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Abstract: Indoor location-based services and applications need to obtain information
about the indoor spatial layouts and topological relationships of indoor spaces. The 3D city
modeling data standard CityGML describes the indoor geometric and semantic information
of buildings, but the surfaces composing a volume are discrete, leading to invalid volumes.
Moreover, the topological adjacency relationships of adjacent indoor spaces have not yet
been described, which makes it difficult to realize effective queries and analyses for indoor
applications. In this paper, we present a 3D topological data model for indoor spaces that
adopts five topological primitives, namely, node, edge, loop, face, and solid, to describe the
topological relationships of indoor spaces. Then, by improving the existing face-sorting
method according to vector products in 3D space, a method for constructing 3D topological
relationships for indoor spaces is proposed, which successively constructs the topological
hierarchical combination of volume and the topological adjacency relationships of adjacent
volumes. The experimental results show that by using the improved face-sorting method
proposed in this work, the relative positions of faces are directly determined to sort the
faces set, which avoids relatively cumbersome calculations and improves the efficiency of
constructing 3D topological relationships for indoor spaces.

Keywords: indoor topological model; face sorting; vector product; CityGML; 3D GIS

1. Introduction

With increasing urbanization, the indoor environment of buildings is becoming increas-
ingly complex, posing a great challenge to indoor location-based services and applications
such as indoor navigation and emergency rescue [1,2]. In this context, a 3D data model
is urgently needed to describe complex indoor spaces in detail and accurately [3,4]. The
spatial information of 3D indoor data models depends on the type of indoor application.
Indoor location-based services and applications focus on various indoor spaces (e.g., rooms
and corridors) enclosed by building components, indoor constraints (e.g., walls) [5], and the
topological relationships of indoor spaces [6]. Topological adjacency is an important spatial
relationship for indoor spaces and is necessary for describing indoor space accessibility and
generating navigation paths; moreover, topological adjacency is the key information ob-
tained for indoor emergency response [7]. Therefore, constructing a 3D indoor topological
data model is highly important for indoor applications in complex building environments.

The city geography markup language (CityGML) building model [8] adopts several
levels of detail (LoDs) to describe the geometric and semantic information of indoor func-
tional spaces, building components, and indoor facilities. In addition, in the descriptions of
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topological relationships, CityGML adopts the XML concept of links (XLinks) to express the
sharing relationships of public geometric objects [9], such as two volumes sharing common
surfaces. The topological descriptions of CityGML XLinks can be used to represent two
adjacent buildings sharing the same wall surfaces, which is simpler than that of the geogra-
phy markup language (GML) [10] or ISO 19107 [11]. Therefore, CityGML is a suitable data
model for describing the 3D indoor environment of buildings, and it has a wide range of
applications in 3D city modeling and indoor location-based services [12-15].

However, CityGML has some insufficiencies in the representation of 3D topological
relationships for indoor spaces. First, CityGML does not adopt the topological classes of
GML3 and cannot construct topological relationships between geometric primitives [16].
Boundary representation (Brep) is used to constitute indoor functional spaces (e.g., rooms)
according to different kinds of thematic surfaces in CityGML. Although the geometric
attribute of an indoor space is a volume, all the boundary surfaces (polygons) of the volume
are stored individually, and each polygon consists of a closed sequence of vertices so that
the vertices of neighboring polygons are stored repeatedly, which not only results in data
redundancy but also gives rise to topological inconsistency of volumes [17,18], such as
intersections of polygons [19]. Second, CityGML has not yet described the topological
adjacency relationships of indoor spaces. XLinks is adopted to describe the sharing rela-
tionships of geometric objects; however, it fails to represent the topological relationships
of two neighboring indoor spaces sharing the same building elements. For example, each
room is enclosed by its own surfaces, all of which are independent volumes, resulting in
independent indoor spaces. Under these circumstances, CityGML is unable to express the
relationships of sharing common wall surfaces between two adjacent rooms on the same
floor, and the same is true for the description of two neighboring rooms on adjacent floors.

In this paper, we propose a method to construct 3D indoor topological relationships;
that is, to construct indoor space volumes explicitly as well as topological adjacency
relationships of adjacent volumes according to the thematic surfaces of CityGML based
on the 3D indoor topological data model established in this work. The 3D indoor models
constructed in this work retain the geometric features and semantic attributes of indoor
spaces and building components but also establish the topological hierarchical combination
of an indoor space and the topological adjacency relationships of adjacent spaces, which
can provide more effective spatial queries and analyses for indoor location-based services
and applications in complex indoor environments.

The remainder of this paper is organized as follows: In Section 2, we discuss the
existing methods of constructing 3D topological relationships. The 3D indoor topological
data model based on CityGML is proposed in Section 3. In Section 4, we propose a method
to construct 3D indoor topological models based on improved face sorting. In Section 5,
experiments are conducted to construct the volumetric objects of indoor spaces and the
topological adjacency relationships of adjacent volumes. Some conclusions and future
work are given in Section 6.

2. Background and Related Work

The construction of 3D topological relationships refers to automatically topologically
constructing the volumes in 3D space, namely, the construction of volumes and topological
adjacency relationships of adjacent volumes. At present, there is a lack of research on
the construction of 3D indoor topological relationships. The methods for constructing 3D
topological relationships of buildings can be categorized into two groups: the construction
of 3D topological relationships based on the extrusion of footprints [20-24] and that based
on face sorting by common edges [25-29].
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The construction of a 3D model of a building based on the extrusion of footprints
involves the extrusion of a set of 2D footprints (e.g., polygons) with their heights describing
the outline of a building upward to generate block objects to build polyhedral objects [30],
as shown in Figure 1. However, the topological relationships of volumes in the process
of creating volume objects have not yet been considered, leading to errors in topological
consistency among polyhedrons, such as redundant vertices, surface overlaps, and surface
intersections [31]. Therefore, the 3D city models created by this method are generally only
used for 3D visualization rather than spatial analysis. To address this problem, Ledoux
et al. [21] proposed an improved method of footprints extrusion to construct topologically
consistent 3D city models and built topological relationships between polygons and poly-
hedrons by introducing node columns. The method based on the extrusion of footprints
can construct regular building models, which require that the top and bottom surfaces be
parallel to each other and that the facades be perpendicular to the top and bottom surfaces.
However, at present, an increasing number of buildings are irregular in structure and shape,
and their facades are not always perpendicular to the top and bottom surfaces; therefore,
the method is not applicable for constructing 3D indoor spaces of complex buildings.

(@) (b)

Figure 1. Construction of 3D models of buildings based on extrusion of footprints. (a) Footprints of
buildings; (b) 3D models of buildings by extruding the footprints.

The construction of a 3D building model based on face sorting by common edges is a
step-by-step process of constructing a volume for 3D discrete surfaces set by determining
the nearest neighboring surface for a search surface through each edge of the surface
according to the correlation between the edge and surfaces set. Since the edge of the search
surface is associated with more than two surfaces, the nearest neighboring surface of the
search surface in the surfaces set needs to be identified to form the boundary of the volume,
as shown in Figure 2. Therefore, it is necessary to sort the surfaces to determine the relative
positional relationships between the surfaces in the process of building a volume.

A
Eo / Fs Eo D
F3 F 1 F4
F1
F2
(a) (b)

Figure 2. Construction of 3D models of buildings based on face sorting by common edges. (a) Surface
set Fy, Fy, F3, and Fy4 share a common edge Ej. (b) Determining the nearest neighboring surface F4 of
the search surface F; to construct the 3D building model.
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Face set sorting is performed by calculating the angles between the surfaces to deter-
mine the relative positional relationships, in which the calculation of the angles between
surfaces in 3D space is transformed into 2D space to calculate the angle between straight
lines by projection [28], as shown in Figure 3. For example, by constructing a plane perpen-
dicular to the common edge as a normal, the surfaces associated with the edge are projected
onto the plane to yield straight lines through a common point on the plane, and then the
relative positional relationships between the surfaces are determined by calculating the
angles between the lines. Alternatively, the normal vectors of the surfaces set associated
with the common edge are projected onto a 2D Cartesian coordinate system, and the angles
between the surfaces are determined by calculating the angles between the normal vectors
of the surfaces set to sort the surfaces.

Fs

a1 (F1)

Figure 3. Face sorting by a common edge.

The method of face sorting by a common edge is suitable for the construction of
complex buildings. However, the existing methods are computationally intensive and
relatively cumbersome. For example, a 3D coordinate system based on the normal vec-
tors must be built for the projection of the normal vectors of the surfaces, and then the
coordinate conversion and projection of the normal vectors are performed after calculating
the coordinate transformation matrix. Moreover, in the process of sorting the faces set,
the angle between two straight lines is obtained by calculating the difference between
their azimuthal angles, leading to inefficient searching of the nearest neighboring surface.
Due to the complex structure of indoor spaces with a large number of surfaces, the ef-
ficiency of topological relationship construction for indoor spaces will be affected if the
existing method of face sorting is adopted directly. For this reason, we develop a 3D indoor
topological data model for indoor spaces based on CityGML and then propose a method
for constructing 3D indoor topological relationships based on improved face sorting to
automatically construct topological hierarchical combination relationships of a volume and
the topological adjacency relationships of adjacent volumes.

3. Three-Dimensional Indoor Topological Data Model Based
on CityGML

3.1. Description of 3D Indoor Spaces Based on CityGML

Indoor location-based services and applications mainly focus on indoor spaces formed
by building components and indoor constraints. According to the main types of building
components and the characteristics of CityGML semantic types, in this work, ceilings,
floors, walls, doors, and windows are selected as the main components, which constitute
various indoor functional spaces (such as rooms and corridors).

In this paper, the 3D indoor spaces of a building consist of various subspaces filling
the interior of a building. Each subspace is enclosed by its boundary surfaces, which cannot
penetrate into each other and have no gaps, and adjacent subspaces are connected through
common surfaces. According to the semantic types of CityGML 3.0, an indoor space
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is described as a BuildingRoom, which distinguishes different functional spaces, such as
rooms and corridors, according to the different type, function, and use, and is geometrically
characterized as a solid. AbstractThematicSurface of CityGML 3.0 is adopted to describe the
boundary surfaces of indoor spaces, including AbstractConstructionSurface, AbstractFilling-
Surface, and ClosureSurface, and the geometric attribute is polygon. AbstractConstructionSur-
face includes InteriorWallSurface, CeilingSurface, and FloorSurface, and AbstractFillingSurface
contains DoorSurface and WindowSurface. ClosureSurface is used to virtually close a func-
tional space without physical boundaries to form a closed volume. For example, open
spaces such as staircases and corridors are virtually closed by ClosureSurface to form closed
indoor spaces.

3.2. Three-Dimensional Indoor Topological Data Model

According to the above description of 3D indoor spaces, there are only adjacent (touch)
and disjoint relationships among the volumes of indoor spaces, where touch is the main
topological relationship. Thus, five topological primitives, namely, node, edge, loop, face,
and solid, are adopted to express the topological relationships of indoor spaces in this
work. The validity of topological primitives is a prerequisite for accurately describing 3D
topological relationships. A number of studies have been carried out in this area [32-36].
Based on these studies, several extensions have been proposed for the validity of topological
primitives to establish 3D indoor topological data models, as shown in Figure 4.

<<FeatureType>>
AbstractBuilding

*
Neighbour

*
<<FeatureType>> * bounds * <<FeatureType>>

BuildingRoom AbstractThematicSurface
1 *
touch
1 *
solid i
. 1 bounds 4.* _| + Face_ID: long
+ : e
: ISZOIId_IIDD' Ilong + ExteriorL_ID: long
ace_[D: long + InteriorL_ID: long

+ PositiveSolid_ID
+ NegativeSolid_ID

Edge exterior 1 interior 0..*
Node
; L
T A M )
+ X: double L 3 1 )
+Y: double +EndN_ID: long +Loop_ID: long
+ Z: double + Face_ID: long + Edge_ID: long

Figure 4. Three-dimensional indoor topological data model.

A node is defined by a 3D spatial coordinate, and the locations of indoor spaces are
stored in nodes. Each node is associated with two or more edges; therefore, there are no
isolated or hanging nodes in indoor spaces. An edge is bounded by two distinct nodes,
and the geometric attribute is a directed straight line. The direction of an edge is positive
from the start node to the end node, and two adjacent edges are topologically connected
at a common node in a unified direction. Hanging or isolated edges are not allowed in
indoor spaces.
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A loop is a closed straight line in a plane formed by at least three edges connected
end to end in a counterclockwise or clockwise direction. A face is defined by a closed,
directed exterior loop and zero or more closed interior loops with opposite directions to
the exterior loop, and the geometry of a face is a directed polygon. The direction of a face
is determined by the right-hand rule according to the connection directions of the edges
of its exterior loop. In 3D spaces, a face is bidirectional. In this paper, the direction of a
face is determined by looking from the outside of a solid to the inside, with the normal
vector of the face pointing positively toward the outside of the solid. A face is a part of a
solid and represents various building components of indoor spaces, such as interior wall
surfaces, ceiling surfaces, and floor surfaces. Therefore, there are no hanging or isolated
faces in indoor spaces.

A solid is bounded by at least four topologically adjacent directed faces, which form
a closed region with the geometry of a closed polyhedron. A solid is the basic unit of 3D
indoor spaces and can represent a variety of 3D geometric objects of indoor spaces, such
as corridors, staircases, and rooms. The direction of a solid is determined by those of its
boundary faces. To distinguish the inside and outside of a solid, this study acknowledges
that from the outside to the inside of a solid, the exterior loops of faces consist of edges
connected in a counterclockwise direction, the direction of a face is positive from the inside
to the outside, and the directions of all the faces of a solid should be unified, as shown in
Figure 5.

Figure 5. A solid and its direction.

Since indoor spaces are space-paved, there is no gap among solids, and solids cannot
intersect or penetrate each other; two adjacent solids adjoin on common faces. When two
adjacent solids share a common face, the face is divided into two half-planes [37], and each
half-plane is the boundary face of one of the two adjacent solids, while the normal vectors
of the two half-planes are opposite. The topological adjacency relationship of two adjacent
solids in indoor spaces can be described by a “half-plane”, as shown in Figure 6.

Fy

S1 S,

Figure 6. Two adjacent solids sharing a common face.

4. Construction of 3D Indoor Topological Relationships Based on
Improved Face Sorting

4.1. Prerequisites for the Construction of Volumetric Objects

The construction of topological relationships of volumetric objects is based on a set
of faces sharing common edges. In CityGML, topological relationships have not yet been
established for surfaces that are discrete from each other. Therefore, before constructing
the topological relationships of volumetric objects, the topological relationships of surfaces
should be established. By matching nodes for the vertices of adjacent polygons of CityGML
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discrete surfaces, the topological relationships of edge-node, loop—edge, and face-loop are
gradually established according to the matched nodes and the geometric information of
the original polygons. The edge—face association relationship is further established to sort
the faces set.

Faces only intersect at common edges in 3D indoor space; therefore, two intersecting
faces need to be segmented at common edges so that each side of a face is only associated
with one volume, as shown in Figure 7. In addition, due to the independence of CityGML
surfaces, some common edges cannot be established among adjacent faces. Then, the edges
need to be interrupted during node matching. In Figure 8, faces Fy, F,, and F3 are CityGML
surfaces, and the adjacent relationships of faces F; and F; can only be established via node
matching. Therefore, edge E; of face F3 needs to be interrupted to establish the adjacent
relationships of faces Fy, F,, and Fs.

Fy Fs

Figure 7. Segmentation of faces.

>

b B

Figure 8. Interruption of edges.

The edge—face association relationship can be established according to the processed
faces, where the number of faces sharing a common edge is called the degree of the edge,
deg(E;). If the degree of an edge is 1, the face associated with the edge is a hanging or
isolated face. Hanging and isolated faces are not the boundary surface of a volume and
should be excluded to ensure that the degree of each edge is greater than or equal to
2. It should be noted that the faces for which basic topological relationships have been
established are topological ones, not the discrete surfaces of CityGML. Thus, the semantic
information needs to be specified according to that of CityGML.

4.2. Face Sorting Based on Vector Products

After establishing the topological relationships of faces, all faces in the faces set are
topologically connected at common edges. To construct volumetric objects of indoor spaces,
the boundary faces of a volume need to be searched in the faces set, and volumetric objects,
as well as adjacent volumes, are formed stepwise. In this work, the outer and inner products
of vectors in 3D space are adopted to directly determine the relative positional relationships
among faces to sort faces for searching the faces of a volume.

4.2.1. Introduction of Vector Products

(1) Inner product of vectors
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Suppose that & and f are vectors in 3D space. The inner product of the two vectors is

=
a real number, denoted as « - 3.
N L= o=
w-p =] allp|cos(a,p) ©)

— . — — —
In (1), | « | is the length (module) of vector «, and («, B) is the angle of vectors «
— -
and B, denoted as 6, 6 € [0°,180°]. The inner product of vectors « and B represents the
—

projection of vector « in the direction of vector B, as shown in Figure 9.

7 -

N
a

o - >

OleB >0 =0 oleB<0

Figure 9. Geometrical connotation of the inner product of vectors.

According to Formula (1), when the angle of vectors E} and E is0° <0 < 90°, ZE >0,
and vectors Z and E have the same direction; when the angle is 90° < 6 < 180°, E’E <0,
and vectors « and E are in opposite directions; and when the angle is 90°, ZE =0, and
vectors « and E are perpendicular to each other.

Let the coordinates of vectors & and z be (ax, ay,a;) and (by, by, b.), respectively. The

N
inner product of vectors « and B can be calculated by the coordinates.

N

a-B = axby +ayb, + azb; (2)

—
Therefore, if the 3D coordinates of vectors z and B are known, the direction between

=
the two vectors can be identified by calculating the inner product of vectors « and B.
(2) Outer product of vectors

—
Suppose that « and B are vectors in 3D space. The outer product of the two vectors is

L
a vector, denoted as X X B, and the length, written as follows:

o = I T

o x B |=|al|lB|sin(a,p) 3)

o
and represents the area of the parallelogram enclosed by vectors « and B. Thus, when

N
vectors & and B are parallel (in the same or opposite direction), the outer product of the
vectors is zero.

N =

axp=0cua//B 4)

— - .
When vectors « and § are not parallel, the outer product of the vectors is a normal

—
vector ?, perpendicular to the plane formed by vectors « and B, and the direction of vector
7 follows the righ-hand rule, as shown in Figure 10.
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Figure 10. Geometrical connotation of the outer product of vectors.

—>
Let the coordinates of vectors & and B be (ay,ay,a;) and (by, by, b-), respectively. The

N
outer product of vectors « and B can be calculated by the coordinates.

Ay by i ay by

- = A

ax p=la,| X |by| =det| |] ay by 5)
a b, k a, b,

X

= (ayb; — azby)i+ (azby — axb,)j + (axby — ayby)k

In (5), i f, and k are non-coplanar base vectors that follow the right-hand rule. There-

. > 7
fore, the coordinates of vector « x B are as follows:

(ayb; — azby, a;by — aybz, axby —ayby) (6)

o
From (5), the direction of the outer product of vectors « and B is determined by the
base vectors, which conforms to the right-hand rule. Therefore, the outer product is related

N — — - . .
to the order of the two vectors. Vectors « x f and B x a are equal in magnitude but
opposite in direction.

xzzfﬁxa (7)

4.2.2. Sorting Faces Set Based on Vector Products

According to the properties of the outer and inner products of vectors in 3D space,
the sorting of the faces set based on vector products is illustrated in Figure 11. Suppose
face Fy is the initial searching face, and one of its edges, Ey, is associated with other faces
(referred to as the searched faces), namely, faces Fy, Fy, ..., F;. As mentioned above, the
directions of the faces of a solid are from the inside to the outside. Therefore, after the
initial searching face is selected, its normal vector should be specified as pointing to the
outside. Let the normal vector of face Fy be ag, as shown in Figure 11a. According to the
definition of the outer product, normal vector 0?0 of face Fy can be derived from vector z?o of
common edge Ej and vector 170 of next edge E|) of edge Eg by calculating the outer product
through Formula (6), namely, 076 = 776 X LTE). The directions of faces Fy, Fs, .. ., F7 are unified
in the direction of common edge Ey; that is, all edges of each searched face are connected
in the direction of common edge Ej to form its own loop, and then the normal vectors
of the searched faces are calculated, va, tx_;, e 07;. Since the normal vectors of the faces
are consistent, the relative positions of the normal vectors (Figure 11b) can represent the
relative positions of the faces.
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— Fo —

(a) (b)

Figure 11. Sorting faces set based on the vector products. (a) Faces set sharing a common edge.
(b) The normal vectors of the faces.

According to the definition of the outer product, by calculating the outer product of
the normal vectors of every two faces, the normal vector of the plane formed by the two
normal vectors can be obtained, and the direction of the normal vector derived follows
the right-hand rule. Suppose /; (i=1,2,...,7) is the vector obtained by calculating the
outer product of the normal vectors of the searched face F; and the initial searching face

Fo, namely, ,Bl = le X 040, as shown in F1gure 11b (e.g., /34, ,85) According to Formula (4),

if ,B, = 0, then vector zx, is parallel to oco, that is, face F; is parallel to Fy. Thus, the angle
between face F; and Fj is 180° (such as face F3 in Figure 11a) due to the uniqueness of a

L
face in the faces set. If B; # 0, further determinations will be carried out.
—
Since vector B; is the normal vector of the plane formed by the normal vectors of

N
searched face F; and initial searching face F, §; is perpendicular to the plane formed by nor-
— — — .
mal vectors «; and ay. Moreover, vector «; is the normal vector of face F; (i =0,1,2,...,7),
- . - . —

which is perpendicular to face F;; then, vector a; is perpendicular to vector vy of common

— . . — —
edge Eg. Furthermore, vector vy is perpendicular to the plane formed by vectors «; and «;

—

—
(i, =0,1,2,...,7,and i # j). Hence, vector f; is parallel to vector 270; that is, vectors B; and

vy are either in the same direction or the opposite direction. According to the definition of
—

. e — . N .
the inner product of vectors, if 8;-vg > 0, vectors B; and vy are in the same direction, and if

%
,Bi-z?o < 0, they are in the opposite direction.
According to the inference above, faces Fy, Fy, Fy, ..., F7 in the faces set are sorted.

Let £; = ,EZT?O i=12,...,7), EI and 7?0 be defined as above. Taking face Fy as a reference,
when £; > 0, face F; is placed on the right side of face Fy. For example, £, > 0 for face
F,, F, is placed on the right side of face F, and the sorting sequence is {Fy, F}. When
L; < 0, face F; is placed on the left side of face Fy. For example, £; < 0 for Fy, then face

F; is placed on the left side of face Fy, and the sorting sequence is {F, Fy, F»}. If /31 0,
the angle between faces F; and Fy is 180°, and then face F; is temporarily placed on the

right side of face Fy (such as face F3). There are already other elements on the right side
_>

N

of face Fy in the sequence; thus, face F; is compared with these elements. B;; = 07;- X o

(i,j=1,2,...,7,and i # j), where 07; is the normal vector of face F; to be sorted and 07;-
—

is the normal vector of face F; sorted on the right (or left) side of Fy. Let £;; = ,Bij-z%; if

Ljj > 0, face F; is placed on the right side of face F;. If £;; < 0, face F; is placed on the left
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side of face F;. Therefore, L3 = ﬁ?z-% > 0 for face F3, F3 is placed on the right side of face
F,, and the sorting sequence is {F1, Fy, F, F3}.

For face F4, £4 < 0, and it should be placed on the left side of face Fy. An element
F; has been placed on the left side of face Fy, face Fy is compared to F;. £41 > 0, face Fy
should be placed on the right of face F;. Since face F4 has been compared with its right
element face Fy, face Fy is placed between faces F; and Fy, and the sorting sequence is {F,
Fa, Fo, F», F3}. For face Fs5, £5 > 0, and it should be placed on the right side of face Fy.
Compared with the rightmost element of Fy, £53 < 0, face F5 should be placed on the left
side of face F3. However, it has not yet been compared with face Fy, the element on the left
side of face F3. For further comparison, L5 < 0, face F5 should be placed on the left side
of face F,, and it has been compared with face Fy, the element on the left side of face Fy;
thus, face Fs is placed between faces F, and F, and the sorting sequence is {F;, F4, Fo, Fs,
F,, F3}. In addition, face F4 is compared with face Fy, and it should be placed on the left
side of face Fy. Compared with face Fj, the leftmost element of face Fy, face Fy is placed on
the left side of face Fy, and the sorting sequence is {Fg, F1, F4, Fo, F5, Fy, F3}. Similarly, the
sorting sequence is {F¢, F1, F4, Fo, Fs5, F2, F7, F3} according to the comparison with face Fy.
The iterative process of sorting the faces set is shown in Table 1.

Table 1. The process of sorting the faces set based on vector products.

. Ordered Faces Set After Unordered Faces Set
Iteration . R
Sorting Before Sorting
0 N Fo, F1,Fy, F3, Fy, Fs5, Fg, Bz
1 Fy Fq,Fy, Fs3,Fy, Fs5, Fg, F7
2 Fi,Fy F,, F3,Fy, Fs, Fg, Fy
3 Fl/ 1::0/ F72 F3/ F4/ FS/ F6/ 1::7
4 F1,Fo, Fp, F3  Fy, F5, Fe, F7
5 &/ Fy, F70/ I:TZ/ F3 F51 1::6/ F7
6 Fi,Fy, Fo, F5, Fp, Fs  Fe, Fy
7 F6/ Fl/ F4r F701 F5/ F721 E F7
8 Fe, F1, Fy, Fo, Fs, Fp, F7, F3 A

Note: The sign [ represents the new element inserted in the sequence, and the sign _ represents the elements to
be compared to determine the position of the new element. The symbol A represents a null-set.

In addition, since the angle between two vectors is [0°,180°], whereas the angle
between two faces is [0°,360°], the left elements of initial searching face Fy in the sorting
sequence are actually those searched within a range of 180° to 360°. Therefore, the left
elements of face Fy can be shifted to the rightmost side to derive the final sorting sequence
of the faces set, {Fy, Fs, Fy, F7, F3, Fg, F1, F4}. In the sequence, the nearest neighboring face
of Fy is face F5, and each subsequent element in the sequence is the nearest neighboring
face of the previous element according to the current searching direction.

Suppose that edge E of initial searching face Fy is associated with faces set F= {Fy,

—

Fi1, Fp, ..., Fn}. Bi, £i and Eij are defined as above. The faces set sorting based on vector
products is described as follows:

Input: Unordered faces set F associated with edge Ey

Output: Ordered faces set F/ associated with edge Ey and the nearest neighboring
face F; of initial face Fy

Step 1: Take Fy and place it in the sequence.

Step 2: Determine whether EI (i=1,2,...,n)equals zero. If not, go to Step 3; otherwise,
place F; on the right side of Fy.

Step 3: Take element F; in F in turn and calculate £;. If £; > 0, go to Step 4; otherwise,
go to Step 5.
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Step 4: Determine whether the right side of Fy is empty. If true, place F; on the right
side of Fy, go to Step 12; otherwise, go to Step 6.

Step 5: Determine whether the left side of Fy is empty. If true, place F; on the left side
of Fy, go to Step 12; otherwise, go to Step 7.

Step 6: Compare F; with rightmost element F; of Fo. If £;; > 0, place F; on the right
side of F;, go to Step 12; otherwise, go to Step 8.

Step 7: Compare F; with leftmost element F; of Fy. If £;; < 0, place F; on the left side
of F;, go to Step 12; otherwise, go to Step 10.

Step 8: Determine whether left element F; 1 of F; is Fy. If not, go to Step 9; otherwise,
place F; between Fy and F; and go to Step 12.

Step 9: Compare F; with F;_;. If £;; 1 < 0, j--, and go to Step 8; otherwise, place F;
between F;_; and F; and go to Step 12.

Step 10: Determine whether the right element F;;; of F; is Fy. If not, go to Step 11;
otherwise, place F; between Fy and F; and go to Step 12.

Step 11: Compare F; with Fj,1. If L1 > 0, j++, and go to Step 10; otherwise, place F;
between F;,; and F; and go to Step 12.

Step 12: Determine whether F is empty. If not, go to Step 3; otherwise, output F/ and
the right element F; of F in the sequence, and the sorting ends.

4.3. Construction of Volumetric Objects

Volumetric objects in indoor spaces are enclosed by their own faces, and adjacent
volumes are connected through common faces. In this work, the common faces of adjacent
volumes are called inner faces of a faces set, and the other faces are called outer faces.
The faces enclosing a volume may all be inner faces, or they may be both inner and outer
faces. One side of an outer face points to the outside of a volume, and the other side is
associated with the volume. Thus, when constructing a volumetric object, an outer face
in the faces set should be selected as the initial searching face for sorting to determine its
nearest neighboring face.

(1) Initial construction of a solid

As analyzed above, when volumes are initially constructed, an outer face is selected,
and its outward direction is specified to sort the faces set to search for its nearest neighboring
face. In addition, iterative searching is performed to gradually constitute a solid. Since
each edge of a face is topologically connected to other faces, all edges of the face are used as
“bridges” to search for the nearest neighboring faces when initially searching. Afterward,
topological adjacency determinations should be performed for the searched faces in the
solid; that is, to determine whether there are common edges among the searched faces. If
they exist, these faces are already topologically connected to each other, and there is no
need to perform nearest neighboring faces searching on these edges.

In Figure 12, face Fy is an initial searching face, and its nearest neighboring faces, F,
F,, F3, and Fy, are searched through edges E1, Ey, E3, and E4. These faces are topologically
connected on edges Es, Eg, E7, and Eg; that is, the degree of each edge is 2. Therefore, the
nearest neighboring faces searching for a face is carried out through the edges with the
degree of 1, and topological adjacency judgments should be performed after each searching
until all the faces in the solid are topologically connected to form an enclosed volumetric
object; that is, the degree of each edge in the solid is 2.
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Figure 12. The process of construction of volumetric objects.

Since a window is located inside a wall, the exterior loop of the window is one of the
interior loops of the wall, and the window is topologically connected to the wall. Therefore,
if a searching face contains an interior loop, which is the exterior loop of another face, the
face is the nearest neighboring face of the searching face without searching. In addition,
when a searching face contains an interior loop, there may not be a face whose exterior loop
is the interior loop of the searching face. In Figure 13, face F; has an interior loop without
such a face, but there are other faces topologically connected on the edges of the interior
loop, and the degree of each edge is 2. Therefore, in this case, these faces associated with
the edges of the interior loop are the nearest neighboring faces of face F;.

ya

i

Fy

Figure 13. The nearest neighboring faces searching for a face with holes.

Based on the analysis above, the construction of a solid is described as follows:

Step 1: Take the outer face F; as an initial searching face of the current solid S; and add
it to the record of S;.

Step 2: Determine whether face F; has interior loops. If true, go to Step 3; otherwise,
go to Step 4.

Step 3: Determine whether there is a face whose exterior loop is the interior loop of
face F; in the faces set; if true, add face Fy to the record of Sj; otherwise, add the faces
associated with the edges of the interior loop to the record of S;.

Step 4: Traverse the edges of the exterior loop of face F;, calculate the degree of each
edge in the faces set, and determine whether there exists an edge with the degree of 2. If
not, go to Step 5; otherwise, add the other face, F;.1, in the faces set associated with the
edge to the record of S;.

Step 5: Search the nearest neighboring faces of face F; and add them to the record of S;.

Step 6: Determine whether the faces searched have interior loops. If true, go to Step 7;
otherwise, go to Step 8.

Step 7: Determine whether there exists a face in the faces set whose exterior loop is
the interior loop of the face searched. If true, add the face to the record of 5; and go to Step
8; otherwise, add the faces associated with the edges of the interior loops of the nearest
neighboring faces to the record of S;.

Step 8: Calculate the degree of each edge of the exterior loop of each face in solid S;. If
all the degrees equal 2, go to Step 10; otherwise, go to Step 9.

Step 9: Take the face with the degree of an edge 1 as the current searching face to
search for its nearest neighboring face, and add the face searched to the record of S;; go to
Step 6.

Step 10: Store current solid S, and assign semantic information.
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(2) Construction of adjacent solids and topological adjacency relationships

After the construction of the initial solid, adjacent solids can be constructed. Since two
adjacent solids are topologically adjacent on the inner face (common face), the inner face
should be used as the initial searching face for the construction of the next solid. If more
than one inner face in the current solid exists, that is, if the solid is adjacent to multiple
solids, these inner faces should be selected as initial searching faces for constructing adjacent
solids in turn until all the inner faces of the current solid have been accessed twice. If there
are other inner faces in the adjacent solids constructed, the solids constructed are adjacent
to other ones, and the inner faces of the solids are selected successively as initial searching
faces to construct the subsequent adjacent solids until all the solids are constructed.

As shown in Figure 14, faces F5 and Fg4 are the inner faces of solid S; and are used
as the initial searching faces for the construction of adjacent solids S; and S3, respectively.
There are other inner faces: F7 in solids S, and Fg in S3; thus, inner face F; of solid S; is first
selected as the initial searching face for the construction of solid S4. Afterward, inner face
Fg of solid S3 should be selected to construct adjacent solid S;. However, face Fg is accessed
when constructing solids S3 and S4, and both sides are associated with solids; face Fg is not
used for the construction of solids.

Fo o /
T B R
S Fe S3
5 Fs , Fg % 1
S; F Sy

Figure 14. Determination of the initial searching faces for the construction of adjacent solids.

Based on the analysis above, the construction of adjacent solids is described as follows:

Step 11: Traverse the inner faces of current solid S; and determine the number of
times for the construction of solids. If the number of times of each face is 2, go to Step 14;
otherwise, go to Step 12.

Step 12: Take the inner face of solid S]- with the number of times, 1, as the initial
searching face for the construction of another solid S;,1 and add the inner face to the record
of S]'+1.

Step 13: Execute Steps 2-10 and store the association relationships of the current inner
face with solids Sj, Sj+1; go to Step 11.

Step 14: Traverse the adjacent solids of the current solid S; and take its adjacent solids
in turn as the current solid.

Step 15: Determine whether there are inner faces in the current solid. If true, go to
Step 11; otherwise, go to Step 16.

Step 16: Construction of the solids end.

5. Implementation
5.1. Experimental Data

A CityGML 3.0 dataset of an office building is taken as raw data. The indoor spaces of
the building consist of four floors named 2 level, 1 level, ground level, and basement with
688 surface elements of building components, of which InteriorWallSurface 277, CeilingSur-
face 23, FloorSurface 91, DoorSurface 84, WindowSurface 206, and ClosureSurface 7 are shown
in Figure 15 (the ceiling surfaces are not shown for visualization).
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Figure 15. A 3D indoor space dataset based on CityGML (visualized in FZK Viewer _V6.5.1).

5.2. Experiment on the Construction of 3D Indoor Topological Relationships

According to the 3D indoor topological data model in this paper, the CityGML dataset
is processed to construct the volumetric objects of indoor spaces and the topological
adjacency relationships of adjacent volumes. The processes of the experiment are as follows:

(1) Node matching is performed by a given tolerance, and new node coordinate
values are calculated. A total of 8266 vertices of original polygons are processed, yielding
1406 nodes.

(2) According to the vertex order of the original polygons in the CityGML dataset, the
edge-node, loop—edge, face-loop, and edge—face topological relationships are constructed
sequentially with the new nodes. Among them, 688 original polygons are processed, and
3355 edges, 688 loops, and 688 faces are built.

(3) Quality inspection of the faces constructed is carried out to exclude hanging and
isolated faces. If there is a hanging or isolated face, quality inspection of the surface
elements of the building components in the CityGML dataset should be conducted.

(4) According to the methods of faces set sorting based on vector products and topo-
logical relationships construction, volumetric objects of indoor spaces are constructed.
Afterward, 91 volumetric objects are constructed in this work, as shown in Figure 16.

Figure 16. The indoor spaces of the constructed office building.

5.3. Comparative Experiment of the Construction of 3D Topological Relationships

Sorting faces set is an important step in the construction of 3D topological relationships.
To validate the efficiency of the vector product-based faces set sorting method proposed
in this paper, a comparative experiment is conducted with the existing sorting method
parameterized by angle [28]. Two CityGML 3.0 datasets of indoor spaces are adopted to
compare the time of volumetric object construction. The first one is described above, and
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the other one is a simulation dataset of a building (Figure 17a). The building consists of six
floors with 1105 surface elements of building components, including InteriorWallSurface 804,
CeilingSurface 43, and FloorSurface 258. Through the construction of face topological rela-
tionships, a total of 5833 vertices of original polygons are processed, yielding 644 nodes. In
addition, 1105 original polygons are processed, and 2904 edges, 1105 loops, and 1105 faces
are constructed. According to the process of constructing 3D topological relationships
described above, the angle-based faces set sorting and the vector product-based faces set
sorting are used to determine the relative positional relationships among the faces for the
above two datasets, and then volumetric objects are constructed (among them, 258 volumes
are constructed for the second dataset). The experimental results are shown in Table 2.
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Figure 17. The 3D indoor dataset and the constructed indoor spaces. (a) A 3D indoor space simulation
dataset based on CityGML. (b) The constructed indoor spaces of the building.

Table 2. Comparison of the time for volumetric objects construction.

Experimental Data The Existing Method (Sec) The Method Improved (Sec)

The first dataset 10.4 6.9
The second dataset 16.7 10.8

As indicated in Table 2, the efficiency of the vector product-based face sorting method
in this work improved somewhat compared with that of the angle-based face sorting
method. The efficiency of the method of volumetric object construction proposed in this
paper increased by 33.7% for the first dataset and by 35.3% for the second dataset. The
reason for this is that in the process of faces set sorting, the relative positional relationships
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of the faces are determined through faces set projection and azimuthal angle calculations
in the existing method. The relative positional relationships of the faces are determined
directly according to the properties of the outer and inner products of vectors to sort the
faces set in this work. Therefore, the method of vector product-based faces set sorting is
superior to that of angle-based faces set sorting and is more suitable for the construction of
3D topological relationships for indoor spaces.

5.4. Information Inquiry for Indoor Spaces

After the construction of indoor spaces, the basic information of each indoor functional
space, as well as the topological adjacency relationships of indoor spaces, can be queried
through the directory tree of indoor spaces or room numbers.

(1) Basic information inquiry

The directory tree of indoor spaces shows the indoor spaces contained in each floor
(2 level, 1 level, ground level, and basement), and by selecting any of these spaces, the basic
information of the indoor space and its building component information can be queried.
As shown in Figure 18, the basic information of room_14 on the floor of 2 level, such as
function, class, user, and the building component information of the room, can be queried
through the directory tree.

Figure 18. Basic information inquiry for indoor spaces.

(2) Inquiry of topological adjacency relationships for indoor spaces

The topological adjacency relationships of indoor spaces are important for indoor
navigation and emergency rescue. Through the topological adjacency query, the topological
adjacency relationship between two adjacent indoor spaces can be queried, as shown in
Figure 19. Through a wall surface of a room, two adjacent rooms associated with the wall
surface on the same floor can be queried, and through a ceiling or floor surface of a room,
two adjacent rooms associated with the ceiling or floor surface on two adjacent floors
can be queried. For example, through wall surface “face_239...... ”, two adjacent rooms,
“bld_ac_Institute_S_0" and “bld_ac_Institute_S_1", associated with the wall surface on the
floor of 2 level can be queried (Figure 19a). Two adjacent rooms, “bld_ac_Institute_S_0"
and “bld_ac_Institute_S_32", associated with the floor surface on adjacent floors 2 level
and 1 level can be queried through the floor surface “face_0...... " (Figure 19b).
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Figure 19. Inquiry of topological adjacency relationships for indoor spaces. (a) Query two adjacent
rooms on the same floor by a wall surface. (b) Query two adjacent rooms on adjacent floors by a
floor surface.

As shown in the experimental results, the method of constructing 3D topological
relationships for indoor spaces proposed in this paper can effectively construct volumetric
objects of indoor spaces and their adjacent volumes and can explicitly establish topological
adjacency relationships, which can be used for querying basic information of indoor spaces
as well as topological adjacency and building a 3D indoor model integrating geometry,
semantics, and topology.

6. Conclusions and Future Work

This study presents a method for constructing 3D indoor topological relationships by
improving face sorting. The proposed approach sequentially constructs volumetric objects
for indoor spaces and the topological adjacency relationships between neighboring volumes.
Unlike the existing methods that determine the relative positions of faces according to their
absolute positions, the method proposed in this work leverages the properties of inner
and outer products of vectors in 3D space. Specifically, it calculates the inner product of
the common edge vector and the outer product of normal vectors to directly establish the
relative positions of faces. This approach eliminates relatively cumbersome calculations,
thereby improving the efficiency of constructing 3D topological relationships, which is
particularly suitable for modeling complex 3D indoor spaces.
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However, several aspects need to be further investigated and solved. First, the types
of building components of indoor spaces should be expanded. Due to the increasing
complexity of building structures and the variety of building components, the layout of
indoor spaces is extraordinarily complex, and only representative building components
are selected in this work to represent indoor spaces. Thus, more complex structures of
buildings will be considered in future work to investigate the expression and construction
of topological relationships. Second, the connectivity relationships of indoor spaces should
be expressed. The adjacency and connectivity of indoor spaces are the main spatial relation-
ships in indoor environments and are important conditions for correctly formulating indoor
navigation paths. For example, doors and windows connect two adjacent indoor spaces
or indoor and outdoor spaces, and corridors and staircases are horizontal and vertical
spaces connecting adjacent floors, respectively. In this work, only the topological adjacency
relationships of indoor spaces are described and constructed, while the connectivity rela-
tionships are described by semantics. The expression of 3D indoor topological relationships
considering connectivity will be further investigated in future work.
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