((s),y(s)) be the same curve parameterized by arc length, which is also a funftion

c:R —E?. The variable s is the arc length from-some fixed "start point” on the curve. The derivat{ve
¢(s)=((s).¥(s)) (64)

is a vector i the tangent space of vectors at c(s).
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“«_n

Because “s” is arc length,

é(s)”sl and c(s) can be expressed in terms of the same 6, where 6(t) = 6 (s):

EIG(S)Bc'(s)zf(s)z(cose,sine) (65)
Since the two parameterizations traverse the same geometry, there is a function
t—s>5c(t)=c(s) (66)

%7&0,thené(s)=é(t)/||é(t)||=?(t)=?(s) ; and similarly
s

1&(s)zﬁ(t):(—sin9,cose). (67)

If

Since s is arc length, the speed (magnitude of velocity in the direction of the tangeént) is constant and the
second derivative is perpendicular to the curve, i.e. perpendicular to the tangent T .

:i(cose,sine) (68)
ds

:d—e(—sine,cose)
ds

=Kk (s)N(s)
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The scalar function k(s) is the curvature of c at c(s). The above formula also gives a very important
connection between 6 and k:

do(s)

ds

=x(s)

Similarly, when the normal has a similar relation:

Ly
ds

(s)
So, for plang
T(s)=H

N(s)=-

In terms of §

d

—(=sin@,cosO)=—(cosO qinfﬂﬁ:—l((c)f(c)

(69)

(70)

ds ds
r curves (2D Frenet-Serret formulas):

N

kT

, the curvature k can be expressed:

oy ()

k(t)

(

Assuming that k(s) # 0 then, the best fitting circle for the curve at¢(s), has a radius equal to the inj

of the curva

curve bends
curve is eith

[k=0]3
-t

The proof iy

uses a funcf
Frenet-Serr;

T(s)=H
N(s)=-
B(s)=A

b2 )

x4+ y?

ture, R(s) = 1/k(s) and its centre offset from the-curve in the direction K(s)ﬁ(s). ]

to its left, x(s) > 0, and if it bends to the rightw(s) < 0. Constant curvature implies thg
er aline or a circular arc

= [ce Line]
0} 1= [ce Circular Arc withradius |r|]

3-space (ES) is similar €xcept that it requires solving a set of differential equations

ion to describe the twisting of the curve in three space, and used the 3D version d
bt formulae:

N
xT +1B

TN

(71)

(72)

rerse
f the
t the

(73)

and

f the

(74)
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7.11.1.4 Creating a spiral from a curvature function

The relationship between curvature and arc length derived above is:

%zl((s)

0 (75)
c(s)=t(s)=(cosH,sinB)

F(s)=c(0) +j(c059 (£),sin6(&))dé

A Euler spiral, clothoid or Cornu spiral is a curve whose curvature changes linearly'with its ¢urve length
so there is a constant such that:

Jac Rak(s)=as (76)
Thug
-"%:x(s):as (77)
So
6?(5):%s2+9(0):51<(§)d§ (78)
0
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Assuming we start with the origin with a tangent the positive x-axis (6 = 0):
N
. a
,smESZ)z cos f ,sin
0

2

c'(s)z(cos%s k(& (79)

O ——

For the specific case of the clothoid, we can define:

T a&? T at?
C(s) =Jcos - dé and S(s)zjsm - dé (80)
0 0
Then, using|the Taylor series expansions for sine and cosine:

4 (—l)k 1+2k k y 2k
sinngi‘_a (1+2k) and cosx = Z (81)

gives with spbstitution and polynomial integration:

-5 4] i(_l)k@ i

(2k)! (1+2k)!

k=0

2K 142k (82)
S]] 5] s
:§ (Zk(+21J)(2k)! 2 Z(k(fl))(1+2k)!

k=0

This series ¢onverges quickly for small s, which is sufficient for the types of transition curves for which
spirals are rhost commonly used.

«interface» «datatype»
Orientable Spiral «Ic;tjt:::» SpiralData
«intprface» < + curyatdre: RealFunction <]_ + curvature: RealFunction
Geomdtry::Curve + forsion” RealFunction [0..1] + curvature: RealFunction + torsion: RealFunction [0..1]
H~staitFrame: Vector [2..3] {ordered} + torsion: RealFunction [0] + startPoint: DirectPosition
% VSpiral (Spiral Data): Spiral + startFrame: Vector [2..3] {ordered}

Figure 26 — Spirals

7.11.2 Interface Spiral Curves

The Spiral depends on the Frenet-Serret formulae that can create differential equations that can
produce a curve based its initial position with its curvature in 2D, or with its curvature and torsion in
3D (see 7.11.1) (see Figure 26).

7.11.2.1 Semantics

The general spiral is specified by its curvature function in E? and by its curvature and torsion

functions in E3. The E" used is that tangent space at the start point, using an orthogonal frame of
vectors based at this start point.
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7.11.2.2 Attribute curvature

The attribute curvature contains (or references) the curvature function of the spiral.

Spiral.curvature:RealFunction

ay, shall be

REQ. 159 The curvature function shall be the curvature function of the curve in terms of its
arclength from a fixed point on the infinite spiral, but not necessarily on this curve.
REQ166 FThedomaimof thecurve knots; the firstanmdtast vatue i the kot arT
the domain of the curvature function.
7.11{2.3 Attribute torsion: RealFunction

The

REQ

REQ

7.11

The s
each

REQ

REQ

REQ

ptional attribute torsion contains (or references) the torsion function ofthe spiral.

161

162

2.4 Attribute startFrame

tartFrame of the curve is an orthonormal frame of two or three vectors. Each one is 3
is orthogonal to the others and together they form a right-handed frame.

163

164

165

Spiral::torsion

If the torsion function is not specified, the curve is planar and only reqy
ture. If the torsion function is specified (and'non-zero somewhere), the
not be planar.

The domain of the torsion function shall be the same as the domain of th
function.

startFrame:Vector[2..3]

lires curva-
spiral shall

P curvature

unit vector,

The startFrame shall be a set of orthogonal vectors located at the start point of

the‘spiral.

It the start frame is 2D, then the curve shall be a planar spiral, with the
is its tangent, and the second is its normal.

If the start frame is 3D, then the curve is not planar, the torsion fun

first vector

rtion is not

nnnnnnnnnn

CVCI _y VWIICI U LTI U,

7.11.2.5 Constructor Spiral

The initial conditions for the construction of a spiral are given in the datatype Spatial Data. Using the
mathematics described in 7.11.1 any spiral can be defined. Extensions of this document may define
subclass of Spiral by defining the form of their curvature and torsion, if needed for a non-planar curve.

Spiral (data:SpiralData) :Spiral

In the next clause, an interface for clothoids is defined using its curvature function following the pattern
suggested here.
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7.11.3 Interface Clothoid Curve

The Clothoid is essentially a spiral with the torsion and curvature function defined for the entire class.
The torsion function is "null" meaning that a clothoid is a planar spiral. The curvature function is linear
with respect to arc length from the origin of the curve, the place where it infinite clothoid would have
zero curvature. All additional data is identical to the general Spiral class.

Clothoids are used almost exclusively in road and railroad construction. Their shape works well with
the physics of a vehicle following a curve. These are specialty curves, and are in a separate package
because their limited use implies a separable conformance test for them.

a a 1mn emen ne othaid a ornu’ ayl azhich ' D 0 C a hose

Clothoid (Fj o 26 ple ts—the clothoid {or Cornu's spira : a—planar curve
curvature i a fixed function of its length. In suitably chosen co ordinates, it is given by Ftregnel's
integrals:

t 2 t 2
x(t)=_[cos(%]dz‘ andy(t)=jsin(%]dz‘ (83)
0

See KostovIP9l in the Bibliography for further properties of and methods asSoctiated with clofhoid
curves and piecewise clothoid curves.

This geomefry is mainly used as a transition curve between curves ofltype straight line/circulalr arc
or circular arc/circular arc. With this curve type, it is possible to_ dehieve a C2-continous trangition
between arbitrary curves. One formula for the clothoid is:

A2 = R*

where

A is alconstant;
R is tIe varying radius of curvature alonig-the curve;

t isthelength along the curve and.given in the Fresnel integrals.

7.11.4 Datatype SpiralData

SpiralData i the default constrfugtor datatype for Spirals and contains datatypes for the four attributes
of a Spiral defined in 0, 0 and-0.

REQ. 166 The datatype SpiralData shall contain the attributes of the Spiral interface ap da-
tatypes:

7.12 Reunrements Class Spiral Curve Data

REQ. 167 An implementation of the requirements class Spiral Data shall supportall datatypes
in Requirements Class Spiral Curve.

7.13 Requirements Class Spline Curve

7.13.1 Semantics

Spline curves (see Figure 27) are mathematical approximations to the classic drafter’s spline. This
flexible ruler could be bent into position with pins or weights attached to it. Physically, such a device
created a curve that was piecewise a cubic polynomial. Later development of splines concentrated on
their mathematical and computational properties, such as how they reacted under various types of
transformations, issues about local control was and how difficult they were to calculate. All splines
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share the property that they can be represented by parametric functions that map (the constructive
parameter of the curve) into the coordinate system of the geometric object as specified by the coordinate
reference system. Spline Curves come in essentially two forms: interpolant and approximant. Both
forms are examples of the FunctionCurve described in 6.4.22.

Fitted or interpolating splines ("interpolant") are exact calculations, usually for each coordinate offset
separately, that create curves in each coordinate space that passes through each of the given control
points. In general, the curves are defined by their dataPoints with extra conditions at boundary points
(the data points at either end of the segment) and the level of continuity. For example, a cubic spline
changes formula at each data point, passes through each data point, is continuous and has a smooth
tangent at each point. This is the best that can be done, since a cubic polynomial only has 4 coefficients
to mptch the 4 criteria (value at each end, and continuity of tangent at each endJ. The design of a cubic
splinle will also allow for the choice of the tangent directions at the start and end.

The $econd types ("approximants") only approximate the control points. These splines use sets of real

valugd functions that form a "partition of unity". Such functions are all definédyon a single common

dom
dom
be aj

hin, are always non-negative in their values and always sum, as a completeset, to 1,0 foy
hin. These functions are then used in vector equations for those coordinate offset to wh
plied, each associated with a control point, so that the tracing of the curve is a weigh

their entire
ich they will
ted average

basefl on the partition of unity. Since the spline curve functions are all-non-negative weighted sum of
control points, it’s value always lies in the convex hull of the control*points whose weigh

curr

control points (the global convexity property). Since such funetions are defined in vector fo
generally be used in any target dimension coordinate system.

Most]
hom
funcf
nice

properties involving ease of representatiofiy ease of calculation, smoothness, and s

convexity. The do not usually pass through the control point, but if the control point ar
enoulgh, the local properties will force a ,geod approximation of them, and will give a well-behaved
curve in terms of shape and smoothness;

NOTH

For polynomial curves, the system of equations to be solved will always be a linear

[ function is

ently non-zero (this is called the local convexity property), and thus always in the convex hull of the

rm, they can

partitions of unity are originally defined as piecewise polynomials, which when applied to
pgeneous coordinates and projected down to standard coordinates give us a related set of rational
ions that are still a partition of unity, andthence another type of spline. Approximants have

me form of
ray is dense

system with

variaple the coefficients of the various defining polynomials, and the matrix solution depends on thle constraints
chosgn. Given a new set of data points, the solution can be reused by replacing the old data point values with the

new. [[his will be important in the description of tensor spline surfaces.

REQ| 168 Ansimplementation of the Requirements Class Spline Curve shall implement Re-
quirements Class Polynomial Curves.
REQ]| 169 An implementation of the Package Spline Curve shall have all instancefs and prop-

erties specified for this package, its contents and its dependencies, contained in the

UML model for this package in this document.

7.13.2 CodelList: 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 codelist is used to describe the distribution of knots in the parameter space of
various splines. Some possible values are:

— Uniform (uniform): knots are equally space, all multiplicity 1.

Non-uniform (nonUniform): knots have varying spacing and multiplicity.
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— Quasi Uniform (quasiUniform): the interior knots are uniform, but the first and last have multiplicity
one larger than the degree of the spline (p+1).

— Piecewise Bézier (piecewiseBezier): the underlying spline is formally a Bézier spline, but knot
multiplicity is always the degree of the spline except at the ends where the knot degree is (p+1).
Such a spline is a pure Bézier spline between its distinct knots.

Some potential values of the codelist KnotType are

KnotType::

uniform

nonUniform
quasiUniform

piecewiseBezier

This knot tyjpe is used for informational purposes, and it should be set in a manner consistent with the
actual knot pequences.

7.13.3 CodeList: SplineCurveForm

The codeligt "SplineCurveForm" is used to indicate which sott of curve is approximated |by a
particular spline.

Some potential values of the codelist SplineCurveForm are:

— Polyling Form, (polylineForm): a connected sequence’of line segments represented by a one-d¢gree
spline (& line string).

— Circulag Arc (circularArc): an arc of a circle 6r-a complete circle.
— Ellipticql Arc (ellipticalArc): an arc of an“ellipse or a complete ellipse.
— Parabolfic (parabolicArc): an arc of-afinite subsegment of a parabola.
— Hyperbplic (hyperbolicArc): an atc of a finite length of one connected branch of a hyperbola.
SplineCureForm: : polylineForm
circularArc
ellipticalArc

parabolicArc

hyperbolicArc

This will be used for informational purposes, and should be consistent with the other properties of
the spline

7.13.4 Interface SplineCurve

7.13.4.1 Semantics

SplineCurve (Figure 27) acts as a root for subtypes of Curves using some version of spline, either using
polynomial or rational functions.
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4.2 Attribute curveForm

The attribute "curveForm" is used to identify particular types of curve that 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.

curveForm:SplineCurveForm[0..1]

7.13.4.3 Attribute knot
REQ. 170 The attribute "knot" shall be a monotonic array of knots, each of which will define
a value in the parameter space of the spline, and will be used to defin¢ the spline
basis functions.
knot: Knot[l..*]
The knot data type holds information on knot multiplicity (6.4.17). Repetitions in the knof values will
be djstinguished through use of this multiplicity, and so the parameter values in this afray will be
strictly increasing, i.e.

\

For e

For &
data
corrg

7.13

The 4
Splin

denogminator of the rational functions being used for the interpolation.

NOTH
Smoo
not d

/i,0<i < knot.length:knot[i].value < knot[i +1].value

SplineCurve :: knot : Knot[l.. *]

ach knot will be associated with the correspondifig'data point as follows:

(k; )=dataPoint[i]

n interpolating spline, the data points-are the control points. For an approximatin
points are calculated from the egntrol points, and each data point will be gener:
bsponding control point.

4.4 Attribute degree

ittribute "degree” shall be the degree of the polynomials used for defining the interpol
eCurve. Rational splines will have this degree is the limiting degree for both the nuj

degree:Integer

In-some sense, the multiplicity of a knot counteracts the degree of the spline in
thness’of a curve at the knot values, so knot multiplicity will always be less than or equal to de

(84)

(85)

v spline, the
1lly near its

ation in this
nerator and

determining
bree. If this is

b, the curve will likely to be discontinuous unless a control point is repeated enough times.

7.13.

4.5 Attribute knotSpec

The attribute "knotSpec” gives the type of knot distribution used in defining this spline. This is for

infor

© ISO

mation only and is set according to the different construction-functions.

knotSpec:KnotType[0..1]
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«codelist» «interface» «interface»
KnotType FunctionCurve PolynomialCurve
+ uniform + /numArc: Integer <} + /degree: Integer
+ quasiUniform + metadata: URL[0..%]
+ piecewiseBezier «create»
+ nonUniform + PolynomialCurve(date: PolynominalCurveData): PolynomialCurve
«datatype» cinterface»
i SplineCurve
«codelist» Knot
SplineCurveForm :Spli .
p + value:Real [0..9]={0,1,2...} {sequence} + curveForm: SplineCurveForm [0..1]
- R . + degree:Integer
+ polylineForm + multiplicity: Integer [0..%¥] =1 + knot: Knot {ordered}
+ cir_cul_a rArc £+ knotSpec-KnotTyne [0 1]
+ ellipticArc + isRational: Boolean
+ parabolicAfc
+ hyperbolicfirc «create»

+ SplineCurve(data: SplineCurveDatea): SplineCurve

«datatype» constraints
CurveDOata {lisRational=True] =[this.rsid->CoordianteSystem.isHomogefedus=True]}

A

[ «interface»
PolynomialSpline sinterface»
({datatype» BSplineCurve
PolynpmialCurveData + derivativeAtStart: Vector [0..degree-2] {ordered}
+ numderivativelnterior: Integer + BSplifieCutve(data: BSplineData): BSplineCurve
+  /degree: Infeger + derivativeAtEnd: Vector [0..degree-2] {ordered}
+ /numArc: Ifteger

+ segments: PolynomialArcData [1..%] constraints
{derivativeStart->length<=degree-1}
{derivativelnterior<=degree-1}
{derivativesEnd->count<=degree-1}
{isRational=FALSE}

«datatype»
SplineCurvelpata

«datatype»
BSplineData . . .
«interface» «interface» «interface»
+ /isRationalf Boolean CubicSpliné Bezier NURB
+ degree:Intpger ) . A
+ controlPoints: DirectPosition [2..*] {ordered} constrairnts constraints ~ constraints
+ knotSpec: HnotType [0..1] {degeeg3} {knots->size=2} {isRational=TRUE}

Figure 27 — Spline Curves

7.13.4.6 Attribute isRational

The attribute "isRatienal" indicates that the spline uses rational functions to define the curve.|This
is done by dreating‘a‘polynomial spline on homogeneous coordinates, and projecting back to regular
coordinates|whenvall calculations are done. If the weights of all of the control points are equal, thep the
spline is eqyivalent to the corresponding polynomial spline after the projection.

isRational:Boolean

In a rational spline, each control point is given a weight.

Pi=(W,;XgW;X{,W;Xo,.,W X, _1,W,;)
:(Xo,xl,XZ,...,Xn_l,l) (86)

— (XO,X1 ,X2,...,Xn_1) - Pl

If the sequence {Pi} contains the poles/control points use in a polynomial spline in homogeneous

coordinates, then the sequence {P;} contains the poles/control points in the corresponding rational
spline, using the same "divide by w" projection from homogeneous coordinates to regular coordinates.
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Note that the denominator of the rational function is weight coefficient of the homogeneous slot in the

origi

REQ

7.13

7.13

A po
poin

nal polynomial spline.

(87)

= wb (u)(P.1)

n-1
(w) =Y w;b, (WP, /Y w.b;(n)
i i=0

171 It shall be the case that "isRational" is "TRUE" if and only if the control p
spline are in homogeneous coordinates, each point having a weight.

[isRational] S
controlPoint.ReferenceSystem.instanceOf.HomogeneousReferemceSystem:|

5 Interface PolynomialSpline

5.1 Semantics

[ynomial spline is an interpolation of dataPoints, i.e. a polynomial curve passing tl
s. Construction of such a spline depends en'the constraints: which may include:

n values or derivatives of the spline.at the data points;
n the continuity of various derivatives at chosen points;

egree of the polynomial inwse.

oints of the

(88)

irough data

REQ{ 172 An "nth degree" polynomial spline shall be defined for each direct posjtion offset,
piecewise-between knot parameter values, as an n-degree polynomial, with up to
Cn-1 continuity at the control points where the defining polynomial mdy change.

REQ| 173 Thislevel of continuity shall be controlled by the attribute numDerivatjiivelnterior,
which shall default to (degree-1).

REQ| 174 Constructive parameters may include constraints for as many as "degree - 1" de-
rivatives of the polynomials at each knot.

NOTE A line sting is a degree 1 spline and is C; in the sense it is continuous. An nth degree spline can be

C,. meaning it can have continuous derivative up to “n-1". Therefore a cubic spline can be continuous, have a
continuous slope (derivative) and curvature that depends on the second derivative.

Line is a first degree polynomial spline. For line strings viewed as splines, it can be represented as
almost any type, Bézier, B Spline or Polynomial, since with "degree = 1", the formulae for each of these
types collapse to a line string. Line strings have simple continuity at the controlPoints (C°), but do not

requ

ire derivative information (degree - 2 = -1).
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The process for setting up the polynomial for each offset for a set of direct positions is solving a set of
equations for the coefficients of the polynomial between each pair of sequential knots (note that for
polynomial splines, all knots are degree 1):

knots: k; =[u;,1],
dataPoints: P; =X 0,X;1,Xj2)

c(u)=(c,(u),cq (u),cp(u),..),
cj is a polynomtial on [u;,u; 4 ] (89)

Lj(ui)—l(i‘j

ch(u)— c(u)

NOTE The major dlfference between the polynomial splines, the b splines (basis splines) atid Bézier splines
is that polynpmial splines pass through their control points, making the control point and-sample point prray
identical. Polynomial splines are essentially calculated by brute force (albeit sometimes "organized" brute force)
from the kngts, the control points, and other parameters. Because of this, they do rot generalize to syrface
splines, except in limited cases

7.13.5.2 Aftribute derivativeAtStart

The attribufe "derivativeAtStart" shall be the values used for the{initial derivative (up to dggree
-2) used fofr interpolation in this PolynomialSpline at the start point of the spline. The attrjbute
"derivativeAtEnd" shall be the values used for the final derivative (up to degree -2) used for
interpolatiop in this PolynomialSpline at the start point of thé'spline.

Polynomial$pline::derivativeAtStart:Vector[0..*] {size < degree - 2}

Polynomial$pline: :derivativeAtEnd:Vector[0..X] {size < degree - 2}

7.13.6 Interface CubicSpline

Cubic splings are similar to line stringsiin' that they are a sequence of segments each with its|{own
defining culjic polynomial splines. Theusual constraints are:

c(u;)EP;

é_ (u;)E é+ (u;) fori=1{23.,n-2
. (90)
¢ (ug )E vectorAtStdrt[0]

¢(u,,_1 )E vectorAtEnd[0]
A cubic spline uses the dataPomts and a set of derlvatlve parameters to defme a piecewise third
degree polyi : 1
separately, homogeneous coordlnates shall not be used in this curve type Thls is true for any fitted
curve regardless of polynomial degree. Unlike line-strings, the parameterization by arc length is not
necessarily still a polynomial. Splines have two parameterizations that are used in this document, the
defining one (constructive parameter) and the one that has been parameterized by arc length to satisfy
the requirements in Curve. In a CubicSpline, the constructive one is a set of cubic polynomials, on for
each dimension offset in the DirectPosition used.

The function describing the curve must be C?, i.e. have a continuous first and second derivative at all
points and pass through the controlPoints in the order given. Between any two consecutive control
points, the curve segment is defined by cubic polynomials, one for each offset in the coordinates. At each
control point, the polynomial changes in such a manner that the first and second derivative vectors are
the same from either side. The control parameters record must contain derivativeAtStartvectorAtStart,
and derivativeAtEndvectorAtEnd which are the tangent vectors at controlPoint[1] and controlPoint [n]
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where n = controlPoint.count. Since the constructive parameterization is not the arc length one, these
tangent vectors may well not be unit vectors. The length of the vectors affects the shape of the curve.

The restriction on "derivativeAtStartvectorAtStart” and "derivativeAtEnd" reduce these sequences to a
single tangent vector each.

CubicSpline.derivativeAtStart: Vector \\ "degree - 2" is 1
CubicSpline.derivativeAtEnd: Vector \\ "degree - 2" is 1

NOTE The actual 1mplementat10n of the cublc polynomlals Varles but the curve generated is guaranteed to
be unigque~Th 3 : ementations.

The interpolation mechanism for a CubicSpline is "cubicSpline".

CubicSpline::interpolation:InterpolationMethod="cubicSpld{ne"

The dlegree for a CubicSpline is "3".

CubicSpline: :degree: Integer= 3

7.13{7 Interface Bezier

The Bezier are approximating splines that use Bézier or Berfstein polynomials as a partitfion of unity.
An ni+1 long control point array will create a polynomial-cuirve of degree “n” that defings the entire
segnjent. These curves are defined in terms of the set of basis functions given by:

S

1

n . n—i n n!
ni(u):[_]u'(l—u) where(_J:_— for n=0,1,2,3,.. (91)
1=, T

Thesle functions are a "Partition on Unity" which can be seen by using the Binomial theorein for degree
non |x +y)" where x=u and y=1-u:

=1" =(u+(1-u))" =Z[7;Jui(1—u)n_i = Jni@) (92)
i=0

—

i=0
The anly knots for a Bézier:are "0" and "1" and they are multiplicity "n-1". The set of "h+1" control
points Po, P1.. Pn shalfdétermine a curve segment given by:

o

W)= J i {@Pi forue[0,1] (93)

i=0

The sample points of this segment are the values of the curve defined at the maximum of each of the
polynomials (i/n):

Vie{0, 1,2 .. n}:§f=a(i] (94)

n
The only control points that the curve is forced to go through are the first and the last one in the array.

NOTE For n = 1, the two weight functions are as follows:
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]1’0(t):[(1)]t0(1—t)1 =(1-t) and ]1’1(15):(1}1(14)1‘1 =t (95)

Given P and P4, the curve segment becomes:

c(t)=(1-t)Py +tP forte[0,1] (96)

i.e. for n = 1, the Bézier polynomial is geometrically equivalent to a simple line segment.

REQ. 175 If “c” is a Bezier with a uniform knot sequence, c.knotType="piecewiseBezier” and
of degree n, then the controlPoint sequence shall have length one greater than jome
integer multiple n; that is, there shall exist a positive integer “s” such that “¢{con-
trolPoint.length=s*c.degree+1".

Further, for|each subsequence of control points starting at an index of a multiple of n, afdength n+], the

“_n

curve will be a Bézier spline of degree “n” starting at the first point in that subsequence and ending at
the last point, with that subsequence of n+1 point as poles for that part of the curve. This curve will be
continuous |n all cases since the last pole of each Bézier curve is the first polefofthe next. It will e C1
(continuous|first derivative) if the difference vector of the last two poles of dne'sequence is equal tp the
difference vector of the first two of the next sequence, i.e. if:

[P, —Bitn1 =Pins1 —Pimn ]=|[c" is contiuous at Izi*n] 97)

7.13.8 Interface BSplineCurve (and NURBS)

7.13.8.1 Sdmantics

A B-spline cprve (Figure 27) is a piecewise parametric polynomial or rational curve described in terms
of control ppints and basis functions. If the control points are not homogeneous form or they arg but
the weights|are all equal to one another, then\it is a piecewise polynomial function. Otherwise, it is a
rational funftion spline. The steps in the construction of such a curve follow these steps:

From R, chpose a sequence of knot valges 0 < u < uy <...< u,, <1 with the ith knot span defined by:

[u,- B ui+1):{u|ui Su<ui+1};U={ll0 yuq,Uy ;u3 l---!un+p+1} (98)
From the CHS, choose the €ontrol points P; € DirectPosition,ie Z>30<i<n.
If the b-splipe is to be-polynomial, then the points are in a standard coordinate system and look liKe:

Pi:(Xi,l’Xi,Z’XI',3""'Xi,d)E Rn (99)

If the b-spline is to be rational, then the points are in a homogeneous coordinate system and look like:
n,1
PI:(WIXI,].’WIXI,Z’WIXIS"Wlxl,d’WI)ER .

From the knots, basis functions are defined recursively:

1 uelu;,ujy)

Nio(u)=
9 {0 ué U, ;) (100)

u-u; Uiyp+1 —U
N;p(W)=——=N; , 3 (U)+——————Nyq p4 (u) forp>0
Ujtp —Uj Uitp+1 Ui+l
A B-spline curve is a piecewise Bézier curve if it is quasi uniform except that the interior knots have
multiplicity "degree" rather than having multiplicity one. In this subtype the knot spacing shall be
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1,0, starting at 0,0. A piecewise Bézier curve that has only two knots, 0,0, and 1,0, each of multiplicity
(degree+1), is equivalent to a simple Bézier curve.

7.13.8.2 Operation: BSplineCurve

The class constructor "BSplineCurve" uses the pertinent information described in the attributes above
and constructs a B spline curve. If the knotSpec is not present, then the knotType is uniform and the
knots are evenly spaced, and except for the first and last have multiplicity = 1. At the ends the knots are
of multiplicity = degree+1. If the knotType is uniform, they need not be specified.

BSplineCurve (data BsplineData) :BSplineCurve

NOTH If the B-spline curve is uniform and degree = 1, the B spline is equivalent to a polyline| (Line). If the
knotType is "piecewiseBezier", then the knots are defaulted so that they are evenly spaced, and gxcept for the
first and last have multiplicity equal to degree. At the ends the knots are of multiplicity =.dégree+1.

7.13{9 DataType BsplineData
The dlatatype BsplineData contains 4 attribute extending the CurveDatawhich it is a subcldss:
— isRational: Boolean (true if and only the coordinate space is homogeneous);
— (dlegree: Integer;

— ¢ontrolPoints: DirectPosition[2,*] used in construction.of the basis functions;

— knotSpace: KnotType a description of the type of kftotSpace being used.

7.14 Requirements Class Spline Curve Data

REQ| 176 An implementation of the:requirements class Spline Curve Data shall [support all
datatypes in Requirements Class Spline Curve.

8 Interpolations for Surfaces
8.1 | Requirements Class Polygon Surface

8.1.1 Semantics

A polygon is a surface defined solely its boundary curves and a spanning surface.

REQ{177 An implementation of the Requirements Class Polygon Curve shall implement Re-
quirements Class Geometry and at least one Curve Requirements Clasg.

REQ. 178 An implementation of the Package Polygon shall have all instances and properties
specified for this package, its contents and its dependencies, contained in the UML
model for this package in this document.

8.1.2 Interface Polygon

8.1.2.1 Semantics

A Polygon (Figure 28) is a surface that is defined by a set of boundary curves and an underlying
surface to which these curves adhere. The default logic has been that a polygon was "planer” and the
underlying coordinate system was therefore Euclidean. In general, any topological 2D surface with a
local coordinate system will work.
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Care must be taken not to let the intuition of the infinite plane to color our view of a finite spheroid S% a
topological 2D sphere in 3D space, see the definition of n-sphere.

In 2D spaces, the default is that the curves are on the GeometricReferenceSurface (usually the datum).
If this surface is a plane the concepts of interior and exterior rings are needed, but otherwise, the
only requirement is that all rings have the surface on their left (in terms of the traversal, through the
dataPoints of the curve).

REQ. 179 If the underlying GeometricReferenceSurface is bounded and closed then the dis-
tinction between interior and exterior boundary rings is ignored.

NOTE If[the spanning surface is a GriddedSurface, then the boundary curves can use the paranhetric
coordinates ¢f the surface in lieu of a more standard CRS.

8.1.2.2 Attribute Polygon: boundary: Curve [1..*]

The attribute "boundary" stores the surface boundary cures that are the boundary,dfthis Polygon.

Polygon: :boundary:Curve[l..*]

REQ. 180 The Curves in a Polygon boundary shall always be/oriented so that their left side is
toward the interior of the Polygon.

REQ. 181 A test for determining if a Point, not on the’boundary of a Polygon, is interipr to
the Polygon shall be that a curve from the Point that does not cross the Boundary
Curves but touches one, will always arrive from the left side of the Boundary Curve.

REQ. 182 If the underlying Geometric reference system is unbounded, then the order of the
Curves in a Polygon boundary shall have the largest ring (the exterior ring, as
measured by the MBR of the ring) first, followed by the smaller rings in any order.

8.1.2.3 Agsociation role: spanningSurface: GriddedSurface [0..1]

The optiongl spanning surface provides a mechanism for spanning the interior of the polygon|as a
surface in 3D.

Polygoen: :spanningSurface:GriddedSurface[0..1]

The spanning surface shetld have no boundary components that intersect the boundary of the polygon,
and there should be no\dmbiguity as to which portion of the surface is described by the bounding curves
for the polygon. A<common spanning surface is an elevation model, which is not directly described in
this documént,<although Tins and ParametricCurveSurface are often used in this role. Any gridded

surface can ésily be used. In this case, the CRS of the Polygon can be the local coordinates in R? ¢f the
gridded surface parameter space.

8.1.2.4 Operation: Polygon (constructor)

This first variant of a constructor of Polygon creates a Polygon directly from a set of boundary curves
that are defined using DirectPositions on the GeometricReferenceSurface as dataPoints of the curve.

Polygon: :Polygon (boundary:Curve[l..*]) :Polygon
NOTE1 The meaning of "exterior ring" is consistent only if the spanning surface of the constructed planar
polygon is unbounded. The term comes from the Jordan Curve Theorem on a plane. When the underlying surface

is a sphere, if we construct a buffer zone of all points within 10 kilometers of the equator, there is no way to
determine which side of that polygon (north or south) is exterior or interior.
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This second variant of a constructor of Polygon creates a Polygon lying on a spanning surface. There is
no restriction of the types of interpolation used by the composite curves used in the surface boundary,
but they must all be lie on the "spanningSurface" for the process to succeed.

Polygon (boundary:Curve[l..*], spanSurf:Surface) :Polygon

NOTE 2 It is important that the boundary components be oriented properly for this to work. If it is the case
of a bounded manifold, such as a sphere, there is an ambiguity unless the orientation is properly used. If the
spanning surface is a gridded or parametric surface, then the CRS of the curves can be the parameter space of the
surface.

Animblemen aYaWa he lnte aVals Dq ed a nd Pg

plementation-g < orfaces Polyhedral Surface and shall have all
properties specified for it in the UML model in this document.

REQ

8.1.3 Datatype PolygonData

The datatype PolygonData (Figure 28) contains the boundary curves that)will be the| component
boundaries of the resultant Polygon.

Rec.|10 Each resultant curve from the list of the PolygonData’should be a cycle, but if it is
not, the constructor should repeat the first point®o close the curve.

8.1.4 Interface PolyhedralSurface

8.1.4.1 Semantics

A PolyhedralSurface (Figure 28) is a Surface comiposed of Polygons connected along their common
boundary curves. This differs from Surface only“in the restriction on the types of surfage segments
acceptable. The interface is subtyped under Collection, with the major difference§ being the
PolyhedralSurface contains only polygons;

8.1.4.2 Operation: PolyhedralSurface (constructor)

The ¢onstructor for a PolyhedralSurface takes the facet Polygons and creates the necessany aggregate
surfgce.

PolyhedralSérfac (data:PolyhedralSurfaceData) : PolyhedralSurface

PolyhedfalSurace (geo:Polygon[l..*]) :PolyhedralSurface

8.1.4.3 Assaogiation role: segment: Polygon [1..%]

The gssociation role "segment" associates this surface with its individual facet polygons. It §hall be non-
empty-This role is inherited from Primitive.

segment:Polygon[l..*]

8.1.5 Datatype PolyhedralSurfaceData

The default constructor datatype PolyhedralSurfaceData for a PolyhedralSurface (Figure 28) contains
the PolygonData for each of its segment Polygons.

8.1.6 Interface Triangle

A Triangle is a planar Polygon, with linear edges, defined by three corners, i.e. a Triangle would be the
result of a constructor of the form:
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Triangle (Line(P1, P2, P3, Pl))=Polygon(Line(P1l, P2, P3, Pl))

Triangle (P1, P2, P3)

where P1, P2, and P3 are three DirectPositions. The repeated closing point in the Triangle constructor
is optional. Triangles have no holes. Triangle may be used to construct TriangulatedSurfaces.

Rec. 11

NOTE
defining a se
Then, each p

P=C1P1

8.1.7 Dat

The datatyj
triangle. Th
coordinate §

8.1.8 Inte

A Triangula
There is no
subjected t
following th|

Implementa
surface mayj
interface.

8.1.9 Dat

The default
contains thd

8.2 Requ

REQ. 184

8.3 Requ

The resultant curve from the list passed to the Triangle constructors should

be a

cycle, but ifitis not, the constructor should repeat the first point to close the curve.

TILe points in a triangle in the coordinate system can be located in terms of their corner poir

L of barycentric coordinates, three nonnegative numbers ¢y, ¢,, and ¢z such that ¢; +@cp# c3
int P in the triangle can be expressed for some set of barycentric coordinates as:

+cyP) +c3P3

htype TriangleData

pbe TriangleData (Figure 28) contains the boundary curvethat is the boundary o
e triangle is the convex hull of the boundary in the coordifates when treated as a Cart
ystem.

rface TriangulatedSurface

redSurface (Figure 28) is a PolyhedralSurfacethat is composed only of triangles (Triaj
restriction on how the triangulation is derived. Unlike a collection of points that c3

a Delaunay triangulation, the default.interface for a triangular surface is the su
e same pattern as a polyhedral surface:

ffions that store only the points-and use a specific triangulation technique to creat
be considered satisfying the requirements of a triangular surface because they suppoj

htype TriangulatedSurfaceData

TriangleDatafor-each of its segment Triangles.

irements)Class Polygon Surface Data

ts by
= 1,0.

(101)

f the

psian

ngle).
n be
rface

b the
t the

constructor datatype TriangulatedSurfaceData for a TriangulatedSurface (Figurg 28

An'implementation of the requirements class Polygon Data shall support alll da-

tatypes in Requirements Class Polygon.

irements Class Parametric Curve Surface

8.3.1 Semantics

A gridded or parametric curve surface is one that by the nature of its construction has a natural

subdivision

148

of its area usually by its parameterization.
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REQ. 185 An implementation of the Requirements Class Parametric Curve Surface shall im-
plement Requirements Class Geometry and at least one Curve Requirements Class.

REQ. 186 An implementation of the Gridded Surfaces shall have all instances and properties
specified for this package, its contents and its dependencies, contained in the UML
model for this package in this document.

8.3.2 Interface ParametricCurveSurface

8.3.2.1 Semantics

The
the f

Aon
seto

o

The
first
"hor
the d
(othg

para

~

The
deriy

unit,
Zero

repa
If th

supp
syste
arig

§(u,v): [a,b] ® [c,d] — DirectPosition

lying anfupward" height/elevation vector. In this case, the vector basis (;,;) must be

barametric curve surfaces are continuous families of curves, given by a constructivg
brm:

e-parameter family of curves can be defined by fixing the value of either parameter; fix
f curves in u, fixing u gives a set of curves in v.

s (U)=c, (v)=5(u,v)

Functions on ParametricCurveSurface (Figure 29) shall ‘€xpose these two families of
pives us the "horizontal” cross sections ¢, (u), the later the "vertical” cross sections ¢, (y
zontal" and "vertical" refer to the parameter space.and need not be either horizontal ¢
oordinate reference system. Table 7 lists somépossible pairs of types for these sur
r representations of these same surfaces are possible). The two partial derivatives of

neterization, i and ] are given by:

E;—US(U,V):%CV(U) and ]E%S(U’V)Z%Cll(v)

Hefault upNormal (n) for the surface is the normalized vector cross product of thes
atives when they are bothmon-zero: n= (i xj)/”i ><jH . The two vectors i and jaret

orthogonal vectors in.the parameter (u,v) -space of the surface but the mapping S(u,v]
partial derivative~at’some points, in which case the curves c,(u) and c,(v) will

Fametrized by th@eJocal arc length, giving i =¢, (s, ) and j=¢,(s,).

e coordinatéfeference system is 2D, then the vector n extends the local coordinat

m; thatis to say, the counter-clockwise oriented angle from i to j must be less than 180°.

function of

(102)

ing v gives a

(103)

curves. The
). The terms
r vertical in
face curves
the surface

(104)

e two curve
he images of

may have a
need to be

e system by
A right hand

°. This gives

nt-handed "moving frame" for each curve of local coordinate axes given by<1 ] >. A moving frame

is de

fined to be a continuous function from the geometric object to a basis for the local tangent space of

that object. For the section curves, this is the derivative of the curve, the local tangent. For a parametric
curve surface, this is a local pair of tangents.

NOTE The existence of a viable moving frame is the definition of "orientable" manifold. This is why the
existence of a continuous upNormal implies that the surface is orientable. Non-orientable surfaces, such as the
Mobius band and Klein bottle are counter intuitive. Subclause 6.4.25 forbids their use in application schemas
conforming to this document. Klein bottles cannot even be constructed in 3D space, but require 4D space for non
singular representations.
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«interface» «interface»
Collection Surface

«interface»
Polygon

«interface»
PolyhedralSurface

. *
+ JelementType: GeometryType =Polygon + boundary: Curve [1..%]

+ /element: Polygon*[1..¥] +segment
+ /numElement: Integer

exterorRing(): Curve
numinteriorRing(): Integer
interiorRingN(N: Integer): Curve

rimgst—Eotection

1.*%

4+ + +

+ adjacentPolygons(p: Polygon): Collection

«creatle»
+ PolyhedralSurface(data: PolyhedralSurfaceData): PolyhedralSurface
+ PolyphedralSurface(geo: Polygon): PolyhedralSurface

«create»
+ Polygon(boundary: Curve, spanSurf: Surface): Polygon
+ Polygon(data: PolygonData): Polygon

i B

«interface» .
«interface»
: +segment
TriangulatedSurface +surface g Triangle
1..* | + dataPoint: DirectPositien{3]
ZF «create»
cinterfacer + Triangle(data: TriangleData): Triangle
TIN + Triangle(boundaryLine): Triangle
+ Triangle(cechérs: DirectPosition): Triangle

«create»
+ | TIN(data: TriangleData): TIN

Figure 28 — Polyhedral.surface

Table 7 — Examples of parametric curve representations

Surface type Horizontal curve. type Vertical curve type
Cylinder Circle, constant radii Line Segment
Cone Circle, increasing radii from the apex point Line Segment
Sphere Circle of constant latitude Circle of constant longitude
BilinearGrid| Line string Line string
BicubicGrid Cubic spline Cubic spline

The rows from the parametep grid are associated with dataPoints for the horizontal surface cujrves;
the columng are associated/with dataPoints for the vertical surface curves. The working assumption
is that for a|pair of parametric coordinates (u, v) that the horizontal curves for each integer offsqt are
calculated ajnd evaluated at "u". This defines a sequence of control points:

{SCu,vpp=fe, (u):u=kop,-Keorumns—1,n) 105)

From this sequence, a vertical curve is calculated for "u", and evaluated at "v". The order of calculation
(horizontal-vertical versus vertical-horizontal) does not normally make a difference. Where it does, the
horizontal-vertical order should be used.

NOTE A common case of a parametric surface S is a 2D spline. In this case, the weight functions for each
parameter make order of calculation unimportant:

rows—1 colums—1

S(u,v)= 2 Z w?(u)w;(v)ﬁi_]- (106)
=0 j=0

where P, jis the control point in the ith row and jth column.

Logically, any pair of curve interpolation types can lead to a subtype of ParametricCurveSurface.
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8.3.2.2 Attribute horizontalCurveType, verticalCurveType

The attribute "horizontalCurveType" indicates the type of section curves used to traverse the surface

non

"horizontally" which fix the parameter "v" and uses the parameter "u", S.horizontalCurve(v)(u) = C,(u).

horizontalCurveType:GeometryType

REQ. 187 The GeometryType returned by horizontalCurveType shall be in the local codelist
GeometryType and shall be a subtype of Curve.

The pttribute "verticalCurveType" indicates the type of surface curves used to traverse|the surface
vertically which fix the parameter "u" and uses the parameter "v", SverticalCurve(u) = C,(v).

REQ] 188 The GeometryType returned by verticalCurveType shall bein the logal codelist
GeometryType and shall be a subtype of Curve.

<

verticalCurveType:GeometryType

8.3.2.3 Attribute rows

The attribute "rows" gives the number of rows in the paraieter grid.

rows: Integer

8.3.2.4 Attribute columns

The attribute "columns" gives the numbertof columns in the parameter grid.

columns:Integer

8.3.2.5 Attribute dataPoints

The ¢dlataPoints are the functional images of the knots in the parameter grid.
dataPoints:DirectPosition[0..*]
knots = (u; Wi ),

N\ (107)
dataPeint(i/, j)=S(u; ,v}-):cui (vj)zcvj (u;)

8.3.2.6—Attribute-contrelPoints

If either the horizontal or the vertical curves require control points in their definition, they may be
accessed via the control point array. There will be (rows x columns) points in the control point array,
stored in row-major form.

controlPoints:DirectPosition[0..*]

8.3.2.7 Attribute horizontalCurveType

The curves associated to the points in a row of the controlPoint 2D array will normally be of a single
curve type where the construction parameters vary across rows.

horizontalCurveType:GeometryType
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8.3.2.8 Attribute verticalCurveType

This attribute describes the "curves"” that correspond to the columns of the controlPoint 2D array.

verticalCurveType:GeometryType

8.3.2.9 Operation: horizontalCurve: Curve

The operation "horizontalCurve" constructs a curve that traverses the surface horizontally with
respect to the parameter "s". This curve holds the parameter "t" constant.

NOTE
not part of a
values. The e
space supporj

8.3.2.10 Oj

The operati
the paramet

8.3.2.11 0}

The operati

8.3.3 Dat

Parametric(
contains dat

0and 0
0 as “ro

0 as “co

0 as “co

INNOL T Z0IILdITCULVE( LA L) .CULVE

The Curve returned by this function or by the corresponding vertical curve function, arenor

1y Geometry Complex to which this surface is included. These are, in general, calculated trar

t for the surface map normally to the boundaries of the target surfaces.

beration: verticalCurve: Curve

bn "verticalCurve" constructs a curve that traverses the surfagewertically with respg

er "t". This curve holds the parameter "s" constant.

verticalCurve (u:Real) :Curve

peration: surface: DirectPosition

bn "surface” traverses the surface both vertically and horizontally.

surface (u:Real,v:Real):DirectPosition

htype ParametricCurveSurfaceData

[lurveSurfaceData is the default constructor datatype for ParametricCurveSurface
atypes for the five attributes of a ParametricCurveSurface defined in:

as “interpolation”,

vs”,

umns”,

0 as “ddtaPointand

htrolPoint”.

mally
sient

kceptions to this can occur at the extremes of the parameter space. The boundaries(of the parameter

ctto

and

8.34

Interface BilinearGrid

A BilinearGrid is a ParametricCurveSurface that uses line strings as the horizontal and vertical curves.

EXAMPLE

On a 2 by 2 grid, the equations are quite symmetric (using integer knots, the data points at the
knots are the data points for that particular crossing, (integer, integer) coordinate):

{5(0,0)=Py,S(1,0)=P, 4,5(0,1)=Py 1,S(1,1)=P; ; }:

S(u,v)=

(108)

Isu,v =(1_u)(1_v)130'0 +(1_U)V130,1 +U(1—V)131’0 +LlV131,1

If the four points are coplanar, the section of the grid is a polygon.

NOTE
planar.

152

This is not a polygonal surface, since each of the grid squares is a ruled surface, and not necessarily
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«interface» «interface» «datatype» «CodeList» «datatype»
ReferenceSystem Surface ParametricCurveSurfaceData BSplineSurfaceForm Knot
+ rows: Integer + planar + value: Real [0..] ={0,1,2...} {sequence}
+ columns: Integer + cylindrical + multiplicity: Integer [0..*] =1
+ controlPoint: DirectPosition [0..*] {sequence} + conical
+ dataPoint: DirectPosition [0..*] {sequence} + spherical
+ horizontalCurveType: GeometryType [0..2] = linear {sesquence} + toroidal
+ verticalCurveType: GeometryType + unspecified
A\

I
1 «interface» . N
Cone [ TTTTTTTTTTooo horizontalCurveType = "conic"
«interface» verticalCurveType = "linear"
ParametricCurveSurface
+ rows: Integer «interface» . .
+ colums: Integer Cylinder [~ 777TTTTTTTOT horizontalCurveType = " conic
+ controlPoints: DirectPosition [0..*] (2D array row*colums) {ordered} verticalCurveType = "linear”
+ dataPoint: DirectPosition [0..*] (2D array row*colums) {sequence}
+ hofizontalCurveType: GeometryType [1..*] = Line {ordered} ~N—
i : =Li «interface»
* :: tl_c;ICutw;Type. GeometryType = Line Sphere [T TTTTTTTTUOC horizontalCurvelypd = “circularArc3Points”
* : Knot [2] {sequence} verticalCurveType = 'circularArc3Points"
+ hofizontalCurve(Real): Curve
+ velficalCurve(Real): Curve
+ sufface(Real, Real): DirectPosition cinterface» | ... ArizohtalCurveTypd = *line"
+ PafametricCurveSurface(ParametricCurveSurfaceData): ParametricCurveSurface BilinearGrid y yP I
? VerticalCurveType = ['line’
«interface»
BSplineSurface

+ degree: Integer
+ kndt: Knot [0..2] {sequence}
+ knqtSpec: KnotType
+ surfaceForm: BSplineSurfaceForm . .
+ isfplynomial: Boolean ~ Femmmemese-e- horizontalClyéType = " BSpine”
+ hofizontalCurve Type: GeometryType = BSpline verticalGdrveype = " BSpine
+ velficalCurveType: GeometryType = BSpline
+ BSplineSurface(BSplineSurfaceData): BSplineSurface

Figure 29 — ParametricCurveSurface and its subtypes

Another internal representation is the use -of real valued polynomials (one for each| coordinate
dimgnsion, as defined by the CRS.dimension'd’(0), on 2 variables (here we will use (u, v) €[a, b] & [c, d])

8.3.3 Extensions of ParametricCurveSurface

Mor¢ complex versions for interpolations of ParametricCurveSurface are available.

po(w,v)

P(u, V) _ b1 (u! V)

Pd-1(WV)
- . (109)
apo o1 -~ dom || 1

i i i % n,m
| o R P nll90 911 - dim N girac
Tt =t Dy
r=o0,c=0
. . m
1 1 \
_anO anm_— -

8.4 Requirements Class Parametric Curve Surface Data

REQ. 189 An implementation of the requirements class Parametric Curve Data shall support
all datatypes in Requirements Class Parametric Curve Surface

© IS0 2019 - All rights reserved 153


https://standardsiso.com/api/?name=78d09e2d312bd9a5968e4df970c6c5e9

ISO 19107

:2019(E)

8.5 Requirements Class Conic Surface

8.5.1 Semantics

A conic surface is either a cone or a surface derived from cutting a cone with a planar intersection.

REQ. 190

REQ. 191

An implementation of the Requirements Class Conic Surface shall implement Re-

quirements Class Geometry and at least one Curve Requirements Class.

An implementation of the Package Conic Surface shall have all instances and prop-

erties specified for this package, it contents, and its dependencies, contained i

8.5.2 Inte

A Sphere c3
linearly alor
central ang]|
lines of cong

NOTE If
of a sphere is

EXAMPLE

And map the
X = pcos

Y =pcos

z=psin
We have as
the entire 13
South poles
This gives y
cycle) surfa

e. The horizontal circles resemble lines of constant latitude, and the/Vertical arcs rese

UML model for this package in this document.

rface Sphere

n be represented as a GriddedSurface given as a family of circles whoge. positions
g the axis of the sphere, and whose radius varies in proportion to the cosine function ¢

tant longitude.

the control points are sorted in terms of increasing longitude, and increasing latitude, the upN
the outward normal.

If we take a gridded set of latitudes and longitudes in degrees, (¢,A), such as

(-90, -180) (=90, -90) (-90,0) (£-90,90)  (-90,180)
(-45, -180) (-45, -90) (45,00 (-4590)  (-45,180)
(0, -180) (0,-90) (0,0) (0,90) (0, 180)
(45, -180) (45, -90) (35,0 (45,90) (45, 180)
(90, -180) (90, -90) (90,0 (90,90) (90, 180)
e points to 3D using the usual fornfulae (where R is the radius of the required sphere).
A cos @
Asing
L

bhere of radius p,-centred at (0, 0), as a gridded surface. Notice that the entire first row
st row of thecaontrol points map to a single point each in 3D Euclidean space, Nort}
respectively;and that each horizontal curve closes back on itself forming a geometric ¢
s a metrieally bounded (of finite size), topologically unbounded (not having a bound3
Ce.

n the

vary
fthe
mble

rmal

110)

7 and
and
ycle.
iry, a
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Reference System
Surface

«interface»
Parametric Curve Surfaces::ParametricCurveSurface

rows: Integer

colums: Integer

controlPoints: DirectPosition [0..*] (2D array row*colums) {ordered}
dataPoint: DirectPosition [0..*] (2D array row*colums) {sequence}
horizontalCurveType: GeometryType [1..*] = Line {ordered}
verticalCurve Type: GeometryType = Line

knot: Knot [0..*] ={0,1,2,3,...} {sequence}

+ 4+ + + + o+ o+

horizontal Curve(Real): Curve
verticalCurve(Real): Curve

REQ

8.5.3

A Co
vary

NOTH
be giy
P2, P
circlg

8.5.4

A Cy
along

surface(Real, Real): DirectPosition
ParametricCurveSurface(ParametricCurveSurfaceData): ParametricCurveSurface

+ + |+ +

«interface» «interface»
Sphere Cone :] «interface»
+ horizontalCurveType: Circle + horizaontalCurveType: Circle Cylinder
+ verticalCurveType: Circle + verticalCurveType: Line
Figure 30 — Conics
192 An implementation of the interfaces Cone and Cylinder shall have all

specified for it in the UML model;in this document.

Interface Cone

he can be represented as a GriddedSurface given as a family of conic sections whos¢
linearly.

A 5-point ellipse with‘all defining positions identical is a point. Thus, a truncated ellip{
en as a 2 x 5 set of controlpoints << P1, P1, P1, P1, P1 >. < P2, P3, P4, P5, P6 >>. P1 is the ape
B, P4, P5, and P6 are any.five distinct points around the base ellipse of the cone. If the horizonf
s as opposed to ellipses; then a circular cone can be constructed using << P1, P1, P1 >. < P2, P3

Interfacé€ylinder

inder catvbe represented as a GriddedSurface given as a family of circles whose po
r a setyof parallel lines, keeping the cross-sectional horizontal curves of a constant shaj

NOTH

properties

b dataPoints

ical cone can
x of the cone.
al curves are
, P4 >>,

sitions vary
be.

Given the same working assumptions as in the previous note, a Cylinder can be given b

y two circles,

giving us control points of the form << P1, P2, P3 >. < P4, P5, P6 >>,

8.6 Requirements Class Conic Surface Data

REQ. 193 An implementation of the requirements class Conic Surface Data shall support
all datatypes in Requirements Class Conic Surface.
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8.7 Requirements Class Spline Surface

8.7.1 Sem

antics

A spline surface is a type of gridded surface for which the spans of the gridded knot space is defined by

spline functi

ons.

REQ. 194 An implementation of the Requirements Class Spline Surface shall implement Re-
quirements Class Geometry and Requirements Class Spline Curve.
REQ. 195 An implementation of the Package Spline Surface shall have all instances and prop-
erties specified for this package, its contents and its dependencies, contained)in the
UML model for this package in this document.
Orientable «datatypey
«interface» SurfaceData
Surface + boundary.CurveData [1..7]
+ segment=SurfaceData* [0..]
+ knotgKnot [0..2] {sequence}
ReferenceSystem
«interface»
ParametricCurveSurface
T «datatype»
+ rows: n_ eger ParametricCurveSurfaceData
+ colums]Integer
+ controlfoints: DirectPosition [0..*] (2D array row*colums) {ordered} * “rows: Integer
+ dataPojnt: DirectPosition [0..*] (2D array row*colums) {sequence} — — — _> %+ columns: Integer
+ horizonfalCurveType: GeometryType [1.."] = Line {ordered} + controlPoint: DirectPosition [0..*] {sequence}
+ verticalfurveType: GeometryType = Line + dataPoint: DirectPosition [0..*] {sesquence}
+ knot: Krjot [0..2] {sequence} + horizontalCurveType: GeometryType [0..2] = linear {sequer|ce}
+ horizonfalCurve(Real): Curve + verticalCurveType: GeometryType
+ verticalQurve(Real): Curve
+ surface(Real, Real): DirectPosition
+ ParamgtricCurveSurface(ParametricCurveSurfaceData): ParametriecCdrveSurface

1

«interface»

BSplineSurface

knot: Knot [

isPolynomig
horizontalCi

+ o+ o+

degree: Intgger

..2] {sequence}

knotSpec: KhotType
surfaceForm: BSplineSurfaceForm

|- Boolean
rveType: GeometryTyp€ = BSpline

verticalCurvpType: GeometryTyp€ = BSpline

«dataType»
BSplineSurfaceData

+ o+ o+

degree: Integer

knot: Knot [0..2] {ssquence}
knotSpec: KnotType

surfaceForm: BSplineSurfaceForm
isPolynomial: Boolean

+ BSplineSurface(BSplineSurfacePata): BSplineSurface

Figure 31 — Parametric and BSpline Surfaces

8.7.2

8.7.2.1 Semantics

Interface BSplineSurface (and NURBS)

A B-spline surface (Figure 28, Figure 31) 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 ("isPolynomial" is FALSE), then the spline is
piecewise-rational and the CRS is augmented to be a homogeneous coordinate system with a "weight"
column (see 7Z.13.4 above). If the Boolean "isPolynomial" is TRUE then CRS is not a homogeneous
coordinate reference system.

156
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The attributes "horizontalCurveType" and "verticalCurveType" inherited from ParametricCurveSurface,
will be "BSpline." If the CRS of a b spline is homogeneous, the use of "BSpline" as a value for curve type
is equivalent to "NURBS.

8.7.2.2 Attribute degree: Integer

The attribute "degree" shall be the algebraic degree of the b-spline basis functions.

BSplineSurface: :degree:Integer

The attribute "knot" shall be two sequences of distinct knots used to define the b splin€ bagis functions
for the two parameters. Recall that the knot datatype holds information on knot multiplicity. There are
two Ways to display the knots, either as a simple array of real (in which case knots with multiplicities
are repeated), or an array of pairs of (knot value, knot multiplicity).

BSplineSurface: :knot:Knot[2]

Per. #1 Implementations may choose a single knot representation

8.7.2.4 Attribute surfaceForm: BSPlineSurfaceForm

The pttribute "surfaceForm" is used to identify patticular types of surface that this spline is being
used| to approximate. It is for information only,wsed to capture the original intention| If no such
apprpximation is intended, then the value of this'attribute is "unspecified."

BSplineSurface: sgsurfaceForm:BSplineSurfaceForm

8.7.2.5 Attribute knotSpec: KnotType

The httribute "knotSpec” gives<the type of knot distribution used in defining this spling. This is for
information only and is set accerding to the different construction-functions. See 7.13.2.

BSplineSurface: :knotSpec:KnotType

8.7.2.6 Attribute\isPolynomial: Boolean

The pttribute "isPolynomial” is "True" if this is a polynomial spline. If "False", the spling is rational,
i.e. al]NURBS " non-uniform rational b-spline". Regardless of the name, a NURBS curve can(be uniform.
Ratignalb<splines use homogeneous coordinates.

BSprime=SurfacerTTsPotymomta T Bootear

8.7.2.7 BSplineSurfaceData (default constructor datatype)

The class constructor "BSplineSurface" takes the pertinent information described in the attributes
above and constructs a B spline surface. If the knotSpec is not present, then the knotType is uniform
and the knots are evenly spaced, and, except for the first and last, have multiplicity = 1. At the ends the
knots are of multiplicity = degree+1. If the knotType is uniform, they need not be specified.
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degree: Integer

knot: Knot [2] // 2 knot arrays
knotSpec: KnotType

surfaceForm: BSplineSurfaceForm[0, 1]

isPolynomial: Boolean

8.7.3 Codelist BSplineSurfaceForm

The codelist "BSplineSurfaceForm" shall be used to indicate a particular geometric form represented by
a BSplineSurface. The potential values are:

— planar {— a bounded portion of a plane represented by a B-spline surface of dégree 1 in|each
parameger.

— cylindrical — a bounded portion of a cylindrical surface represented by a B<£spline surface.
— conical {—abounded portion of the surface of a right circular cone represented by a B-spline sujface.
— spherical — a bounded portion of a sphere, or a complete sphere represented by a B-spline sugface.
— toroidal — a torus or a portion of a torus represented by a B-spline surface.
— unspecified — no particular surface is specified.
BSplineSurfaceForm::

planar

cylindrical

conical

spherical

toroidal

unspecified

8.8 Requjirements‘Class Spline Surface Data

REQ. 196 An implementation of the requirements class Spline Surface Data shall supportall
datatypes in Requirements Class Spline Surface.

9 Interpolations for Solids

9.1 Requirements Class Boundary Representation Solid

The simplest representation of a solid in a 3D space is by specification of its boundary surfaces. By the

Jordan separation theorem, a closed simple 3D surface divides a E3 space into 2 solid components, one
finite and one infinite. In other coordinate systems, the normals to the surface point outward from the
defined solid So there is no ambiguity in terms of which solid is being defined.

The root interface Surface (Figure 32) is sufficient to support boundary representations, where a solid,
like a polygon, is represented by its boundary. This interface can be support by an application only if at
least one surface requirements class with realizable surfaces is also supported.
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REQ. 197 An implementation of the Requirements Class Boundary Representation Solid shall
implement Requirements Class Geometry and at least one Surface Requirements Class.

REQ. 198 An implementation of the Boundary Representation shall have all instances and
properties specified for this package, its contents, and its dependencies, contained
in the UML model for this package in this document.

The interface Solid defined in 6.4.28 is sufficient to support a boundary representation.

REQ. 199 An implementation of the interface Solid shall have all properties specified for itin
the UML model in this document.

9.2 | Requirements Class Boundary Representation Solid Data

REQ| 200 An implementation of the requirements class Boundary Representation Solid Data
shall support all datatypes in Requirements Class Boundarny Representation.

9.3 | Requirements Class Parametric Curve Solid
9.3.1 Interface ParametricCurveSolid

9.3.1.1 Semantics

This|interface does for solids what the interface ParamietricCurveSurface (8.3.2) does fo1 surfaces, it
builds solids by bundling curves.

For gny valid interpolation, this creates a “rectatigular” parameter space of the same dimgnsion of the
geonjetry that mapped, for all parametric cuxryes, surfaces or solids. The “knot” coordinate¢ systems to
the geometry being defined. This will allow-a mechanism to map information associated| to the knot
coorglinate to the corresponding positiens'in the coordinate reference system in a manner fimilar to or
extending those in ISO 19148:2012 (see{8]).

9.3.1.2 Attribute: horizontalCurveType, verticalCurveType, depthCurveType

REQ] 201 An implementation of the Requirements Class Parametric Curve Solid shall imple-
ment Requirements Class Geometry and at least one Curve Requirements Class.

REQ] 202 The GeometryType returned by horizontalCurveType, verticalCurveTyp¢ and depth-
CurveType shall be in the local codelist GeometryType and shall be a subtype of Curve.

The 3ttribute*rows" gives the number of horizontal rows in the parameter grid. The attribute "columns”
giveg thé number of vertical columns in the parameter grid. The attribute "files" gives the number of
depth iles in the parameter grid

ParametricCurveSolid: :rows:Integer
ParametricCurveSolid::columns:Integer

ParametricCurveSolid::files:Integer
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9.3.1.3 Attribute: dataPoint, controlPoint

The dataPoints are the functional images of the knots in the 3D parameter grid.

knots(u,- ,vj,tk),

dataPoint(i,j,k)=S(ul-,v]-,tk)=cui e (v]-)=cui i (tk)=cvj £ (U7)

(111)

If either the horizontal, vertical or the depth curves require control points in their definition, they may
be accessed via the control point array.

dotablodint. DircotrDocsid

There will be (rows x columns x files) points in the control point array, stored in row-major form.

controlPoint: DirectPosition[rows x

«datdType»
ParamétricCurveSolidType

interpolatiofy: Curvelnterpoation

row: Integer

coldm: [hteger

sank; riteger

dataPoints: DirectPosition [1..*] {sequence}
controlPoint: DirectPosition [1..*] {sequence}]

+ 4+ o+ o+ o+ o+

(from Gridded Solid)

columns

x files]

Geometry «codelist» «datatype»
. . SolidData
«interface» SolidInterpolation
Primitive + boundary: SusfaceData* [1..%]
+ none 4
+ linear + segment:SolidData* [0..%]
+ tetrahedron + knot: Knbt [3Nsequence}
+ pa(a metricCurve (franh metry)
K + spline
«|nterf.ace» + Bezeir
Solid + b-spline
+ nurbs
Z% (from Geometry)
ReferenceSystem «datatype»
«interface» ParametricCurveSolidData
ParametricCurveSolid
+ columns: Integer
+ horizontalCurveType: GeometryType ="Line" + rows:Integer
+ verticallCurveType: GeometryType ="Line" + files: Integer
+ depthCurveType: GeometryType ="Line" + horizontalCurveType: GeomettryType
+ rows:Integer + depthCurveType: GeometryType
+ columns: Integer + verticalCurveType: GeometryType
+ files:Integer
+ dataPoint: DirectPosition [rows*columns*files] {ordered} (from Gridded Solid)
+ controlPoint: DirectPosition [rows *columns*files] {ordewed}
+ horizontalCurve(b: Real, c: Real): Curve
+ verticalCurve(a: Real, c: Real): Curve «interface»
+ depthCurve(a: Real, b: Real): Curve < SolidSpline
+ surface(a: Real, b: Real, c: Real): DirectPsition
«create»
+ ParametricCurveSolid(data: ParametgicCurveSolidData): ParametricCurveSolid

9.3.2

Figure 32 — Solid

Interface BSolidSpline

Solid splines are 3D parametric curve solids, where the various curves are splines (b-splines normally),
and the equation for the solid interior is:

p q r -
Spar (u,v,t):ZZZN,-IP (u)N]-_q (V)N (t)P,-'j’k

160

i=0 j=0k=0

(112)
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9.3.3 Other interpolations

Tetrahedron interpolation creates a Delaunay tetrahedral network in the (u, v, £) where each tetrahedron
is a subset of a cube in the (u, v, t) grid. The interpolation uses barycentric interpolation to map the
parameter space to the coordinate space.

9.4 Requirements Class Parametric Curve Solid Data

REQ. 203 An implementation of the requirements class Parametric Curve Solid Data shall

support all datatypes in Requirements Class Parametric Curve Solid.

10 Topology
10.1] Requirements Class Topology root

10.1}j1 Semantics

The most productive use of topology is to accelerate computational geonietry. The method by which this
is actomplished is to associate explicitly feature instances and georietric object instances fin a manner
consjstent with and derived from their implicit geometric relatiohs. In some cases, these associations
are derived from a conceptual geometry that does not agre@ with the representation of| the feature
instgnces. For this purpose, it is necessary to define topology packages that parallel the geometry
packpges in 5. Figure 33 shows these packages and their dependencies.

«requirementsclass»
Topology

EI ComplexData
EI Expression

<____

«requirementsclass»
Node

«requirementsclass»
Edge

Face

«requirementgclass»

~q DirectedNode
i Node

~q DirectedEdge
—q Edge

_| g DirectedF4
—q Face

E_I ExpressonTem
E_I PrimitiveData

E_I TopologyData

% Orientation

o Conplex
. DirectedTopo
Topology «requirementsclass» «requirementsclass»
@ Primitive Spatial Operators Solid | TTTTTTTT
. Primitive

oH

o~y DirectedSolid

. Expression E_I DimensionExtension

. ExpressionTerm E:I SetMask g Solid

Figure 33 — Topology packages and internal dependencies

Figure-34 gives an overview of the class structure of the basic topological packages. THe root class
of t i 2:0bhj ' imiti ichl are related
in way similar to the Geometry Primitive and Geometry Complex, so that a Complex is an organized
structure of Primitives. The major difference being that a Geometry Primitive is more loosely coupled
to a Geometry Complex, allowing it to stand alone, whereas a Primitive must be in at least one Complex.
An instance of DirectedTopo shall contain a reference to a Primitive and an orientation parameter,
similar to the Orientable in 6.3.13. Since only two orientations are possible, regardless of dimension,
each primitive is associated with two directed topological. To conserve on the number of objects and
to make the natural identification of a primitive with its positive orientation, each primitive in each
dimension is subclassed under its corresponding directed topological object. A common minimalist
topological structure "MiniTopo" is described in Annex C.

— 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 to convert computational geometry algorithms into
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combinatorial algorithms. Another purpose is, within the geographic 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 Geometry (Clause 5 through 8.8). For the
second purpose, the classes in these packages are specified so that they can be used independently
of the geometry.

A topological complex consists of collections of topological primitives of all kinds up to the
dimension of the complex. Thus, a 2-dimensional complex must contain faces, edges, and nodes,

while a 1-dimensional 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—iew—that—topelegicalcomplexes—are—constructed—to—optimize—computationalgeemetry
procedures Jy the use of combinatorial algorithms. This also permits the creation of structures that’ignore
geometric copstraints by using a topological complex that is not realized by a geometric complex.
The key to finderstanding the use of computational topology is to see the related procédures in|both
systems. As|Figure 34 shows, there is a great deal of parallelism between how primitives-and comp|exes

are related in the two class systems.

The topolog
of the proc
problems in|
solved therg
this algebra
primitives.

pdures, functions and operations in the topology packages aredone so that geom

b, and the solutions translated back to the geometric domaifi. A topological expressi
is a multivariate, degree one polynomial, where the vapiables correspond to topolg

The diagram in Figure 35 summarizes the relation between topology and geometry. The OCL const

means that
theory and {
allows prob

Lhe diagram commutes such that navigation between Topology and Geometry presery
he topological properties of the Geometry. This mapping between Geometry and Top
ems solved in either domain leads to the same solutions.

cal system is based on algebraic manipulations of multivariate polynemials. The definifions

etric

the geometric domain can be translated into algebraic probléms in the topology doinain,

bn in
gical

raint
e set

logy

REQ. 204 An implementation of the Requirements Class Topology root shall implemeng Re-
quirements Class Geometry.

REQ. 205 An implementation of the Package Topology Root shall have all instances and prop-
erties specified for thisipackage, its contents and its dependencies, contained in the
UML model for this;package in this document.

10.1.2 Interface Topology

10.1.2.1 S¢mantics

Topology is| an absfract class that supplies a root type for topological complexes and topolqgical

primitives.

Logically arjd-Structurally, topological objects and geometric objects could share the same subjclass

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 characteristics, as demonstrated by the homomorphism, they are different operations

and need to

be clearly separated.

10.1.2.2 Attribute isEmpty

The attribute isEmpty shall behave in the same manner as the Geometry.IsEmpty (0).

162
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12 Implementation should use the isEmpty Boolean to set objects to NULL or Empty
temporarily until a "transaction” or similar action is either completed or undone.
Long-term existence (persistence) of an "empty” topology is not recommended but
is not prohibited.

.206 Any topology object for which isEmpty=TRUE, shall behave appropriately in its other

operations and attributes.

REQ. 207 The topological dimension of an empty topology shall be -1.

REQ. 208 Empty topology objects shall only be associated to empty geometry objects.

10.1j2.3 Attribute dimension

REQ] 209 The integer returned by the attribute "dimension” shall be the topological dimension
of this Topology. It shall be solely dependent on the instantiated class gf the object
and shall not be changed for a particular object without changing that ohject's class.

For g¢xample, the value for dimension is 0 for nodes, one for edges, twefor faces, and thrge for solids.

Any

bbject associated with this Topology shall have this same dimension.

Topology: :dimension:Integer

«interface»
Topology

I

«interface»
Complex

«interface»
Primitive

f

«interface»
Expression

«interface»

ExpressionTerm

«interface»

«interface»

«interface»

«interface»

Figure 34 — Topological class diagram
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Node Edge Face Solid
1
(fromi@ode) (from:@dge) (frongace) (fmméf’//d)
«aterface» «interface» «interface» <_<interface »
DirectedNode DirectedEdge DirectedFace DirectedSolid
(from IVode) (from nge) (from\Face) (from Solid)
«interface» variabley/gigple  tem «dataType» term expression «dataType»
DirectedTopo 1 0 ExpressionTerm 0+ Tems 1 Expression
/\ T
| |
| |
| |
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10.1.2.4 Attribute boundary

REQ. 210 The attribute "boundary" shall be a set of DirectedTopo structured as a Bound-
ary that represents the boundary of the Topology.

Topology: :boundary:Boundary

REQ. 211 IT this Topology is associated with an object, its boundary shall be consistept in
orientation with that object as described in the geometry packages.

As a constrgint, the dimension of a boundary shall always be one less than the dimension’of the orijginal
object. For this reason, the dimension of the empty set shall be considered to be "-1".

Topology:

boundary.dimension=this.dimension()- 1

«interface»
Topology::Topology

i

«interface» +element «interface»
Topology::Complex < Complex 0. Topology::Primitive
+topology | 0..1 0..*| +topology
Realization Realization
0..1 | +geometry

0..1 +geometry

«interface» +element

Geometry::Complex <> «interface»

0..* {ordered} Geometry::Primitive

«interface»
Geometry::Collection

A

v

+element «interface» +location
* G try::G t

0. eometry::Geometry 0.1

{ordered}

Figure 35 — Relation between Geometry and Topology

Figure 37 shows how the boundary function can be visualized as an association from objects of each
dimension to objects of one less dimension.
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In most cases, the return value will be a valid value of an Expression. The boundary returned can fail
to be a valid 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.

10.1.2.5 Attribute coBoundary

REQ. 212 The attribute "coBoundary" shall have a value of a Set of DirectedTopo
sents all the Topology::Topologies that have this Topology on their bou

In mes eturn e be id e of an sression (10 An exce

Dire
from|

Figu
the H
dimd
10.1

REQ

For 4
Com

geonjetric realization of this Topology.

10.1
The :

with
are 1

10.1

len the corresponding object is on the boundary of a closed object (such as a curive
rtedTopo twice with opposite orientations and therefore cancel out when the.coBour

Set of DirectedTopo to Expression.

Topology: :coBoundary: DirectedTopo[0..*]

e 37 illustrates how this attribute can be visualized as a relatiombetween dimens
rimitives, similar to the boundary operation, but directed in_the opposite direction
nsion instead of reducing it.

2.6 Attribute interior

The attribute "interior"” shall haye a value of the finite set of Prin
comprises the interior of this object within the maximal complex of

213

Primitive this will be a self reference. For“a Complex this will be all primitive eler
blex not on the boundary of the Complex, This is the homomorphic equivalent of the

Topodoyy: :interior:Primitive[0..*]

2.7 Attribute exterior

ttribute exterior” shall return the finite set of Primitives that comprises the exterior ¢
n the maximal corhiplex of this object. This consists of all Primitives in the maximal (
otin the interiof-or the boundary of this Topology

Topology::exterior(): Primitive

2.8, Attribute closure

that repre-
ndary.

tion to this
that begins

ends at the same point). The Topology corresponding to that object would appear in the Set of

dary is cast

on levels of
, increasing

nitives that
this object.

hents in the
interior of a

f this object
omplex that

The ;

httribute "closure” is often useful; it is defined as a union of the interior and boundary

of an object,

and i

10.1.

REQ.

© ISO

s thus not required in a basic implementation.

Topology::closure=interior.union (boundary)

2.9 Attribute maximalComplex

214
Complex that contains this Topology.

Topology: :maximalComplex:Complex

2019 - All rights reserved

The attribute "maximalComplex ()" shall have a value equal to the maximal (largest)
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A Topology shall be included in one and only one maximal Complex.

this operation means that any Topology is in one and only one maximal complex.

10.1.3 Interface Primitive

10.1.3.1 Semantics

A complex is maximal if it is contained in no larger complex. The cardinality restriction implied by

Topological
they norma
a geometrig
primitives i

10.1.3.2 A{

The associg
represents i
structure t}
Primitives d
with at mofd
be associatg
different Pr

10.1.3.3 A{

The associa
Primitive sh
containing {

10.1.3.4 Aj

All of the a
are handled

primitives (Figure 38) are the non-decomposed elements of a topological complex, A3
ly correspond to the geometric primitives of a like dimension that are the componer
complex. When a geometric complex is the realization of a topological complex;, the
1 each shall be in a dimension-preserving, one-to-one correspondence.

sociation: Realization

tion "Realization" links this Topological::Primitive to the Geemetry::Primitive th
n its maximal complex. If this Topological::Primitive is used to déscribe a logical topold
lat is not realized by a Geometry Complex, then this relatienship shall be empty f
ontained in this Primitive's maximal Complex. Each Geometry Primitive may be assoc
t one Primitive in any Complex. If this Primitive is in.afy realized Complex, then it
bd with exactly one Geometry Primitive. A GeometryPrimitive may be associated
mitives in different Complexes.

Primitive::geometry:Geometry::Primitdyve[0..1]

Geometry::Primitive::topology:Topelogical::Primitive[0..*]

sociation: Complex

fion "Complex" shall link this Primitive to the finite set of Complexes that contain it. K
all be in some number of Complexes that are all subcomplexes of a unique maximal Con
his Primitive.

Primitdve: :complex:Complex[0..

*]

Complex::element:Primitive[0..*]

sociation;Isolated In

such,
1ts of
h the

at it
gical
r all
jated
shall
with

very
hplex

Hjacency relations in topology between primitives whose dimensions differ by one
Byythe boundary and coboundary attributes. These attributes deal with instances o

or 0
one

primitive ly
same dimen

ng on the boundary or another primitive of one higher dimension, or with instances of the

sion that share a common boundary element.

This includes instances where a "dangling” edge has the same face on both sides, or a "dangling" face has
the same solid on both sides. The exception to this is when one primitive is surrounded by a primitive
of at least two higher dimensions, with no intermediate primitive. These are truly isolated. In faces, this
includes nodes that are not attached to an intermediate edge on the boundary of that face. In a 3D space,
the isolated node could be connected to another edge that is not on the boundary of the surface in
question, such as in the case 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 surfaces in the boundary
of the solid.
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container.count=0 implies Primitive-exists (boundary.
topo-includes (self))

winterface»

Topology

i

Figure 36 — Topology and subclasses

«interface»
Complex <> 0.* Primitive
: i
Complex EP s\\)
[ &X sotia——
«interface» +edge|  interface» +ace Vce» t
Node N Edge 2 Face 0.2 Sofid
0. N
+topo +topo s\ » +topo
@ +topo
Center Boundary Center g’&w Center Bounary Center
of
+proxy +proxy A\ +proxy +proxy
2 2, 2 2
d .
rfacen +node winterfacen\ [ *edge sinterfaces «wintelfacen
DirectedNode 1,2 D'recmﬁﬂe)\ 0.+ D ace +ace Direct¢dSolid
A\ 1.4
> [
.
@ ‘
Pa\NAY
\J «interface» «datatype»
DirectedTopo Expression
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«interface» +topo Center +proxy «interface» «interface» topo Center proxy «interface»
Node:Node 1@ Node:: Node k> DirectedNode
2 DirectedNode 2
+node 1,2 hub 1
Boundary CoBoundary
+edge | 0. spoke | 0..*
«interface» +topo +proxy «interface» «interface» t «interface»
Center opo Center proxy
Edge:Edge 1@ Edge:: Edge = DirectedEdge
2|  DpirectedEdge 2
0.*
+edge hub | 1.*
Boundary o "
+age |2 spoke 0.
1
«intgrface» +topo Center +proxy «interface» «interface» topo Center proxy «interface»
Facd::Face 1 Face::DirectedFace Face r& Dire€tedFace
2 2
+face 1.* 1 hub
Bounary CoBoundary
+solid || 02 spoke | 0.2
«intgrface» Center «interface» «interface» Centef «interface»
TopoSdi i poSolid:: Solid gt DirectedSolid
+topo +proxy DirectedSolid topo proxy
2 2

Figure 37 — Boundary and coboundary operation represented as associations

10.1.4 Intdrface DirectedTopo

10.1.4.1 Sdmantics

From a comfputational point of view, elements of DirectedTopo (Figures 34, 36, 37) are equivalgnt to
the various|orientable geometric objects (Qrientable) in the geometry packages (Curve and Surface).
DirectedNogle and DirectedSolid do not have separate geometric object equivalents.

As in the gg¢ometry, each topological primitive inherits from its corresponding directed topoldgical
primitive, hut it satisfies more_constraints. This means that Node is equivalent to a pogitive
DirectedNodle, an Edge to a positive DirectedEdge, etc.

NOTE An alternative type_hierarchy would have separated Primitive and DirectedTopo, which would
have entailed three objects)for each primitive: the primitive itself, its equivalent positive directed topolggical
primitive, anfl its reversal;(a negative directed) topological primitive. This alternative is a valid implemenfation
of the abstragt types irt.this model, but it does not emphasize the logical equivalence of a topological primitivle and
its positive djrectedstopological primitive. From an algebraic point of view, the subclassing and OCL consttaints
that identify ja primitive with its positive directed primitive make it equivalent to the standard interprefation
of the unary|"€~(plus) in algebra as in "x = + x". Since the most powerful use of topological objects is in|their
symbolic mairputatiom, mmaintatmingamatgebratc mretaptor tsappropriate:
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«interface» < «interface» «datatype»
Geometry Primitive TopologyData
+location |[0..1 +geometry| + geometryData: GeometryData
+ boundaryData: TopologyData*
0.1 + id:GenericName

«interface»

+ o+ o+ o+

Topology
isEmpty: Boolean «datatype»
dimension: Integer PrimitiveData
boundary: TopologyComplex

closure: TopologyObject [1..*] (Set)

exterior: TopologyObject [1..*] (Set) Realization

-

TTTteTToT, Topotogyobect (STt

maximalComplex: TopologyComplex ComplexData

coBoundary: expression + primitive: PrimitiveDat4*
minimalComplex: TopologyComplex

4

«create»
Topology(data: TopologyData): Topology

Isolateddh
+topology +isolated +container
«interface» 0.* 0..* 0.1

Complex .
«interface»

4

isConnected: Boolean Primitive
isMaximal: Boolean

asSet: Topology [1..*] (Set)

+element

«| + asPiréctédTopo(orientation: Sign): DirectedTopo
Complex 0.7 Priviitive(Data: PrimitiveData): Primitive

«create»
Complex(geometry: Collection*): Complex

Therg is an implicit relation between the directed topological objects of adjacent dimg

bour
edge
edge
edge

10.1

REQ

Figure 38 — Topology, Complex and Primitive

dary and coboundary use them to carry the same orientation sense. Thus if a posit

nsions. The
ive directed

is on the boundary of a face, then the/positive directed face is on the coboundary of the associated

If a positive directed node is on(the boundary of an edge, then the corresponding posit
is on the coboundary of the associated node.

4.2 Attribute orientation

216 The attribute "orientation"” shall be the sense in which this directed
objectis related to its underlying Primitive.

DirectedTopo: :orientation:Sign="+"

ive directed

topological

y, s ] Adtaazle b 'S
10-1-‘!‘-0 AN IUUT IITgdiT

REQ.

217 The attribute "negate" shall be the opposite orientation of this primitive.

DirectedTopo: :negate:DirectedTopo

10.1.4.4 Attribute expression

REQ. 218 The attribute "asExpression” shall be an Expression from this DirectedTopo,
and shall retain the sign and the sense of the orientation. The derivation of the
attribute shall be equivalent of the constructor from the interface Expression.
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DirectedTopo: :expression:Expression

10.1.4.5 Association: Centre

REQ. 219 The role "topo" in the association "Centre" shall identify the associated Primitive.

REQ. 220 The inverse role "proxy" shall identify the two DirectedTopo instances associ-
ated with the particular Primitive.

DirectedTopo: :topo:Topology::Primitive

Primitive::proxy:DirectedTopo[2]

10.1.4.6 Cgnstraints

REQ. 221 Following the logic of the semantics of directed topological objects, the associated
Topology for each directed topological object shall be’of'the appropriate type.

DirectedNode: topo.isKindOf (Node) ;
DirectedEdge: topo.isKindOfilEdge) ;
DirectedFace: topo.isKindOf (Face);

DirectedSolid: topddisKindOf (Solid);

NOTE These constraints use the OCL operater "isKindOf" to indicate that the class of a directed topolggical
primitive cofresponding to a topological primitive must be a realization of the corresponding topolggical
primitive type.

The Centre|association forms an, Important part of the algebra of the boundary and coBoundary
operations.

DirectedTdpd ™ [boundary=(orientation) *topo.boundary]
Primitdi¥e [boundary=(proxy.orientation) *proxy.boundary]

DilpectedTopo negate.topo=topo;

negate.orientation < > orientation:

10.1.5 Datatype TopologyData

10.1.5.1 Semantics

The datatype “TopologyData” is a generic datatype to use in constructing topology after the underlying
geometry is such that all geometry interiors and disjoint and all geometry boundaries can be
represented by other geometries.

10.1.5.2 Attribute id: GenericName

The attribute “id” is a referenceable identifier to use to create pointers in other datatypes to this
instance.
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id: GenericName

REQ. 222 The attribute “TopologyData: id” shall have a namespace component that is unique
to its maximal complex and to its topological dimension.
10.1.5.3 Attribute boundaryData

The attribute “boundaryData” is an array of the referenceable identities of other TopologyData

instanees rnprosnnting thn ganmntrinc r\f itemson thao br\nnﬂqrn nff]'\ic' nlnmnnt

boundaryData: TopologyData []

10.1{5.4 Attribute geometryData

The Jattribute “GeometryData” is a GeometryData representing the interior of this element. The
dimgnsion of the geometry will usually be consistent with the dimension‘of'the topological|dimensions,
but ot necessarily so in cases where the topology is being used to‘describe connections or similar
arteffacts such as in a Poincaré duality graph.

geometryData: GeometryData

10.1}6 DataType PrimitiveData

The datatype “PrimitiveData” for topology is a gemneric datatype to use in constructigg primitive
topology elements after the underlying geometrytiis such that all primitive geometry imteriors and
disjoiint and all geometry primitive boundaries\€an be represented by other geometries. If inherits all
needed information from the attributes of its'supertype TopologyData.

10.1}7 DataType ComplexData

10.1}7.1 Semantics

The datatype “ComplexData® for topology is a generic datatype to use in constructing coniplexes from
a setf] of related primitivé topology elements after the underlying geometry complex is quch that all
geogtetry primitives interiors and disjoint and all geometry boundaries can be represented by other
geonpetries. It inherits’most needed information from the attributes of its supertype TopologyData
except a list of itsprimitives.

10.1{7.2 Attribute primitive

The attribute “primitive” is a list of references to PrimitiveData datatype elements representing the

primﬂfivn parfc of this anp]nv

primitive: PrimitiveData []

10.1.8 Datatype Expression

10.1.8.1 Semantics

Algebraic or computational topology is most easily conceptualized as the manipulation of multivariate,
degree-one polynomials where the variables correspond to Primitives. The DirectedTopo class
represents the terms in this algebra. The Expression class (Figure 39) represents the polynomial
expressions.
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The order of the terms in a polynomial does not affect its value, so the Expression class has been
subclassed from a set of pairs (number, DirectedTopo). The operations of the Expression class are those
needed to construct, manipulate and test these "polynomials".

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 Primitives. The monomials (single variable,
single term polynomials) are the instances of Primitives, each with an integer coefficient, instantiated
as ExpressionTerm.

10.1.8.2 Attribute negate

REQ. 223 The attribute "negate” shall negate each of the terms in the Expression. It is the
unary minus operator for the polynomials.

Expression::negate:Expression

«datatype»
Expression

<l

+ /boundary: Expression

+ /coBoundary: Expression
+ Inegate: Expression
——————————————— + JasSet: DirectedTopo [0..%] +expression Tems
+ [support: Primitive [0.."]

+ equals(other. Expression)-Expression

(

[

: + plusfother Expression). Expression

(

| + minus{other. Expression)\EXpression
[

+tem | 0.7
«interface»
DirectedTopo . «datatype»
- - - - +vanable Variable +tem ExpressionTerm
+ orientafion: Orientation = "+" -
+ expresgon: ExpressonTem 1 0.4 coefficient: Integer = 4
+ negate] DirectedTopo

Figure 39 — Expression

10.1.8.3 Aftribute boundary

REQ. 224 The attribute "boundary” shall replace each Primitive in each DirectedTopo
in this Expression with its boundary represented as sequence of DirectedTopo
objects and shall simplify the resultant expression. Boundaries always copsist
of Primitives of one lower dimension.

REQ. 225 If the dimension of all the Primitives in this Expression is zero (the Primitives are
all nodes), then the boundary operation shall return a zero Expression (no terms).

Expression: :boundary:Expression

10.1.8.4 Attribute coBoundary

REQ. 226 The attribute "coBoundary” shall replace each Primitive in each DirectedTopo
in this Expression with its coBoundary and simplify the resultant expression.
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Coboundaries always consist of Primitives of one higher dimension. If the underlying geometry is not
the boundary of anything, the coboundary is empty, which is zero as an expression. If the dimension
of all the Primitives in this Expression is the same as the dimension of the corresponding maximal
Complex, then the coBoundary operation will return a zero Expression.

Expression: :coBoundary:Expression

10.1.8.5 Attribute support

REQ. 227 The attribute "support” shall cast this Expression as a set of Primitives for use in

calculating geometric operators.

The pperation is essentially the "asSet" operation followed by a traversal of the "Céntre"| association

between DirectedTopo and Primitive. If the Expression has no terms after simplificatiops, then the

supplort is the empty set "@".
Expression::support:Primitive[0..*]

10.1{8.6 Attribute asSet

REQ| 228 The attribute "asSet" shall cast this Expression‘as a set of DirectedTopo for use in

calculating geometric operators. The attribute "asSet" output shall include adding
all boundary elements to the set until DirectedNodes are reached. The support of
an Expression shall be a valid Complex:

If thg Expression has no terms after simplifications, then the support is the empty set "@".

Expression::as@€t:DirectedTopo[0..*]

10.1{8.7 Operation: plus(expression)

The ¢peration "plus” acts as vector addition for Expressions.

REQ] 229 The operation "plus" shall combine DirectedTopo elements that haye the same
underlying instances of Primitive by adding their "orientation” co¢fficients. It
shall remove any terms with zero-value coefficient.

Expression::plus (other:Expression) :Expression
10.1{8.8; Operation: minus
REQ. 236 Theoperatiom*nrinus*shattactasvectorsubtractionfor Expressions-1t shall com-

bine DirectedTopo elements that have the same underlying instances of Primitive
by subtracting their "orientation"” coefficients. It shall remove any terms with zero

coefficients.

Expression::minus (other:Expression) :Expression

10.1.8.9 Operation: equals

REQ.

© ISO

231 The operation "equals” shall return TRUE for a polynomial equality.
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The order of the elements (terms) is not significant.

Expression::equals (other:Expression) :Boolean

10.1.9 Datatype ExpressionTerm

Expressions, like polynomials, consist of a set of terms, which consist of a variable and a coefficient.
The expressions act like vectors with the DirectedTopo as basis vectors. The coefficients are usually
integers in most applications.

ExpressionTerm= < coefficient:Integer= 1,variable:DirectedTopo

Arithmetic s

10.2 Requ

REQ. 232

10.3 Requ|

10.3.1 Sen|

The Node (J
for represen

REQ. 233

REQ. 234

10.3.2 Intd

10.3.2.1 S¢

Node (Figurj

boundary apd coboundary:

REQ. 235

irements Class Topology Root Data

irements Class Node

hall be consistent with normal vector manipulation.

An implementation of the requirements class Topology Data shall support al
tatypes in Topology.

jantics

ee Figure 33) package contains all the primitives forone dimension and supports cl
tations of their structural relationships.

An implementation of the Requirements Class Node shall implement Requiren
Class Topology root.

An implementation of the Package Node shall have all instances and prope
specified for this package, its.contents and its dependencies, contained in the
model for this package in this document.

rface Node

mantics

e 37) inheritsal) of its interfaces from Primitive, with some elaboration on the structuy

For-Node, the "coBoundary" defined at Topology shall always return a set of r
ences to DirectedEdges indicating which edges enter (positive DirectedEdges]

1 da-

psses

ents

rties
UML

re of

efer-
and

which leave (negative DirectedEdges) the node.

NOTE

In 2-dimensional maximal Complex containing this Node, the coBoundary can be sorted as a

clockwise circular sequence in any geometric realization of this maximal Complex. In a 3D complex, the ordering

is arbitrary.

Node: :coBoundary:DirectedEdge[0..*]

Node: :coBoundary.spoke:DirectedEdge [0..*]

10.3.2.2 Association: Centre

Each Primitive, including Node, is associated with two DirectedTopo instances.
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Node: :proxy:DirectedNode [2]

In and of itself, a node has no orientation defined, but in terms of a boundary of an edge the usual
formulae is:

Edge.boundary = endNode - startNode

This is an expression, and the two terms are represented by DirectedNodes. The endNode is a positive
DirectedNode; the startNode is a negative DirectedNode - see 10.1.5 and 10.1.9.

10.3.2.3 Attribute boundary

The boundary operation for Node shall overrides that defined at Topology by specifyingth¢ Empty set.

Node: :boundary.isEmpty=TRUE

10.3|2.4 Constraints
The Node's dimension shall be 0, and its boundary is empty.
Node:
dimension=0;
boundary.isEmpty=TRUE;
NOTH A node can still be isolated in a face and be ‘the end of an edge, as long as that edge [is not on the

bounfary of the containing face. The geometric realization of this would be a curve that dangles|in space, but
termijnates at its intersection with a surface.

10.3{3 Interface DirectedNode

The ¢lass "DirectedNode" supports Node in the computational topology class Expression. For Node, the
operption "boundary" defined at Topology shall always return a zero-valued expression, cofresponding
to empty geometry. This operation is overridden from Topology.

Node: :boundary.isEmpty

10.4 RequirementsClass Edge
10.4{1 Interface Edge

10.4/1.1< Semantics

The primitive Edge{seeFigure33}isthe t=dimenstonat primitive fortopotogyForEdge;the operation
"boundary"” defined at Topology shall return a pair of nodes, one at the start of the edge (negative
DirectedNode) and one at the end (positive DirectedNode). This operation is overridden from Topology.
The same information may be represented as an association.

Edge: :boundary:DirectedNode[2]
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An implementation of the Requirements Class Edge shall implement Requirements

Class Node.

An implementation of the Package Edge shall have all instances and properties

specified for this package, its contents and its dependencies, contained in the
model for this package in this document.

10.4.1.2 Attribute coBoundary

UML

For Edge, the operation "coBoundary" defined at Topology shall return a circular sequence of directed

faces indic

ting which faces use this edge (positive DirectedFace) or its negative proxy (neg

tive

DirectedFad
these faces {
Complex in
information

NOTE In|
there are pre
the edge, and
of the edge.

10.4.1.3 Attribute boundary

REQ. 238

10.4.1.4 Aj

Each Primit

e) on their boundary. The circular sequence shall represent a clockwise enumerati

which this Edge is contained. This operation is overridden from Topology.| The
may be implemented as an association.
Edge::coBoundary: DirectedFace[0..*

]

Edge: :coBoundary.spoke:DirectedFace[0..*]

the 2-dimensional planar case, the coboundary has at most two faces. In the full topology

cisely 2, one directed face having a positive "+" orientation and the‘associated face lying to the

the other directed face having a negative "-" orientation, and the associated face lying to the

The boundary operation for Edge shall.overrides that defined at Topology by
ifying a start node and end node. The\Edge shall also have an association Boun
with association role boundary thatspecifies this same information as two dire
edges, oriented positively for the end node and negatively for the start node.

Edgetsboundary:DirectedNode [2]

sociation: Centre
ve, including Edge is associated with two DirectedTopo instances.
Edge: :proxy:DirectedEdge[2]

DirectedEdge: :topo:Edge

NOTE In

s viewed from the end of the associated curve in any geometric realization of the.amax

bn of
imal
bame

case,
eft of
right

pec-
dary
cted

the’2-dimensional planar case, each directed edge bounds at most one face, precisely one face i

afull

planar topology. In the 3- dimensional case, or in a non-planar 2D complex, a directed edge can bound several faces.

10.4.1.5 Constraints

The Edge sh

all have dimension 1.

Edge:dimension=1

10.4.2 Interface DirectedEdge

The interface "DirectedEdge" supports Edge in the computational topology class Expression. It is
analogous to the concept of an OrientableCurve, in the sense that it acts as a proxy for the base curve/
edge when needed.
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10.5 Requirements Class Face

10.5.1 Semantics

The class "Face" (see Figure 33) provides topological primitives for Surface.

REQ. 239 An implementation of the Requirements Class Face shall implement Requirements
Class Edge.

REQ. 240 An implementation of the Package Face shall have all instances and properties
specified for this package, its contents and its dependencies, contained in the UML
model for this package in this document

10.5|2 Interface Face

10.5{2.1 Attribute boundary

For Hace, the attribute "boundary" defined at Topology shall be a set of ditected edges with|appropriate

orier]
an ay

NOTH

REQ

The
into

10.5

For

solid
Dire
may

sociation.
Face::boundary:FaceBoundaty
The same restriction on the meaning of exterior applies to the topology as did to the geo|

241 The Face shall also have an association Boundary with association rol
that specifies this same information as directed edges, oriented positi
left side of the edge and negatively for the right.

Faces®boundary:DirectedEdge[l..*]

hdditional information thatis\included in the boundary is the organization of the Fa
fings and an indication as\to which ring is the exterior.

2.2 Attribute coBoundary
Fface, the attribyté "coBoundary" defined at Topology shall be a set of references

rtedSolid)~on their boundary. This operation is overridden from Topology. The same
be implemented as an association.

Face::coBoundary: DirectedSolid[0..2]

tation. This operation is overridden from Topology. The same information may be represented as

metry.

e boundary
vely for the

‘e boundary

to directed

s indicating‘which solids use this face (positive DirectedSolid) or its negative proxy (negative

information

Face::coBoundary.spoke: DirectedSolid[0..2]

10.5.2.3 Association Centre roles

Each

© ISO

Primitive, including Face is associated with two DirectedTopo instances.

Face::proxy:DirectedFace[2]

DirectedFace::topo: Face
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10.5.2.4 Constraints

REQ. 242

Face.dimension shall be two.

Face:Topology: :dimension=2

10.5.3 Interface DirectedFace

DirectedFaces shall be used in dpfining the houndary of a Solid

10.6 Requjrements Class Topology Solid

10.6.1 Intdrface Solid

10.6.1.1 Sdmantics

The class "S

REQ. 243

REQ. 244

blid" (Figure 33) provides topological primitives for Solid.

quirements Class Face.

An implementation of the Package Solid shall'have all instances and prope
specified for this package, its contents, and-its dependencies, contained in the
model for this package in this document.

10.6.1.2 Aftribute boundary

For Solid, "b|
REQ. 245

below the face and negatively for above the face.

So0lid: :boundary:DirectedFace[l..*]

The additiopal information’ that is returned by the boundary operator is the organization o

SolidBound:

\ry into shélls'and an indication as to which shell is the exterior.

10.6.1.3 Aftribute coBoundary

oundary" defined at Topology shall return a collection of faces or their negative proxie

The Solid shall has a boundary consisting of directedFaces, oriented positivel

An implementation of the Requirements Class Topalogy Solid shall implemeni Re-

rties
UML

»n

y for

f the

For Solid, theoperation "coBoundary" shall return NILI

Solid::coBoundary:NULL

10.6.1.4 Association role: Centre

Each Primitive, including Solid is associated with two DirectedTopo instances.

178

Solid::proxy[2]:DirectedSolid

DirectedSolid::topo:Solid
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