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What will I do?

• Realise data models, data structures and operations for higher dimensional 
( > 3 ) spatial data.

• Take advantage of the extensive research done in computer science and 
computer graphics. Apply it to GIS data, which is special.

• The motivation: integration of other (non spatial) dimensions and treat them 
as spatial (e.g. time, scale, feature spaces)
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2D/3D modelling in GIS

• Top-down approach

• Data models are based on standards

• By standard bodies: ISO 19107, GML, CityGML, ...

• By developers or the industry: KML, Shapefiles, ...

• Data structures are ad hoc

• Operations are well defined, based on users’ needs
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Thefirstsection
ofthepaperpresentsashorthistory

oftopology-
based

m
odeling.

The
notion

ofG
-M
ap
and

an
im
plem

entation
are

introduced
in
the

second
section.

Then,
Section

3
presents

sev-
eralalgorithm

sacting
on
G
-M
aps.Coherence

checks,enabling
the

validity
ofobjects

to
be
verified,are

explained
in
Section

4.
The

paperthen
concludes

w
ith
som

e
results

and
suggestions

forfuture
developm

ents.

2
BACKG

RO
UND

Before
tackling

the
heartofthe

m
atter,w

e
include

a
shorthistory

oftopologicalm
odels

in
geom

etric
m
odeling.

In
this

field,differ-
entfam

ilies
ofm

odels
m
ay
be
used

to
define

the
representation

of
objects.

The
firstm

odelused
w
as
the

W
ire

Fram
e
representation,

w
here

objects
are

defined
by
a
setofvertices

connected
by
edges.

Thism
odelw

asquickly
abandoned

due
to
the

am
biguity

itsuffers
from

,sincethesam
ew
irefram

em
odelcan

representseveraldiffer-
entobjects.
O
bjectsdefined

by
ConstructiveSolid

G
eom

etry
[ Req82]arethe

resultofasetofoperations(U
nion,Intersection,D

ifference)hierar-
chically

applied
to
a
setofsim

ple
shapesreferred

to
as
prim

itives.
O
bjects

are
then

stored
as
trees,w

here
nodes

are
operations

and
leaves

correspond
to
prim

itives.
Itis

im
portantto

note
thatthis

kind
ofrepresentation

does
notexplicitly

define
inform

ation
such

as
the

setofprim
itives

(vertices,edges,faces
and

volum
es)com

-
posing

the
objects.

U
sing

this
m
odel,itis

thus
tedious

to
attach

inform
ation

to
these

prim
itives.

Spatialenum
eration

m
odels,such

as
the

octree
representation

[M
ea82]

and
its

derivatives,
represent

an
object

as
a
set

of
connected

cellsfilling
the

interiorofthe
object.Itprovidesa

m
ore

directrepresentation
than

CSG
,butis

often
lim
ited

to
a
particular

kind
ofdiscretization

and
connectivity.

Figure
1:

Exam
ple

ofnon-m
anifold

objects.N
on-m

anifold
configurationsoccurat

theverticesand
segm

entshighlighted
in
red.Thiscorrespondsbasically

to
zonesw

here
too

m
any

higherdim
ensionalelem

entsm
eetatalow

erdim
ension

elem
ent.Conversely,

M
anifolds

are
defined

to
be
sets

such
thatthe

neighborhoods
atalloftheirpoints

are
hom

eom
orphic

to
a
disk.

In
B-Rep

(Boundary
Representation)

m
odels,

the
objects

are
represented

by
a
discretization

of
their

boundary.
H
istorically,

one
of
the

first
structures

proposed
for

representing
polyhedral

m
odels

w
as
the

w
inged

edge
representation

[Bau75].
In
this

m
odel,

the
inform

ation
is
structured

around
edges.

Each
edge

stores
tw
o
pointers

to
the

tw
o
faces

it
is
shared

by
(its

w
ings),

and
a
setoffourpointers

enabling
the

edges
connected

to
itto

be
traversed.

W
eiler

[ W
ei85]

enhanced
this

structure
by
proposing

splitting
the

edges
into

half-edges
and

adding
som

e
pointers

to
im
prove

the
tim
e-com

plexity
of
the

algorithm
s
acting

on
this

structure.
This

w
ellknow

n
half-edge

structure
corresponds

to
the

m
athem

atical
notion

of
com

binatorial
m
ap,

that
w
as
described

in
1960

by
Edm

onds
[Edm

60].
Com

binatorialm
aps

are
a
clean,

m
athem

atically
defined

structure
enabling

the
subdivision

of
surfaces

to
be
represented.

These
structures

w
ere

extended
by

Lienhardtin
[ Lie88]to

representsubdivision
ofvolum

es.
Several

representations
w
ere

then
designed

based
on

the
idea

that
the

w
ay
elem

ents
are

ordered
around

elem
ents

of
low

er
dim

ension
definesthe

com
binatorialstructure

ofthe
m
odel.Thisidea

appears
inform

ally
in
[A
FF85,

FF88],
w
here

objects
are

represented
by

hypergraphs.
In
this

latter
representation,the

faces
incidentto

a
vertex

(form
ing

a
fan)areordered

around
it.Sim

ilarly,W
eilerhas

extended
hishalf-edgestructureto

representnon-m
anifold

surfaces
(see

Figure
1)in

[W
ei86],w

here
he
introducesthe

w
idely

used
ra-

dialedge
representation

(the
notion

ofm
anifold

and
non-m

anifold
isrecalled

in
Figure

1).Facesm
eeting

ata
non-m

anifold
edge

are
then

ordered
around

it.
Even

ifW
eilerhas

form
ally

proven
a
set

of
properties

for
his

m
odel,

it
still

lacks
a
unified

m
athem

atical
form

alism
for

this
notion

of
order.

This
results

in
a
very

large
num

berofdifferentdata
types(eleven

differentstructures!)
being

required
to
representobjects.

M
oreover,allthe

relations
betw

een
these

structures
have

to
be
m
aintained

consistently,w
hich

m
akes

the
developm

entofalgorithm
s
acting

on
this

structure
tedious

and
error-prone.

The
w
inged-edge

and
radial-edge

representations
[W
ei86]have

been
w
idely

used
in
the

industry,
in
their

original
form

or
their

derivatives.
H
ow
ever,

these
structures

of
increasing

com
plexity

have
yielded

m
onolithic

applications
thathave

becam
e
m
ore

and
m
ore

difficult
to
m
aintain.

This
problem

com
es
from

a
lack

of
understanding

of
the

underlying
algebraic

structure.
In
order

to
overcom

e
these

problem
s,
Brisson

m
athem

atically
studied

in
[ Bri89]

the
w
ay
elem

ents
are

ordered
around

elem
ents

of
low

er
dim

ension,thus
defining

the
cell-tuple

m
athem

aticalstructure.A
s

show
n
in
the

nextsection,the
advantage

ofthisfam
ily
ofm

odelsis
thatitonly

requiresone
kind

ofelem
ent,togetherw

ith
one

kind
of

operator,to
representthe

com
binatorialstructure

ofany
m
anifold

object.
H
ow
ever,the

study
w
as
incom

plete,since
its
scope

w
as

arbitrarily
lim
ited

to
M
anifolds

m
ade

of
elem

ents
hom

eom
orphic

to
disks.

Lienhardt
[Lie94],

in
his

study
of
the

com
binatorial

structure
ofcellularpartitions,has

defined
a
purely

com
binatorial

structure,referred
to
as
a
G
-M
ap
(G
eneralized

M
ap),described

in
the

nextsection.
W
ithin

this
form

alism
,itw

as
possible

to
derive

differentcom
binatorialproperties

ofcell-tuples,and
to
show

that
the

com
binatorialstructure

isin
one-to-one

correspondence
w
ith
a

w
ider

class
of
objects

know
n
as
C
ellular

Q
uasi-M

anifolds.
This

kind
of
m
athem

aticalapproach
defines

a
class

of
representations

different
from

B-Rep,
referred

to
as

ordered
m
odels.

They
are

also
called

cellular
m
odelssince

each
kind

ofcell(vertices,edges,
polygons,polyhedra...)playsan

equivalentrolew
ithin

them
odel.

Cellular
m
odels

m
ay
be
thoughtof

as
a
generalization

of
B-Rep

(see
Figure

7
below

).
Each

elem
ent

is
recursively

defined
as
a

discretization
ofitsborderinto

elem
entsoflow

erdim
ension.

The
available

literature
on
the

subject[Lie88,Lie94,BD
FL93,

EL92]
em
phasizes

the
im
plications

of
this

theory
in
m
athem

atics
and

com
binatorialtopology,butitism

oredifficultto
considerthem

from
apracticalgeom

etricm
odeling

pointofview.Thisisw
hy
this

representation
hasbeen

seldom
used

in
theindustry.Forthisreason,

the
nextsection

introducesthese
notionsfrom

an
intuitive

pointof
view,and

show
s
how

G
-M
aps

and
algorithm

s
acting

on
them

can
be
easily

im
plem

ented.

3
CELLULAR

PARTITIO
NS

In
thissection,an

intuitive
definition

ofG
-M
apsisgiven.W

hereas
previousw

ork
definesG

-M
apsfrom

the
notionsofsim

plicialcom
-

Limitations of models 
in GIS

• Limited to 2D/3D

• Lack of a formal (mathematical) 
definition

• Implementations diverge from 
standards

• Different implementations yield 
different results

4



• Bottom-up approach

• Data models defined mathematically (e.g. point set topology)

• Data structures defined mathematically (e.g. algebraic topology and 
combinatorics)

• Operations are ad hoc

5

Models in computer science and computer 
graphics



Data models in CS/CG
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• Decomposition models

• Constructive models

• Boundary models
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Decomposition models
7

rasters space
subdivision

cell
decomposition



Constructive models
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half-space CSG



A Polyhedron Representation for Computer Vision 591 

as viewed from the exterior side of its surface. Although 
the vertices in the figure are shown with only three edges, 
vertices may have any number of edges; the other 
potential edges would not be directly linked to the middle 
edge of the figure and so were not shown. 

To complete the representation, space is allocated to 
contain 3-D coordinates of each vertex in fields named 
XWC, YWC and ZWC; the initials "WC" stand for World 
Coordinates. For the sake of vision and display, three 
more words are allocated to hold the Perspective Projected 
coordinates of each vertex in fields named XPP, YPP and 
ZPP. Also a word of thirty six status bits is carried in 
every node: permanent status bits specify the type (body, 
face, edge, vertex, etc.) of every node, temporary bits 
provide space for operations such as hidden line elimina-
tion that require marking. Passing now from necessities to 
conveniences, faces carry exterior pointing normal vectors 

r As viewed from the exterior side 

1. Face ring of a body: 
NFACE(body or face) & PFACE(body or face). 

2. Edge ring of a body: 
NED(body or edge) & PED(body or edge). 

3. Vertox ring of a body: 
NVT(body or vertex) & PVT(body or vertex). 

4. First edge of a face or vertox: 
PED(vertex) or PED(face). 

6. The two faces of an edge: 
NFACE(edge) and PFACE(edge). 

7. The two vertices of an edge: 
NVT(edge) and PVT(edge). 

8. The four wing edges of an Edge: 
NCW(Edge) edge of NFACE Clockwise from Edge. 
PCW(Edge) edge of PFACE Clockwise from Edge. 
NCCW(Edge) edge of NFACE CCW from Edge. 
PCCW(Edge) edge of PFACE CCW from Edge. 

Figure .'? Winged edge topology 

and several words of photometric surface characteristics. 
The face vectors are derived from surface topology and 
vertex loci, and so they are not basic geometric data as in 
some representations. Bodies carry a print name, as well 
as four link fields (DAD, SON, BRO, SIS) for implement-
ing a parts tree data structure; and two link fields (CW 
and CCW) for a body ring of all the bodies in the world 
model. Node formats are given in Figure 4 for an imple-
mentation based on fixed sized (twelve word) nodes. 

The Winged Edge Polyhedron Representation as just 
presented is complete. Edge nodes carry most of the to-
pology, vertex nodes carry the geometry, face nodes carry 
the photometry and body nodes carry the nomenclature 
and parts tree structure. The point that remains to be 
demonstrated, is that the appropriate subroutines for 
creating, maintaining and exploiting edge orientation exe-
cute efficiently and provide good primitives for solving 
such geometric problems as hidden line elimination and 
polyhedral intersection. 

SEQUENTIAL ACCESSING 

An immediate consequence of the ring structures is that 
the faces, edges and vertices of a body are sequentially ac-
cessible in the manner illustrated by the following lines of 
code: 

COMMENT APPLY A FUNCTION TO ALL THE 
FACES, EDGES AND VERTICES OF A BODY; 
PROCEDURE APPLY (PROCEDURE FN; 
INTEGER B); 
BEGIN 
INTEGER F,E,V; 
F-B; WHILE B^(F^PFACE(F)) DO FN(F); 
COMMENT APPLY FUNCTION TO FACES OF 
A BODY; 

E^B; WHILE B^(E-PED(E)) DO FN(E); 
COMMENT APPLY FUNCTION TO EDGES OF 
A BODY; 

V^B; WHILE B^(V-PVT(V)) DO FN(V); 
COMMENT APPLY FUNCTION TO VERTICES 
OF A BODY; 

END; 

The rings could of course have been traversed in the other 
direction by invoking NVT, NED and NFACE in place of 
PVT, PED and PFACE. The reason for doubly linked lists 
(i.e., rings) is rapid deletion. Finally, observe that the face 
and vertex rings could be eliminated at the cost of having 
a more complicated face/vertex sequential accessing 
method requiring a visitation marking bit in the status 
word of face and vertex nodes. 

PERIMETER ACCESSING 

The perimeter of a face is an ordered list of edges and 
vertices, the perimeter of a vertex is an ordered list of 

Boundary models
9

incidence models ordered topological
models



• No need to make data conform to a particular shape (decomposition models)

• Easy to append information to vertices, edges, faces, ...

• Efficient storage

• Good for visualisation

• Options for n-D: simplices, polytopes, intermediate

10

Boundary based models are best



An intuitive representation
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Data structures in CS/CG

• Fit for n-D:

• Simplex based (incidence model)

• Quad-edge, facet-edge and cell-tuple (and half-edge)

• G-maps: from combinatorial maps and v-maps
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n-simplices
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Quad-edge, facet-edge 
and cell-tuple



Facet-edge
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Quad-edge, facet-edge 
and cell-tuple



Cell-tuple
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Quad-edge, facet-edge 
and cell-tuple
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G-maps Combinatorial maps
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G-maps V-maps
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G-maps V-maps
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G-maps 2D
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G-maps 3D
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G-maps 3D
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What I’ll do

• Study data models and data structures available

• Find out the specific needs of GIS (operations)

• Realisation: creation, implementation, testing

• Visualisation
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Time planning
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• Literature study

• Implementation of G-maps in arbitrary dimensions

• Visualiser
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What I’ve done


