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ABSTRACT With the increasing needs of and rapid developments in digital and/or smart cities, an effec-
tive method for the management of various types of complex and massive buildings for the creation
of a three-dimensional (3D) photorealistic city has become crucial for high-quality ‘““digital/smart city”
construction. To this end, this paper proposes a data model called the “SCSG-OSM”, which combines
spatial constructive solid geometry (SCSG) and the object-based spatial model (OSM). The SCSG-OSM
assumes an object can be represented by four element types: point, line, face and body. The SCSG applies
an extension of the dimensionally extended nine-intersection model (DE-9IM) to describe the spatial
topological relationship. The OSM consists of nine definitions that define the points, lines, faces, and bodies
of an object and applies point sets instead of node sets and face sets instead of surface sets to model buildings.
Two data sets, depicting Denver, Colorado, USA, and Zurich, Switzerland, are employed to assess the storage
space and the time consumption averages during the modelling of 3D buildings using the proposed data
model. The experimental results demonstrate that the proposed SCSG-OSM is able to save storage space
and reduce the computational time compared with the CSG-BR model, TIN model, POLYGON model,
Patch model, SSM and CityGML model. Therefore, it can be concluded that the method proposed in this
paper is a simple and effective method for the 3D photorealistic visualization of a large city.

INDEX TERMS Buildings, data models, digital photography, geospatial analysis, photorealism, urban areas,

visualization.

I. INTRODUCTION

With the rapid developments and increasing needs of
the construction of ‘“‘smart/digital cities”, high-quality
three-dimensional (3D) models of buildings for photoreal-
istic visualization are in great demand. This is typically
an extremely cumbersome and time-consuming project for
a large city with a large number of buildings. For this
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reason, many efforts seeking an effective method to represent
3D buildings have been proposed in recent years.

Il. RELATED WORK

A. 3D SPATIAL DATA MODELS FOR BUILDINGS

The representation of a building model typically uses a
geometric representation method to describe the shape and
structure of the building. A generating building model uses
a suitable representation method and city data to generate
a building that realistically conforms to the urban environ-
ment [1]. Four typical geometric representations used for
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3D building models are the constructive solid geometry
(CSG), boundary representation (B-Rep), surface representa-
tion and volume model [2]. For example, Zlatanova proposed
a simple spatial model (SSM), which consists of 13 defini-
tions that define the nodes, faces, points, lines, surfaces, and
bodies of an object [3]. This method considers that an object
can be represented through nodes and faces, eliminating the
uniqueness of the relationship between arcs and faces in 3D
space in which an arc segment is defined as part of more
than two faces [4]. The SSM is effective for the spatial
visualization and query of 3D buildings, but the conversion
of points, lines, surfaces and bodies into nodes and faces in
the SSM is time consuming. Vosselman and Suveg presented
an automatic reconstruction method of 3D buildings based
on the knowledge system of aerial imagery [5]. This method
uses CSG to represent buildings. The complex buildings are
regarded as a CSG tree, and its leaf nodes contain building
models—voxels—whose internal nodes represent Boolean
operations. Mao and Harrie proposed a method to summarize
3D buildings in 3D city models with different levels of detail
and combined multiple levels of detail (LOD) for progressive
distribution and visualization and multiple LODs for build-
ings. The extended structure BuildingTree supports single
buildings and groups of buildings while creating representa-
tive CSG entities [6]. Zhou et al. proposed a hybrid modelling
method for urban buildings based on texture data and spatial
constructive solid geometry-boundary representation (SCSG-
BR) [7]. This modelling method can effectively and rapidly
create 3D buildings and spatial queries. With the proposed
methods, building bodies are described by a surface or a
boundary. These methods belong to the CSG model, which
can represent complex buildings with little storage space.
However, texture mapping becomes difficult because of the
lack of definitions for boundaries and surfaces. Zhou et al.
proposed an integrated method for representations of urban
digital terrain models (DTM) and digital building models
(DBM), with which a polygon is applied to represent the roof
of a building and an object-oriented data structure is applied
to represent a DBM [8]-[11]. Ledoux and Meijers focused on
obtaining ‘block-shaped’ polyhedral representative buildings
by squeezing building footprints [12]. Their algorithm can
easily scale to very large data sets, but it lacks roof infor-
mation. Sugihara generated 3D building models automati-
cally by constructing rectified polygons on the basis of a
geographic information system (GIS) and computer graphics
(CG) [13] [14]. The methods mentioned above belong to
the boundary representation model, which easily represents
buildings with regular shapes but poorly represents buildings
with irregular shapes. Xiong et al. analysed the topological
properties of building surfaces and defined the basic elements
of a building shape through loose nodes, loose edges and min-
imum periods. All buildings can be represented by combining
these primitives, which simplifies the automatic modelling of
building models [15]. Ohori et al. proposed a true 4D model
method, for which a building can be seen as a single 4D
object represented by a polyhedron [16]. Sun et al. applied
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volumetric analysis to create building models, with which
voxelization is first created, and a layered distance map is
generated [17]. This method belongs to the volume model,
where the structure is simple and the topological relationship
is clear. However, the storage space for the model is large, and
the modelling processes are difficult.

B. 3D MODELLING METHODS AND TOOLS FOR
BUILDINGS

Widely used methods and tools for the 3D modelling of
buildings include ArcScene, AutoCAD, 3ds Max, SketchUp
and the feature manipulation engine (FME). Kolbe et al.,
Elmekawy et al., Groger and Pliimer, Dore and Murphy,
Goetz, and Slade et al. used city geography mark-up lan-
guage (CityGML) to represent buildings [18]-[23]. Fan et al.
combined semantic information and geometric information to
model a building in which the generalization of 3D buildings
with three LODs is first carried out using CityGML; then,
the roof structure is adjusted to simplify the appearance
of the surface, and finally, the typicalization of windows
is established [24]. However, the problem encountered in
practice is “how many windows are suitable for visual-
ization after typicalization”. Mao et al. proposed multiple
representation data structures for the dynamic visualization
of 3D city models called CityTree [25]. 3D city buildings are
created by using different LODs [6], [26]-[36]. Lowner ef al.
proposed a different LOD concept for buildings [37].
Chen et al. proposed the so-called multisource recTification
of gEometric Primitives (mSTEP) to improve building infor-
mation model (BIM) reconstruction in high-density (HD)
urban areas [38]. Xue e al. proposed a method based on
optimization model generation (OMG) for the generation of
a semantic BIM [39]. Wang and Li constructed 3D building
models by extruding and stretching building data using 3D
Max [40], [41]. Zhang mapped the outlines of buildings by
using AutoCAD and established 3D building models by using
3ds Max [42]. Ma realized the vectorization of roofs for
buildings by using ArcGIS, then added the height data of
buildings and then established 3D building models by using
ArcScene [43]. Zhang et al. proposed a triangular meshing
algorithm based on additional constraint lines for hollow
buildings and finally realized the modelling process in 3ds
Max [44]. Although the methods and tools mentioned above
have their own advantages, they also expose the following
disadvantages: (1) a few methods are too simple; as a result,
they occasionally fail to express the details of the buildings;
(2) a few methods attempt to provide building details, but
they are time consuming and require a large volume of
data storage; and (3) many methods are easy to understand,
but their data structures are relatively complicated and time
consuming when implemented in practice.

For this reason, this paper proposes a method called
the SCSG-OSM, which combines spatial constructive solid
geometry (SCSG) and the object-based spatial model (OSM).
The SCSG method improves the CSG model by using the
dimensionally extended nine-intersection model (DE-9IM)
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to represent the topological relations between buildings and
determines the unique SCSG tree to represent the building.
The DE-9IM is expanded to describe the topological rela-
tionship of two 3D bodies. Then, the OSM simplifies the
SSM by using point elements instead of nodes or surfaces
to represent lines, faces and bodies. Thus, the SCSG-OSM
reduces the identifying procedures for nodes and surfaces,
which can reduce both storage space and time consumption.

This paper is organized as follows. Section 3 provides a full
description of the proposed SCSG-OSM. Section 4 presents
the experiments and validations, and the conclusions are
offered in Section 5.

Ill. PRINCIPLE OF THE SCSG-OSM

A. THE SCSG-OSM METHOD

Zlatanova and Gruber first defined the generalization of an
object (O) and composite object (CO), in which each object
was distinguished in accordance with its theme and geome-
try, and a further refinement was provided in the geometric
domain [45]. This paper proposes a method called the OSM,
which uses point sets instead of node sets and face sets instead
of surface sets to model building data. The OSM proposed
in this paper assumes that an object is represented by four
element types: point, line, face and body. Therefore, a group
of definitions must first be given below, which are different
from the definitions given by Zlatanova [3].

1) PRINCIPLES OF A POINT

a: DEFINITIONS OF POINT (SUCH AS THE NODE OF A
BUILDING)

A point is mathematically defined as P, = {p},(n =
1,2,3...), where P, is an indexed set, and n is the unique
index of a point. The characteristics are as follows:

a) The interior of a point, represented by P, is an empty
set, i.e., Py, = (. The boundary of a point, noted
by dP,, is itself. The closure of a point, represented
by Py, is a union between Py and 0P,, mathematically
expressed by P, = P, U dP,.

b) The exterior of a point, represented by P,; = U — P,
is the difference between the universe U and P, and
mathematically expressed by P, = U — P,,.

b: RULES OF POINTS IN TOPOLOGICAL SPACE FOR THE
SCSG-OSm

According to the definitions above, we make rules of points
in topological space for the SCSG-OSM. If the topological
space of points is represented by A, which consists of ppn
points and whose family set is noted by PD, then they can
mathematically be expressed by

ppn
PD=1{p}=|JPutPi}CA 1<n<ppn (1)

n=1
The characteristics are as follows:
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If the intersection of ppn points is an empty set and math-
ematically expressed by

ppn ppn
(Upm)m U Pu] =9 @)
m=1 n=m+1
then there exist two points, P, and P,, which are disjoint and
are the subsets of PD.
a) If the intersection of ppn points is not an empty set and
mathematically expressed by

ppn ppn
(U}%)u U P =29 3)
m=1 n=m+1
then there exist two identical points.
b) If the intersection of the two points P,, and P, is an
empty set, then the two points are disjoint. This can be
mathematically expressed by

PnNP, =9 “4)

2) PRINCIPLES OF A LINE

a: DEFINITIONS OF LINE (SUCH AS THE OUTLINE OF A
BUILDING)

A line is mathematically defined as

k
Li={Ph=JPl. (=123..) 5)
=1
where [; is an indexed set containing k points P,,2 < k <
ppn, I, is the unique line index of a point, and ppn is the total
number of points. The characteristics are as follows:

a) If there exists a line, then there must exist a correspond-
ing pair of points, denoted by P» € [; and P € L;,
which represent the first point and the last point, respec-
tively. If the pair of points is not equal, the line is
disconnected; otherwise, the line is enclosed.

b) A line, noted by L;(i = 1,2, 3,...), consists of many
connected pairs of points in order, and the connected
pair of points are not the same point, i.e., (P, P%) #
(P, pl'»). This can be mathematically expressed by

(P, Py e L, (©6)

¢) A line, denoted by (P, P5, P') € F;, consists of many
connected pairs of points in order; the intersection of
each pair of points is empty. This can be mathematically
expressed by

UZ = (1Plﬁ) N (U];p =1+ 1P"p) =¢ (7

where P € L;, P» € L; represent each pair of points.

d) The interior of a line, represented by L?, is the differ-
ence between the closure of k points and the union of
the first point P> and the last point P . This can be
mathematically expressed by

[ —
r=Uer]- (Pf’l’ n Pl’P) (8)
I,=1
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e) The boundary of a line, denoted by dL;, is the difference
between the closure of a line Z; and the interior of a
line Llf’ , or is the union set between the closure set of

the first point P> and the last point, Pl». This can be
mathematically expressed by

0L =Li—LfordLi=P7UP" (9

f) The closure of a line, denoted by Z;, is the union set
of the closure of k points. This can be mathematically
expressed by

[/ J—
— 1, /
L=Jprr. PY=L (10)

I=1

g) The exterior of a line, represented by A~ N B™, is the
difference between the universe U and the closure
of a line ;. This can mathematically be expressed
byL, =U —L;.

b: RULES OF LINES IN TOPOLOGICAL SPACE FOR THE
SCSG-OSm

According to the definitions above, we make rules of lines
in topological space for the SCSG-OSM. If the topologi-
cal space of lines, denoted by A, has Ipn lines and a fam-
ily set, denoted by LP, then they can be mathematically
expressed by

Ipn
LP={L}= ULi, {Li} C A,

i=1

1<i<lIpn

(11)

where i is the unique index of a line. P, is the point of L;,
and n is the unique index of a point. The characteristics are
as follows:

a) If the intersection of /pn lines is not an empty set, then
at least one point of one of the lines is equal to the point
in the other line. This can be mathematically expressed
by

Ipn Ipn

Ute|n| U 1] #9
g=1

h=g+1
Then, Py = P2, P1 € Lg, and P; € L.
b) If the intersection between points P, with other points
in a line, denoted by {P"} = [, is empty, then the point
P, and the line [; are disjoint. This can be mathemati-
cally expressed by

(12)

k
| P ] =2
=1

2<k<lIpn (13)

Otherwise, the two points belong to part of the same
line.
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3) PRINCIPLES OF FACE

a: DEFINITIONS OF FACE (SUCH AS THE ROOF OF A
BUILDING)

A face is mathematically defined as

k
F=Py=JPl (=123....n

fr=1

(14)

where F; is an indexed set (such as the walls of a building)
containing k ordered points, where 3 < k < ppn, ppn is the
total number of points, and f,, is the unique face index of a
point specifying the current order in a face. P, are the points
of Fj, and n is the unique index of a point. The characteristics
are as follows:

a) F;is aconnected set that contains ordered pair points
P, PP e F,

b) If the intersection of points in the face is an empty set,
then there are not two equal points in a face. This can
be mathematically expressed by

l<f <k 15)

k k
Uer|nl U P]=0 (16)

p=1 x=fp+1

where {P?} = F;.

c) If a face is planned, for each triple of points,
P, P, PL(P" € F;, P* € F;, P € F;) where r, s, and
t are the order of the point sets and r # s # ¢, then a
unique equation ax + by + cz + d = 0 is satisfied in
IR3, where a, b, ¢, and d are constants, and (x,y,2)1s
the position of the points.

d) At least one (or more) triple of the ordered points
(P", PS,P") € F;, wherer, s, and ¢ are the order of the
point sets, does not satisfy the equation ax+by+cz = g
in IR3, where a, b, ¢, and g are constants, and (x, y, 2)
is the position of the points.

e) In IR?, all k points, denoted by {P?} = Fi,
1 < fp < k, are counter-clockwise. For example, each
of the ordered triple points (P", P*, P') € F;, where r,
s, and t are the order of the point sets and r < s < t,
satisfies a planar equation, ax +by+cz+d = 0, where
a, b, ¢, and d are constant, and (x, y, z) is the position
of the points, with which there exists a normal vector
n=~(a,b,c).

f) If three points are denoted by p; € P",Pj € P*,Px € P
in IR3, where (P, P5, P") € F; are ordered triple points,
1, s, and ¢ are the order of the point sets, and i, j, and k
are the order of the points, the angle @ = (u, v), where
u =m,v = D Pr, (0 < @ < 27), and then F is
convex.

g) The interior of a face, represented by F?, is an enclosed
area by the point sets. The boundary of a face, repre-
sented by dF}, is the union of all connected points and
is expressed by P, € Fj. The point set {Pf,} = Fi
is a subset of the boundary of a face. This can be
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mathematically expressed by

{P1,....Pp) COF, OF;=Uf PP (17)

h) The closure of a face, represented by Fj, is the union
set between dF; and F;. This can mathematically be
expressed by F; = 9F; U F?.

i) The exterior of a face, represented by F;~, is the dif-
ference between the universe U and the closure of a
face F;. This can be mathematically expressed by

Fr=U~- Fi (18)
b: RULES OF FACES IN TOPOLOGICAL SPACE FOR THE
SCSG-OSM
According to the definitions above, we make rules of faces
in topological space for the SCSG-OSM. If the topological
space of faces is denoted by A, which consists of fpn faces and
whose family set is noted by FL, then they can be expressed
by
Jpn
FL = {F}} = JFi (F} C A,

i=1

l<i<jfn (19
where i is the unique index of a face, P, is the points of Fj,
and n is the unique index of a point. The characteristics are
as follows:
a) If the intersection of all fpn faces is an empty set, then
there are no two equal faces. This is mathematically
expressed by

Jpn Jpn

Ur|n| U F|=9
g=1

h=g+1
b) If the intersection of a point P, € PD with another
point in the face P» € F, is an empty set, then a point
Py € PD and a face F € FL are disjoint; otherwise,
point Py is a part of the face F. This can be mathemat-
ically expressed by

k
( U Py> Npr =9
Jr=1

c) If the intersection of each pair of points, denoted by
Pl eF +1 and Pl eF +2, 18 an empty set, then the two
faces Fy1 and Fy, are disjoint. This is mathematically

(20)

2L

expressed by
¥l y2
U et n| U P2 =9 (22)
frl=1 fp2=1
d) If the intersection of all fpn faces is set of the points,
expressed by
X X
U Fe|n (U Fh) =P PP (23
g=x1 h=x3
whgreZ =x < fon —2,x3 = x2 —x1 + 1, and
(prl, ...,Pfl’z) is each tuple of ordered points, and
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(Fx1, ..., Fx2) € FL are the faces in FL, then the faces
Fx1, ..., Fx2 strongly meet at points Py, ..., Py,
where 2 < (y2 — yl) < ppn —2.If y2 — y1=0, i.e., the
intersection has only a unique element Py, then the faces
Fx1, - - ., Fx2 weakly meet at the point 4 < k < fpn.
Ify2—yl = 1, i.e., the intersection has only two points,
then they are considered as a pair of the ordered points
in each face of the intersection.

e) If the intersection of each pair of points PP, P¥ is an
empty set, expressed by

{P"} C Li, (P} C F; 24)

Then, {L;} and {F;} are disjoint. This is mathematically
expressed by

k1 k2
U P U P7|=0. 2<ki<ipn. 3<k2<fpn
lp=l p=l

(25)

f) For some lines L; C LP, if there exists a set of points,
i.e.,{Pa, ..., P} C PDand (P}, ..., P} C L;, which
satisfy the conditions {P/,(f Yy P§f’ } C Fiand {F;} C
FL, then the line [; strongly meets the face F;. If the
intersection of the points contains a unique element Py,
then the line [; weakly meets the face F; at Py.

g) If the points, denoted by {Py, ..., Py} C L;, are the
boundary of a face, i.e., {Py, ..., Py} C Fj, then the
interior of the face F; does not contain the set of lines L;.

4) PRINCIPLES OF BODY
a: DEFINITIONS OF BODY (SUCH AS A BUILDING)
A body is mathematically defined as

k
By=(F'y=JF’ . ®b=123.) (@26
br=1
where By is an indexed set (such as several buildings) con-
taining k faces of Fij, 4 < k < fpn, 1 <i <k, fpn is the total
number of faces, by is the unique body index of a face, and F;
is the faces of Bp. The characteristics are as follows:

a) The points of a body can be expressed by

k1 k2

k1
== Ur"
br=

1 by=1f,=1

27

where each point P" € Bj, belongs to at least three faces
Fx € By, Fy € By, and F; € By, i.e., P" € Fy, P" € F),
and P" € F.. For an ordered pair of points (P", P"*!) €
By and two faces F € By, Fy € Bp, We have

P, P eF, Pt P)eFR (28)

b) The interior of a body, denoted by Bj, is an enclosed

space constructed by & faces { Fib "} = Bp. The boundary
of a body, represented by 9By, is the closure of all the
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faces, denoted by {Fib "} = Bp. This is mathematically
expressed by

ko

b

0By = () F” 29
br=1

The closure of a body, represented by Bp, is a union
between Bj and 9B, and is expressed by By = B;UdBy,.
¢) The exterior of a body, represented by B, , is the differ-
ence between the universe U and the closure of a body
Bjp. This is mathematically expressed by
B, =U-By (30)
b: RULES OF BODIES IN TOPOLOGICAL SPACE FOR
THE SCSG-OSM
According to the definitions above, we make rules of
bodies in topological space for the SCSG-OSM. If the
topological space of a body is denoted by A, which has
bfn bodies and whose family set is denoted by BF, then
they can be mathematically expressed by

bfn
BF = {By} = | JBy. B} C A, 1 <b < bfn
b=1
(3D

where b is the unique index of a body. F; represents the
faces of By, where i is the unique index of a face. The
characteristics are as follows:

a) If the intersection of hfn bodies is not an empty set,
expressed by

bfn bfn

Usc|n| U Bn| #9
g=1

h=g+1

(32)

then equal faces may exist from different bodies. That
is, for some faces F; and pairs of bodies By, By, there
are
{Fi} C Bg, {Fi} C Bn (33)
b) If the intersection of each face {F} = B;, is an empty
set, expressed by

(QlFi>m<be>=@, 3<k<bn (34

b=

then body {B,} C BF, and face {F;} is disjoint. Other-
wise, the face is the part of the body.

c) If there is a body B; with many faces F; that satisfies
{Fi} C Bj‘?, then the faces are inside of the body.

d) If there is a body B; with many points P, that satisfies
{P,} C Bj‘-’, then the points are inside of the body.
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5) THE RELATIONSHIPS OF ALL THE ELEMENTS

a: THE RELATIONSHIPS OF THE ELEMENTS

If the topological space of all the elements is denoted by A,
which has xf faces inside a body and xp points inside the same
body, the family set of the xf faces is denoted by XF' and the
family set of the xp points is denoted by XP, then they can be
mathematically expressed by:

" Xf -
XF — {Flﬁb} _ U Flﬁb

(35)
fib=1
where fib is the face-in-body index of the point, and
xp
xp={P" = P (36)

nib=1
where nib is the point-in-body index of the point.

B. THE 3D TOPOLOGICAL RELATIONSHIP IN THE
SCSG-OSM

The nine-intersection model (9IM) was originally presented
by Erné [46]. This is applied to describe the topologi-
cal relationship of the elements described above. The 9IM
describes topological relationships using the nine intersec-
tions formed by the boundaries, interiors and exteriors of two
spatial objects. Suppose that there are two spatial objects,
A and B, which use 0A/A°/A~ and 0B/B°/B~ to represent
their boundaries, interiors and exteriors, respectively. The
intersections of JA/A°/A™, dA/A°/A™ and dB/B°/B~ form
a 9IM matrix. The tuples in the matrix of the 9IM have many
null (¥) and nonempty (—@) values. Null () means separa-
tion, and nonempty (—¢) means intersection. Theoretically,
there are 2° = 512 possible values for the intersections
of the interior, the exterior and the boundaries in total, but
some of the values do not exist in reality, so only some of
the topological relationships remain after filtering out the
conditions.

With the given definitions and rules above, this paper gives
11 important topological relationships among bodies (also
see Fig. 1). The detailed descriptions are given below.

RO031 represents the topological relationship in which A
and B are disjoint (see Fig. 1 (a)). This is the most easily
identifiable relationship using their boundaries. If the inter-
section of the boundaries of A and B is an empty set, then
A and B are disjoint. This means that if {{F1}...{Fi}} =
0A, {{F1}...{F;}} = 9B, then

i J
UFg N UFh =0
o=l h=1

R179 represents the topological relationship that A is
inside B (see Fig. 1 (b)). If the boundary of A is the subset
of the interior of B, i.e., JA C B°, then A is inside B. This
means that if {{F1}...{Fi}} = 9A, {{F1}...{F;j}} = B°, then

i j i
UF | n[UF | =UF
g=1 h=1 g=1

(37)

(38)
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FIGURE 1. Eleven topological relationships of bodies.

R220 represents the topological relationship that B con-
tains A (see Fig. 1 (c)). This has the same representation
as R179.

R511 represents the topological relationship in which A
overlaps B (see Fig. 1 (d)). This relationship is for an analysis
of the equal faces. If the boundary of A is equal to the interior
of B, then A overlaps B. This means that if {{F1}...{F;}} =
0A, {{F1}...{Fj}} = B°, then

i j
UFr=Um=g=h
g=1 h=1

R287 represents the topological relationship that A meets
B (see Fig. 1 (e)). The intersection of two bodies can be faces,
lines and points.

R400 represents the topological relationship that A equals
B (see Fig. 1 (f)). If the boundary of A is equal to the boundary
of B, then A is equal to B. This means thatif {{F1} ... {F;}} =
0A, {{F1}...{F;}} = 9B, then

A°NOB=g=h

(39)

(40)

R43S represents the topological relationship that A covers
B (see Fig. 1 (g)). The covered body must contain three or
more faces and is expressed by 0B C A°.

R476 represents the topological relationship that A is cov-
ered by B (see Fig. 1 (h)). This satisfies the relationship
0A C B°.

R444, R445 and R447 represent the topological
relationship in which face A is covered by body B (see
Fig. 1 (i), (j) and (k)).

To realize this spatial topological relationship using a com-
puter, a binary code is applied to represent the topologi-
cal relationship, in which “1”° represents the intersection of
two objects, and “0”’ represents the non-intersection of two
objects. For example, if there are two-point objects that are
noted A and B, respectively, the intersect between the bound-
aries of A and B is expressed as dA and 9B, the internal of
A and B is expressed as A° and B°, and the external of A and B
is expressed as A~ and B~ ; their binary codes are determined
using the 91 model matrix method, i.e., when the boundary
of A does not intersect with the boundary of B, 0A N 9B
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is equal to “0”. Similarly, A° N B° may be equal to “0”,
0A N B° may be equal to “0”’, A° N dB may be equal to “0”,
A7 NB~ maybeequal to “1”°, A~ N dB may be equal to “1”’,
A~ N B° may be equal to “0”’, 9A N B~ may be equal to “1”’,
and A° N B~ may be equal to “0”’. With the rule formulated
above, the binary code of the possible topological relationship
for A and B is “000011010”, and its decimal value is 026.
Thus, R0O26 represents the topological relationship, as also
shown in Fig. 2(al). The possible topological relationships,
as shown in Figs. 1, 2 and 3, are listed in Table 1.

As observed from Figs. 1, 2, and 3, eight types of major
topological relationships exist. They are disjoint, met, con-
tained, inside, covered, covered by, overlapped, and equal.

C. THE ORGANIZATION OF DATA SETS IN THE SCSG-OSM
The organization of data for implementation of the
SCSG-OSM can be illustrated using Fig. 4. The points are
represented by coordinates X, Y, and Z, and a point set (and/or
point sets) is applied to represent a line (or lines), a face (or
faces) and a body (or bodies), which construct a geometric
object (GO). The GO can be described using a geometric
description (Dsc) and its attributes (Atts). Each point, line,
face and body is assigned a unique ID, denoted by “PID”,
“LID”, “FID” and “BID”, respectively. The topographic
relationship, denoted by “R”, of the possible object exists in
two types: faces in a body and points in a body, all of which
are also presented by the point sets.

To further explain the organization of data in the
SCSG-0OSM, a complicated building is taken as an example
and shown in Fig. 5(a). The building consists of 24 points,
which are grouped as the root of three-point sets, denoted by
P1, P> and Ps, i.e., P consists of pi-pg, P, consists of pg-p16
and P3 consists of p17-p24. Their expressions are

PD = {Py, P2, P3} = {{P1, .. .., P16},

. P2ul}

... P}, Do, ..

P17, .. (41)

where PD presents the point sets in the topological space
described in “Section III.A.1".

The point sets further construct line sets (see Fig. 5(a)),
denoted by L, L, and L3, in which L; consists of [1-I12,
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FIGURE 2. Thirty-six important topological relationships of points and lines.

.

R117

(&

RII9/R125
(h)

R127
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FIGURE 3. Eleven important topological relationships of faces and faces.

L, consists of /13-l>4 and L3 consists of l5-/36 and is mathe-
matically expressed by

LP={L1, Ly, L3} ={{h...... 2}, {3, - .. ., Da},
{bs,..... 136} ={P1, P2, P3}={{P1,....,Pg},
{Po,.....P16},{P17, . ..., P2u}} (42)

where LP presents the line sets in the topological space
described in “Section I1I.A.2”.

The line sets further construct face sets (see Fig. 5(b)),
denoted by Fj, F, and F3, in which F; consists of fi-fs, F2
consists of f7-f11 and F3 consists of fi2-f1¢ and is mathemati-
cally expressed by

FL={F\,F2,F3}={{f1,... Js} 17, .- 111, 2o - - Si6h
={L1,L2,L3}=I1,. .. .12}, {113, - - - a} los, . - - . 136})
={P1,P2,P3}={{P1,.....Ps},{Pg,. .. ..P16},{P17,. . . ..P24}

(43)
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FIGURE 4. The organization of data in the SCSG-OSM.

where FL presents the face sets in the topological space
described in ““Section II1.A.3”.

Furthermore, the face sets construct bodies, denoted by
b1, by and b3, which construct a building (see Fig. 5(c)).
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TABLE 1. Topological relationships (B represents body, F represents face, L represents line, P represents point, “-” indicates non-existent topological
relationship, and “Y” indicates a possible topological relationship).

Binary Decimal B B B B F F F L L/ P/ Topological Figures
B //F /L /P F L P L P P relationship
000011010 RO26 - - - - - - - - - Y disjoint Fig. 2 (al)
Fig. 1 (a)/Fig. 2(a3) (b1)(c])
000011111 RO31 Y Y Y - Y Y - Y Y - disjoint
(d1)/Fig. 3 (a)
000110111 RO55 - - - - - - - Y - - met Fig. 2 (b10)
000111111 R063 - - - - - - - Y - - met Fig. 2 (b9)
001011101 R092 - - - Y - - Y - - - disjoint Fig. 2 (a4)(a5)
001110101 RI117 - - - Y - - Y - - met Fig. 2 (b11)/Fig. 3 (g)
001110111 R119 - - - - Y - - - - - met Fig. 3 (h)
001111101 R125 - - - Y - - Y - - met Fig. 2(b12)/Fig. 3 (h)
001111111 R127 - - - - Y - - Y - - met Fig. 2(b13)/Fig. 3(i)
Fig. 1(b)/Fig. 2(b2) (c2)/Fig.
010110011 R179 Y - - - Y Y - Y - - contained
3(b)
010110111 R183 - - - - Y - - - - - inside Fig. 3(j)
010111111 R191 - - - - Y - - - - - inside Fig. 3(k)
Fig. 1(c)/Fig. 2(b3) (d2)/Fig.
011011100 R220 Y - Y - Y Y - Y - - inside
3(b)
011011101 R221 - - Y Y contained Fig. 2(b14)/Fig. 3(j)
011011111 R223 - - - - Y - - - - - contained Fig. 3(k)
011111100 R252 - - Y - - - - - - - overlapped Fig. 2(d5)
011111101 R253 - - Y - - - - - - - overlapped Fig. 2(d6)
011111111 R255 - - Y - - Y - Y - - overlapped Fig. 2(b4) (c3) (d4)
100010000 R272 - - - - - - - - - Y met Fig. 2(a2)
Fig. 1(e)/Fig. 2(b5) (c4)
100011111 R287 Y - Y - Y Y - Y - - met
(d3)/Fig. 3(c)
110010000 R400 Y - - - Y - - Y - - equal Fig. 1(f)/Fig. 2(b6)/Fig. 3(d)
110010011 R403 - - - - - Y - - - - inside Fig. 2(c6)
110010111 R407 - - - - - Y - - - - inside Fig. 2(c7)
110011111 R415 - - - - - Y - - - - equal Fig. 2(c8)
Fig. 1(g)/Fig. 2(b7) (c5)/Fig.
110110011 R435 Y - - - Y Y - Y - - covered
3(e)
110111100 R444 - Y Y - - - - - - - covered Fig. 1(i)/Fig. 2(d7)
110111101 R445 - Y Y - - - - - - - covered Fig. 1(j)/Fig. 2(d8)
110111111 R447 - Y Y - - - - - - - covered Fig. 1(k)/Fig. 2(d9)
111011100 R476 Y - - - Y - - Y - - covered by Fig. 1(h)/Fig. 2(b8)/Fig. 3(e)
111111111 R511 Y - - - Y - - - - - overlapped Fig. 1(d)/Fig. 2(f)
Mathematically, this can be expressed by {li3, ..., ba}, {25, . ..., l36}} = {P1, P2, P3}
={{P1......P8}. {Po, ... .. P16}, (P17, . .. .. P2a}} (44)
BE={b1,b2,b3} ={F1,F2,F3} ={{f1,- . . Jo}: {7 - - S, where BF presents the body sets in the topological space
{fio,---Si6}} = {L1, L2, L3} = {01, - - - -, 12}, described in “Section II1.A.4”.
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(a) (b)

(c)

FIGURE 5. Example of the organization of data for a building in the SCSG-OSM.

With the above descriptions in this section, the GO is
constructed and is depicted in Fig. 5(c). The Atts, which
include their texture, colour, size and shape, are attached
in Fig. 5(c) and depicted in Fig. 5(d). The two types of
relationships, faces in a body and points in a body, are
also illustrated in Fig. 5(a), Fig. 5(b), and Fig. 5(c), i.e.,
faces f1-f¢ are in body by, faces f7-f11 are in body by, and
faces f12-f1¢ are in body b3. Additionally, points p-pg are in
body b1, points pg-p1¢ are in body by, and points p17-p24 are
in body b3. With the organization of the data presented here,
a photorealistic building is finally constructed with its geo-
metric descriptions, attributes and topographic relationships
(see Fig. 5(d)).

D. DISCUSSION AND COMPARISON ANALYSIS BETWEEN
SSM AND SCSG-OSM

To further help understand the differences between the SSM
proposed by Zlatanova and the SCSG-OSM proposed in this
paper, this section provides a further discussion and compar-
isons [3]. The major contributions of the SSM proposed by
Zlatanova are as follows:

a) The SSM consists of 13 definitions that define the
nodes, faces, points, lines, surfaces, and bodies of an
object. This means that the SSM considers that an
object is represented through nodes and faces.

b) The SSM eliminates the relationship between arcs and
faces, i.e., an arc segment can be part of more than two
faces.

c) The SSM explicitly stores the relationships of node-
in-face and face-in-body, the direction of the faces, and
the order of the nodes described the faces.

However, the SSM has the following shortcomings:

a) The SSM consists of nodes, faces, points, lines, sur-
faces, and entities, and as a result, these relationships
become very complicated, occupy considerable storage
space and consume excessive computing time.

b) The elements in the SSM have to be converted into
nodes and faces for storage and presentation; as a result,
the SSM is time consuming.

The SCSG-OSM proposed in this paper improves the SSM
by avoiding its shortcomings. The details are below.

a) The OSM defines only four basic elements: point, line,
face, and body. Moreover, the lines, faces, and bodies
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are represented using only point elements. As a result,
the OSM largely reduces the procedures of identifying
the nodes and surfaces. The OSM model occupies min-
imal storage space and is simple.

b) The OSM presents an object using a point set instead
of nodes and/or surface elements. As a result, it largely
reduces the time consumption during identification and
conversion of the relationships in node-to-point and
face-to-surface.

¢) The definitions given in the SCSG-OSM specify the
shape of an object, providing basic support for the
topological relationships, which has been described in
the “Section III.C”.

IV. EXPERIMENTS

A. DATA SOURCES

This paper selects two datasets: Data set 1 (hereafter called
Dataset-1 in this paper) is located in Denver, Colorado, USA.
Data set 2 (hereafter called Dataset-2 in this paper) is located
in Zurich, Switzerland, which was provided by the Inter-
national Society for Photogrammetry and Remote Sensing
(ISPRS). The format in Dataset-1 is TXT, which records 3D
coordinates of the buildings. Dataset-1 contains 100 build-
ings and a total of 4,452 points. Dataset-1 can be imported
by using AutoCAD and can create lines and polygons in
DXF format. Most buildings in Dataset-1 are located in the
centre of the city, with high density, complex structures and
rich textures. The detailed descriptions can be referenced in
Zhou et al. [9]. Dataset-2 has 395 buildings and 20,821 points.
The detailed descriptions can be referenced in the Inter-
national Society for Photogrammetry and Remote Sensing
(ISPRS) https://www.isprs.org/data/hoengg/default.aspx.

B. MODELLING BUILDINGS USING SCSG-OSM

The SCSG-OSM proposed above is carried out using
virtual reality modelling language (VRML) developed by
Silicon Graphics International (SGI). VRML 2.0 is an
object-oriented 3D modelling language that can be used to
build real-world scenes with platform independence. The
specification of VRML 2.0 was adopted in August 1996 and
open enough that anyone can experiment with problems
in multi-user space. The details for our experiments are
described below.
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1) MODELLING A SINGLE BUILDING USING SCSG-OSM
To help understand the proposed SCSG-OSM, a building BOOLS }?"ﬁ“ -y
without texture (also called “white mode”) is taken as an
example to explain the procedures. The steps are as follows:
o Step-1: A single building, denoted by B00OI (see
Fig. 6 (a)), is selected as an example. In Fig. 6 (a) and
Fig. 6 (b), BOO1 is composed of 8 bodies, BOOI-1
through B0OI-8. BOO1 consists of walls, a roof and
a bottom, in which B001-1 has 8 walls, 12 tops and
1 bottom; B0O0I-2, which has a flat roof, has 5 walls,
1 top face and 1 bottom, where the bottom is shared
with the bottom of BOO1-1F>;. The building roof has six
components, BO01-3, B001-4, B00O1-5, B001-6, BOOI-7,
and B001-8. B0O0O1-3 is composed of F»g through F3y;
B001-4 through B00I-8 are composed of 3 walls and
3 top faces. BOOI-8 consists of 3 walls and 1 top face.
e Step-2: In accordance with the definitions given in
“Principle of the SCSG-OSM”, building BOO1 can be
defined using bodies, i.e.,

ki ki k
b b br .
oot = (7"} = JF = J U @)
bf:l bf:lﬁ,:l

where k; =61, ky =79, i.e.,
BOOl ={F1,.....,Fe1} ={P1,...., P19}  (46)

In Fig. 6 (c), building BOO1 can be defined using lines,
ie.,

Ipn k I Ipn  k I
BOOl = {L} = U Li= U {P'}=U U Py where
i=1 i=1 i=11,=1
where Ipn = 132,k =79, i.e.,

BOO1 = {L1,....,Li32} = {P1,...., P9} (47)

This means that body B0OO1 is the union of face F thru
Fep and is the union of points P thru P79. The points,
lines, faces and bodies are stored in a relational database.
o Step 3: The 3D topological relationship given in OSM
for BOO1 is as follows: BOO1-2 and B001-3 are disjoint.
Refer to the representation of disjoint (R031) in “The 3D
topological relationship in the SCSG-OSM™ because of

{{F22}.. {F27}} =0B001 -2, {{Fas} ... {F31}}

—3B001—3 (48)
27 31
U Fe|n (U Fh) =0 (49)
g=22 h=28

Then, BO01-2 and B001-3 are disjoint. For BOO1-1 and
B001-2, there are

({F1}...{F4}) =0B001-2, {{F1}...{F4}}

=B001—1° (50)
4 4 ©
UFe=JFng=nh (s1)
g=1 h=1 FIGURE 6. (a) Composition of building B001, (b) face representation of
. B001, (c) line representation of B001, (d) point representation of B001,
i.e., BOO1-1 and B0OO1-2 overlap. and (e) B0O1 with real textures.
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FIGURE 7. Different types of buildings and their representations using SCSG-OSM.

o Step 4: As described for data organization in ‘“The Orga-
nization of Data Sets in the SCSG-OSM”’, the composite
object (CO) can be represented by a group of point
sets. Thus, texture images can be mapped onto building
B0O1 using ImageTexture as an index, in which the coor-
dinates of the texture image are from the point coordi-
nates of the faces of BOO1, and the data, including faces
and texture image, are read using coordIndex(coordinate
index), texcoordIndex (texture coordinate index) and
normallndex(normal index). Finally, a single build-
ing is photorealistically created with real textures (see
Fig. 6(e)).

2) MODELLING MULTIPLE BUILDINGS USING SCSG-OSM
a: MODELLING THREE TYPES OF BUILDINGS USING
SCSG-OSm
The details of modelling a single building using the
SCSG-OSM are given above. For modelling multiple build-
ings using the SCSG-OSM, similar procedures can be
repeated. To further explain the procedures, three types of
buildings, flat-roof, single-roof and multi-roof buildings, are
taken as examples.

Fig. 7(al) through Fig. 7(a5) represent the flat roof of a
building, which consists of 10 points, 15 lines and 7 faces
and is expressed by

.., P1o}
(52)

B={Bi}={F1,.....,F71}=1{L1,....,Lis}={P1, ..

Fig. 7(b1) through Fig. 7(b5) represent the single roof of a
building with 2 bodies, which consists of 10 points, 17 lines
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and 9 faces and can be expressed by

B=(B1, B2}={F1, ...., Fo}={L1, ...., Li7}={P1, . . .., P10}

(53)

Fig. 7(cl) through Fig. 7(c5) represent multiple roofs with
2 bodies, which consist of 10 points, 19 lines and 11 faces
and can be expressed by

B={B1, B2}={F1,...., Ful}={Lt,. ..., Lio}={P1,. ..., P10}
(54)

b: MODELLING MULTIPLE BUILDINGS USING SCSG-OSM
FOR DATASET-1

Dataset-1, located in the city of Denver, Colorado, USA,
contains 100 buildings and 4,452 points. Most buildings are
located in the centre of the city and have rich textures. The
modelling steps are as follows:

o Step-1: We first define simple/complex objects as bodies
in VRML. There are 100 bodies of building model for
Dataset-1, which consist of 4,452 points, 2,624 lines and
2,454 faces in total. The faces include 100 top faces,
100 bottom faces and 2,254 wall faces, which can be
represented by point sets. The building model can be
defined as bodies:

BuildingModel_1 =1{b1, b2, . ., b10o}
={F1,F2 ... F1oo}={{f 1. fos- - s oo o - B i - f2454)}
={L1,L2 .., Ligo} =102, - ln} oo b 3 s - - logoal)
={P1,P2. .., P1oo}=U{p1:.P2s - - sPn}s- - s £ - }APiv - s Passo}}
(55)
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All these points, lines, faces and bodies are stored in a
relational database as records. Each record has its unique
ID, and they are associated by their IDs to describe their
relationships.

o Step 2: The indexes, including coord, IndexedFaceSet,
facecoordIndex, ImageTexture, texcoordIndex and nor-
mallndex, are defined. The coord represents the point
index of the point sets. The IndexedFaceSet represents
the index of face sets that compose the bodies, and
each face set contains many faces. The index of a face
is named facecoordIndex, and each face is composed
of the coordinates. ImageTexture presents the texture
image index. The texcoordIndex represents the texture
coordinate index. The texture coordinates are the same
as the point coordinates of a face. The normallndex
represents the normal vector index. These indexes are
used to record the IDs and coordinates of points, lines,
faces, bodies and textures.

o Step-3: The points, lines, faces, bodies and textures are
read through the coordinates of the indexes. Ninety-one
images taken by the camera or screenshot from Google
Earth are employed as the texture images. The texture
images are attached to the faces of the building using
the texcoordIndex.

o Step 4: The 3D building model for Dataset-1 is created.
The final result is depicted in Fig. 8. The curved structure
of the 3D model can be established when the curved
surface contains enough points (see Fig. 8(b)).

¥y
\ ®)

FIGURE 8. Building models using SCSG-OSM for Dataset-1 that depict the
city of Denver, Colorado, USA.
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C. MODELLING MULTIPLE BUILDINGS USING SCSG-OSM
FOR DATASET-2

Dataset-2, located in the city of Zurich, Switzerland, has
395 buildings, which contains 20821 points. The buildings
are located in the centre of the city, with complex structures
and rich textures, especially rich roof structures. The same
experiment is carried out as in Dataset-1. The building model
for Dataset-2 is constructed as follows:

e Step-1: We define buildings as bodies first. There are
395 bodies for Dataset-2, which consist of 20,821 points,
13,506 lines and 17,269 faces. The faces include 395 top
faces, 6,115 bottom faces and 10,759 wall faces, which
can be represented by point sets. The building model can
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be defined as bodies:

BuildingModel_» ={b1, b2, . . ., b3os}
={F1,F2s - - F3051={{f 1.2, - - - Sbs- - oL B i - - F 172608}
={L1,L2,... ,L395}={{11,lz,. R S S I ) a113506}}

={P1,P2, .., P3os)={{p1.P2,. .. .Pu}s. . . { . 3 APis - P20g21 1
(56)

All these points, lines, faces and bodies are stored in a
relational database.

o Step-2: Repeat the same Step 2 as in Dataset-1.

o Step 3: Eighty images taken by the camera and screen-
shot from Google Earth are employed as the texture
image. The texture images are attached to the faces of the
building with the same operation as Step 2 for Dataset-1.

o Step-4: Finally, the 3D building model for Dataset-2 is
created, and the final result is depicted in Fig. 9.

FIGURE 9. Building models using SCSG-OSM for Dataset-2 that depict the
city of Zurich, Switzerland.

D. COMPARISON AND ANALYSIS

To evaluate the advantages and disadvantages of the
SCSG-OSM proposed in this paper, six existing methods—
the CSG-BR model, TIN model, POLYGON model, Patch
model, SSM and CityGML model—are compared and anal-
ysed below.

1) CSG-BR MODEL

The modelling tool AutoCAD 2015 is applied to create all of
the 3D building models for Dataset-1. AutoCAD 2015 was
developed by Autodesk in 2015 and is able to draw 2D and
3D graphics. The geometric representations for 3D buildings
in AutoCAD 2015 use the CSG-BR model. The details of the
process are shown as follows.

For the Dataset-1 experiment, the points are input to
AutoCAD 2015 to form the footprints of buildings, and then
the footprints of the buildings are stretched to obtain the 3D
building model using a stretching tool. The result is shown
in Fig. 10(a). As observed from Fig. 10(a), all of the 3D
building models through AutoCAD 2015 are without textures
since AutoCAD 2015 does not support texture mapping.

2) TIN MODEL

The modelling tool ArcScene is applied to create all of
the 3D building models for Dataset-1. ArcScene, developed
by ESRI, is able to create realistic scenes and 3D models.
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FIGURE 10. Modelling the buildings for Dataset-1 using seven methods:
(a) CSG-BR model; (b) TIN model; (c) POLYGON model; (d) Patch model;
(e) SSM; (f) CityGML model; (g) the proposed method.
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The geometric representations for 3D buildings in ArcScene
use the TIN model. The details of the process are shown as
follows.

For the Dataset-1 experiment, the footprints of the build-
ings are input to ArcScene, and the heights are assigned
to each footprint; then, the footprints of the buildings are
stretched in accordance with the elevation. Finally, 3D build-
ing models are created, and the result is shown in Fig. 10(b).
As observed in Fig. 10(b), all of the 3D building mod-
els through ArcScene are created without textures, since
ArcScene does not support texture mapping.

3) POLYGON MODEL

The modelling tools in 3ds Max 2014 are applied to create
all of the 3D building models for Dataset-1. The 3ds Max
2014 program is a professional modelling software developed
by Autodesk in 2014 and is capable of creating realistic
models and realizing image texture mapping. The geometric
representations for 3D buildings in 3ds Max 2014 use the
POLYGON model. The details of the process are shown as
follows.

For the Dataset-1 experiment, the footprints of all buildings
are constructed first using 3ds Max 2014, and then the stretch-
ing tool is employed to stretch the footprints in accordance
with the height of the building. The roof model and details are
constructed and modified accordingly to construct all of the
3D building models for Dataset-1. Finally, the material editor
in 3ds Max 2014 is employed to map the texture images, and
all the 3D buildings with real textures are obtained and are
shown in Fig. 10(c).

4) PATCH MODEL

SketchUp 2015 is a 3D design software developed by Atlast-
Software in 2015. SketchUp 2015 has a convenient push-pull
function that makes it easy to generate 3D geometry with a
single graphic. The geometric representation for 3D buildings
in SketchUp 2015 uses the Patch model. The details of the
process are shown as follows.

For the experiment for Dataset-1, the footprints of the
buildings are constructed first in accordance with the point
data in SketchUp 2015, and then the stretching tool is
employed to stretch the footprints to the height of the build-
ing. Finally, 3D building models for Dataset-1 are con-
structed, and the material tool is employed to attach a texture
image to each building wall. The results for all 3D buildings
with real textures for Dataset-1 are created and depicted
in Fig. 10(d).

5) SSM
The basic steps using the SSM to create the 3D buildings for
Dataset-1 using VRML are as follows:

o First, the data of Dataset-1 are converted into nodes and
faces and store them in a relational database as records.
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« Second, the indexes of nodes, faces and image textures
are established.

« Third, the 3D model of a building without wall textures
is established by using nodes and faces.

« Finally, the texture images are attached onto the faces of
the building using the texture index. The results for all
3D buildings with real textures for Dataset-1 are created
and depicted in Fig. 10(e).

o CityGML model

CityGML provides modelling of all relevant parts of the vir-
tual city according to their semantics, geometry, topology and
appearance. An FME is a spatial data conversion processing
system developed by Safe Software, Canada, which supports
the reading and writing of CityGML appearances. The steps
to generate the CityGML model using an FME are as follows:

« First, the.dwg file of Dataset-1 is read, and the number of
times that each wall texture is pasted in the u/v (texture
coordinate) direction is calculated.

o Second, the wall is stretched according to the building
height.

« Finally, texture images of the wall and texture map are
added according to the calculated number of times. The
results for all 3D buildings with real textures for Dataset-
1 are created and depicted in Fig. 10(f).

The SCSG-OSM proposed in this paper is applied to create
all 3D buildings for Dataset-1 by VRML. The experimental
steps have been described in ““Section IV.B.2”. The result is
depicted in Fig. 10(g).

Repeating the same operations as for Dataset-2, the 3D
building models employing the seven modelling methods are
created, and their results are shown in Fig. 11(a), Fig. 11(b),
Fig. 11(c), Fig. 11(d), Fig. 11(e), Fig. 11(f) and Fig. 11(g).

With the experimental results shown in Fig. 10 and Fig. 11,
a few conclusions can be drawn as follows.

a) As observed from Fig. 10(a), Fig. 10(b), Fig. 11(a) and
Fig. 11(b), the buildings are represented by bodies and
lines in the CSG-BR model, while the buildings are
represented by triangles in the TIN model. In addition,
the models created using the CSG-BR model and TIN
model in AutoCAD 2015 and ArcScene cannot show
the reality of the building textures since the two soft-
ware systems have no texture mapping functions.

b) As observed from Fig. 10(c), Fig. 11(c), Fig. 10(d),
Fig. 11(d), Fig. 10(e), Fig. 11(e), Fig. 10(f) and
Fig. 11(f), all of the buildings are textured, which means
that all of the buildings are truly able to show the reality
of buildings when using the POLYGON model, Patch
model, SSM and CityGML model.

To further compare their characteristics, the model repre-
sentations, storage space and the average time consumption
when loading models are measured and analysed. The com-
parison analysis is conducted below:

a) Comparison of representation elements: The elements
used for modelling the buildings for Dataset-1 and
Dataset-2 for seven methods are analysed. The results
are shown in Table 2 and Table 3.
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FIGURE 11. Modelling the buildings for Dataset-2 using seven methods:
(a) CSG-BR model; (b) TIN model; (c) POLYGON model; (d) Patch model;
(e) SSM; (f) CityGML model; (g) the proposed method.
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TABLE 2. Comparison analysis with different models for Dataset-1.

Modelling Representation Storage Average time Texture
methods elements space _consumption  or not
SCSG-OSM Points 12.20 MB 2.61 seconds
SSM Nodes and faces 13.40 MB 8.53 seconds
CityGML Nodes 9.90 MB 15.13 seconds With
model texture
POLYGON Faces 12.35 MB 3.71 seconds
model
Patch model Faces 14.50 MB 4.43 seconds
TIN model Triangles 1.32 MB  2.56 seconds Without
CSG-BR Bodies and lines 1.59 MB  4.67 seconds ~ SXtre
model

TABLE 3. Comparison analysis with different models for Dataset-2.

Modelling Representation Storage Average time Texture
methods elements space _consumption or not
SCSG-OSM Points 8.93 MB 2.49 seconds
Nodes and
SSM faces 12.10 MB 6.13 seconds With
POLYGON model Faces 10.40 MB 3.84 seconds texture
CityGML model Nodes 17.70 MB 28.56 seconds
Patch model Faces 9.73 MB 3.57 seconds
TIN model Triangles  13.70 MB 2.69 seconds __.
. Without
CSG-BR model Bo‘liilszsand 9.07 MB 6.3 seconds texture

b) Comparisons of storage space: The storage space
occupied using the seven methods for Dataset-1 and
Dataset-2 are compared and analysed, and the results
are shown in Table 2 and Table 3, respectively.

¢) Comparisons of average time consumption: To analyse
the characteristics of the seven methods, the average
time consumption when loading 3D building data for
Dataset-1 and Dataset-2 are compared and analysed.
The results are shown in Table 2 and Table 3.

As observed from Table 2 and Table 3, the following can

be concluded:

a) The SCSG-OSM employs the element of point sets for
representation of a 3D object, while other methods—
the TIN model, CSG-BR model, SSM, CityGML
model, POLYGON model, and Patch model—employ
elements of triangles, bodies and lines, faces, nodes and
faces and faces.

b) For Dataset-1, as observed in Table 2, the storage space
required for our method is 12.2 MB, while the storage
space required by the other methods—the TIN model,
CSG-BR model, SSM, CityGML model, POLYGON
model, and Patch model—are 1.32 MB, 1.59 MB,
13.40 MB, 9.90 MB, 12.35 MB and 14.50 MB, respec-
tively. In addition, the average time consumed dur-
ing model loading using our method is 2.61 seconds,
with which the buildings are visualized using real
textures; the average times consumed during the load-
ing model with real textures when using the SSM,
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CityGML model, Patch model and POLY GON model
are 8.53 seconds, 15.13 seconds, 4.43 seconds and
3.71 seconds. However, the average time consumed
during model loading without textures when using the
TIN model and CSG-BR model is 2.56 seconds and
4.67 seconds, respectively.
¢) For Dataset-2, as observed in Table 3, the storage space
required by our method is 8.93 MB, while storage
space required by the other methods—the TIN model,
CSG-BR model, SSM, CityGML model, POLYGON
model, and Patch model—are 13.70 MB, 9.07 MB,
12.10 MB, 17.70 MB, 10.40 MB and 9.73 MB, respec-
tively. In addition, the average time consumed dur-
ing model loading using our method is 2.49 seconds,
with which the buildings are visualized using real
textures; the average times consumed during the load-
ing model with real textures when using the SSM,
CityGML model, Patch model and POLYGON model
are 6.13 seconds, 28.56 seconds, 3.57 seconds and
3.84 seconds, respectively. However, the average time
consumed during model loading without textures when
using the TIN model and CSG-BR model modelling is
2.69 seconds and 6.33 seconds, respectively.
The experimental results above demonstrate that the data
structure in the SCSG-OSM proposed in this paper is the sim-
plest and the easiest to model, and the SCSG-OSM consumes
the least time of all the methods.

V. CONCLUSIONS

In the past 10 years, many scholars have proposed a number
of methods for modelling urban 3D buildings. However, pre-
vious 3D modelling methods have encountered bottlenecks
due to their shortcomings in the efficiency of representing
3D photorealistic city models. The SSM is effective for
the spatial visualization and query of 3D buildings, which
converts the points, lines, surfaces and bodies into nodes and
faces but suffers from excessive time consumption. There-
fore, this paper proposes an SCSG-OSM method based on
the SSM. The SCSG-OSM is constructed through points,
lines, faces and bodies. The SCSG-OSM considers an object
consisting of four element types: point, line, face, and body.
Then, the four types of elements are strictly defined by
nine basic definitions, in which lines, faces, and bodies
are essentially described by point sets rather than by nodes
and faces employed in the SSM. Finally, two data sets
that depict the locations of Denver, Colorado, USA, and
Zurich, Switzerland, provided by the International Society
for Photogrammetry and Remote Sensing (ISPRS), are used
to validate our model.

A comparison analysis is also conducted with the CSG-BR
model, TIN model, POLYGON model, Patch model,
SSM and CityGML model. The comparisons illustrate the
following:

(1) The elements representing a 3D object using
SCSG-OSM are point sets, while the elements of the TIN
model, CSG-BR model, SSM, CityGML model, POLYGON
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model, and Patch model are triangles, bodies and lines, nodes
and faces, nodes, faces and faces, respectively.

(2) For Dataset-2, the storage space required using
SCSG-OSM is 8.93 MB, while 13.7 MB, 9.07 MB,
12.10 MB, 17.70 MB, 10.40 MB and 9.73 MB, respectively,
was required when using the TIN model, CSG-BR model,
SSM, CityGML model, POLY GON model, and Patch model.
This implies that the data structure in the SCSG-OSM is the
simplest of all the models.

(3) For Dataset-2, the SCSG-OSM is able to reduce the
computational time by 7.43%, 60.66%, 59.38%, 91.28%,
35.16% and 30.25% compared to the TIN model, CSG-BR
model, SSM, CityGML model, POLYGON model and Patch
model, respectively. This implies that SCSG-OSM consumes
the least computational time.

In summary, the experimental results demonstrate that the
SCSG-OSM proposed in this paper is the simplest model,
occupies the least amount of storage space and consumes
less computational time than the TIN model, CSG-BR model,
SSM, POLYGON model and Patch model.

In the future, we plan to develop a storage method of
texture data in the database to improve the speed of texture
image mapping and 3D reality visualization. In addition, this
paper focuses only on the modelling of 3D buildings. We will
try to solve the modelling of 3D buildings with multisource
data.
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