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Abstract

This OGC Discussion Paper provides a comparison between the OGC CityGML and
IndoorGML standards. The goals and approaches of these two standards are different and
they can be used in a complementary way. This discussion paper aims to compare the
strengths and weakness of the standards, and explain how to integrate the standards to
make useful applications. These comparative experiments are based on a real site: a
shopping mall at Lotte World Mall in Seoul, South Korea.

Keywords

OGC, Indoor space, CityGML, LoD 4, IndoorGML, Comparison
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Comparing CityGML and IndoorGML
based on a use case at Lotte World Mall

1 Introduction

1.1 Scope

This OGC® document is applicable to the understanding of the differences between OGC
CityGML LoD 4 and OGC IndoorGML, both of which cover indoor space. The scope of
this discussion paper is therefore to investigate the strengths and weaknesses of each
standard and how to integrate the standards in a complementary way. This Discussion
Paper consists of two parts:

* Expressive power of data models in CityGML LoD 4 and IndoorGML; and
* Analysis with service use case scenarios.

1.2 Document contributor contact points

This discussion paper is written by a collaboration between Pusan National University,
Lotte Information and Communication, Virtual Builders, and Realtimetech.

Name Organization
Ki-Joune Li Pusan National University
Hyung-Gyu Ryu Pusan National University
Hack-Cheol Kim Realtime Tech. Company
Junhee Lee Lotte Information and Communication
Jooho Lee Virtual Builders Co.

1.3 Forward

Attention is drawn to the possibility that some of the elements of this document may be
the subject of patent rights. The Open Geospatial Consortium shall not be held
responsible for identifying any or all such patent rights.

Recipients of this document are requested to submit, with their comments, notification of
any relevant patent claims or other intellectual property rights of which they may be
aware that might be infringed by any implementation of the standard set forth in this
document, and to provide supporting documentation.

2 References

The following documents are referenced in this Discussion Paper.
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OGC: OGC 12-019, OGC® City Geography Markup Language (CityGML) Encoding
Standard (2012)

OGC: OGC 14-005r3, 0GC® IndoorGML (2014)

3 Conventions

3.1 Abbreviated terms

The following abbreviated terms are used in this discussion paper;
CityGML City Geographic Markup Language

IndoorGML Indoor Geographic Markup Language

0GC Open Geospatial Consortium

3.2 Notations

All terms in Calibri in the text denote class names of CityGML and IndoorGML.

33 Used parts of other documents

This document uses significant parts of the paper published by H. G. Ryu, T. H. Kim, and
K.J. Li[1]. To reduce the need to refer to that document, this Discussion Paper copies
from the referenced paper some text with small modifications.

4 Use Case Site — Lotte World Mall

The experiments for the use case study have been conducted at a real site: Lotte World
Mall in Seoul, composed of four buildings including a shopping mall (Avenue Mall and
Lotte Causal), concert hall, and cinema, all connected via an underground parking
structure as shown in Figure 1.

_— T

e

CEE
C RT HALL

Figure 2 — Multi-level hall at Lotte
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Figure 1 — Lotte World Mall (LWM)

World Mall

There is a multi-level hall at the center of the building, where several escalators and lifts
connect floors as Figure 2. The stores are arranged around the hall of multi-levels in a
complex manner.

The indoor data set for the use case consists of GML documents in CityGML and
IndoorGML encodings. The indoor spatial data in CityGML has been constructed from
the footprints by use of an indoor spatial data tool called GongBuilder. In order to
produce clean data set, we defined a data specification of CityGML as follows.

1.

[CityGML Specification 1] The data set contains only the LoD 4 of a building
model. More precisely, it contains the feature types of Door, Room,
ClosureSurface, CielingSurface, FloorSurface, InteriorWallSurface, and
InteriorBuildinglnstallation, and their ancestor or container types.

[CityGML Specification 2] The geometry type of Room is GM_Solid and the
geometric type of other features is GM_MultiSurface.

[CityGML Specification 3] Stationary installations such as escalators are defined
as IntBuildinglnstallation.

Figure 3 — CityGML data at Lotte World Mall

The specifications above define only the basic aspects of the CityGML data for the use
case. More detailed issues will be discussed at the next section. Note that the data set
contains only LoD 4 data without any data of lower LoDs, although the strict definition
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of LoD 4 includes not only LoD 4 itself but also its lower LoDs. The data sets do not
include any terrain data. The brief sketch of the data set and its statistics are shown in
Figure 3 and Figure 4.

Entity | Amount | MName | Value

-] Entities 38642 Mumber of points: 1182622
bldg:Building 1 Mumber of triangles: 261876
bldg:Buildinglnstallatic 432 Murnber of faces: 258085
bldg:BuildingPart 5 = Scene Bounding Box:
bldg:CeilingSurface 3069 = Position min:
bldg:ClosureSurface | 1039 X -264.084991
bldg:Door 2330 : Y -174.373344
bldg:FloorSurface 3073 2 -18.000000
bldg:GroundSurface | 5 = Position max:
bldginteriorwallSurfac | 24281 X 171.288513
bldg:RoofSurface 5 ; ¥ 39.625280
bldg:Room 3073 z 39.000000
bldg:WallSurface 1328 = Dimension:
core:CityModel 1 X 435.373504

- Relations ELIEY i Y 213.998624
GmlRelFeature 38641 z 57.000000

Area of Base Surface: | 93169.330782
Volume: | 5310651.854577
+ Faulty faces

Figure 4 — Statistics of CityGML data at Lotte World Mall

In addition to CityGML data, we also constructed an IndoorGML data set for the same
sites. We used an IndoorGML editing tool (JINedit found at http://indoorgml.net) to
make indoor network, cells, and cell boundaries from the footprint images. The data
specifications for IndoorGML are summarized as follows.

1. [IndoorGML  Specification 1] The geometries of CellSpace and
CellSpaceBoundary are GM_Solid and GM_Surface respectively.

2. [IndoorGML Specification 2] Escalators are not contained in IndoorGML data but
stair cases and elevator shafts are represented as cells.

The network composed of states and transitions and the cells in IndoorGML are shown in
Figures 5 and 6, respectively.
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Figure 5 — States and Transitions of InfoorGML at Lotte World Mall

Figure 6 — Cells and Cell Boundaries of IndoorGML at Lotte World Mall

6 Copyright © 2012 Open Geospatial Consortium.
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5 Comparison from expressive power viewpoint

While CityGML LoD 4 aims to represent features in indoor space, the basic goal of
IndoorGML is to provide indoor space model. In this section, we investigate the
differences of CityGML and IndoorGML from expressive power viewpoint.

5.1 Feature Model versus Cellular Space Model

The basic goal of CityGML is to reach a common definition of basic entities with
attributes and relationship in 3D city model. It provides a common feature model of 3D
city space from vegetation objects to indoor spatial objects such as building furniture.
Therefore, the main focus of CityGML is to define individual features and the
relationships between them in 3D city space, where CityGML LoD 4 covers indoor
spaces. However, IndoorGML is focused on how to define the indoor space rather than
the features that define the indoor space. IndoorGML provides a common indoor space
model. Note that indoor furniture, for example, is not in the scope of IndoorGML since it
has nothing to do with indoor space model. The indoor space model of IndoorGML is
called cellular space model, as defined below.

Definition - Indoor Cellular Space Model
A cellular space C of an indoor space U is defined as a set of cells ¢ such that
- for any pair of cells ¢;, ¢; L1 C, ¢; [l ¢ci=1],
- e U, and
- each cell ¢ has a unique identifier c.id

The basic entity of IndoorGML is a cell and IndoorGML covers not only properties of
each cell but also the topological relationships between cells to explain the structure of
indoor space.

The difference is explained by an example in Figure 7. A given indoor space can be
represented either in CityGML or in IndoorGML as left and right parts in Figure 7,
respectively. The data set in CityGML includes a set of features, which are mostly
surfaces. However, the given indoor space is decomposed into a set of non-overlapping
small cells, where objects are located or events take place, and doors connecting cells.

Copyright © 2012 Open Geospatial Consortium. 7
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In CityGML In IndoorGML

Figure 7 — Examples in CityGML and IndoorGML

5.2 Layered Space Model and Hierarchical Representation of Indoor Space

An important strength of IndoorGML is that it supports a multi-layered space model. It is
possible to interpret a given indoor space in different ways depending on the purpose of
the interpretation, where each layer of a multi-layered space model represents an
interpretation of the space. An excellent utilization of multi-layered space model is the
hierarchical representation of an indoor space. An example is given in Figure 8. Node 7,
in level 1 partitioning corresponds with n;, n,, and n3 of level 2 partitioning forming a
hierarchical structure of indoor space. In [2] and [3], this hierarchical structure is defined
as a hierarchical graph. This hierarchical structure is useful in modeling indoor spaces,
which are very often composed of several sections, such as floors or wings, and each
section has several cells in hierarchical arrangements. The multi-layered space model in
IndoorGML therefore provides a tool to understand and represent indoor spaces
reflecting the various characteristics of the spaces.

The space model of CityGML, however, does not sufficiently reflect the properties of
indoor space for anything other than a flat interpretation with a single space layer. This
limitation reflects the basic difference between the aims of two standards; feature
modeling and space modeling.

8 Copyright © 2012 Open Geospatial Consortium.
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Original Indoor Space Level 1 Space Layer

m n;

n3

3 n,

Ny

LLET)

Multi-Layered Space Model for
Hierarchical Graph

Level 2 Space Layer

Figure 8 — Hierarchical Representation of Indoor Space

5.3 Topology

The connectivity and adjacency of indoor spaces are fundamental topological properties
in an indoor spatial data model. Since many applications in indoor spatial information
demand such topological information, IndoorGML supports the topological
representation between cells for adjacency in an explicit way. A connectivity network
through doors is also derived from the duality of original indoor space where nodes and
edges of the network represent cells and doors connecting cells, respectively.

In CityGML, the adjacency topology can be implicitly represented via surfaces, which
can be shared by two rooms. However, the adjacency is lost if there is an empty space
between two surfaces as shown in Figure 9. In this Figure, interior surfaces 4, and B; are
disjointed due to the thickness of wall between them. It means that we cannot directly
derive adjacency topology from such indoor modeling in CityGML.

Copyright © 2012 Open Geospatial Consortium. 9
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Interior Surface A,

Interior Surface B,

Figure 9 — Non-Shared Surfaces due to Thickness of Wall

5.4 Closure of space

In CityGML, a cell can be represented only as an instance of Room. The geometry of
Room can be either an instance of GM_Solid as a closed space or as one or multiple
GM_MultiSurface, which are not necessarily closed. For example, stairs are considered as
IntBuildinglInstallation, while the geometry of a staircase can be a GM_MultiSurface as
shown in Figure 10. If we want to close the space of a staircase, then we need to define
an additional feature of ClosureSurface or FloorSurface, which is often missing in
practice.

In IndoorGML, stairs are considered as an indoor installation, which is not within its
scope and therefore not included in IndoorGML. However, staircase is represented by a
cell of closed space either as a GM_Solid in 3-D space or a GM_Surface in 2-D space.

In CityGML, while the boundary of a wall is represented, the wall itself is not explicitly
described as a feature. For this reason, some part of the boundary of a wall and door can
be missing. For example, no CeilingSurface or FloorSurface are defined for walls as
shown in Figure 11. However, we can explicitly define a wall as an independent cell by
thick-wall model in IndoorGML. Therefore, the boundary of wall can be also represented
in IndoorGML.

10 Copyright © 2012 Open Geospatial Consortium.
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CityGML

- Staircases: IntBuildingInstallation.
- Additional FloorSurface is not mandatory.
- We may close itby ClosuresSurface.

IndoorGML
- Staircases: not included in IndoorGML data.
- Additional CellspaceBoundaryis required under the

staircases to make the space closed

Figure 10 — Closed space: Stair case

CityGML
- Wall and doors are not considered as independent space.
- We don't need to cover this space with CeilingSurface (?).

IndoorGML
- Thick walls and doors are also a type of cell (NonNavigableSpace).
- They must be covered by NonNavigableSpaceBoundary.

Figure 11 — Wall and door space

5.5 Nested room

There is no explicit topological constraint between rooms in CityGML as long as the
relationship satisfies the topological model of ISO 19107. A room can be located in a
room in CityGML, which is strictly forbidden in IndoorGML. In Figure 12, two rooms
are defined in CityGML in a nested way. In IndoorGML, the nesting room must be

Copyright © 2012 Open Geospatial Consortium. 11
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defined as a solid with holes and the nested room must be another solid located at the
hole of the nesting room.

—— CityGML =
IR =) -
3 R # @ @)‘oaﬂvdD\ [ACIEIC IR 300 It supports nested rooms.
Browser Tooke Lo Al - CTVOML0

ST

Kartarshe wmemas of Yechrowogy

Benent Toobar
Eoenrt: | Lagms
T

< @) bidyuang
< (B) bidgsuangrumitre
< @) gy bakdnginiatition
< @] bidgCaiingSurtace
® g bidg Conresurtace
® @ bidglorsutic
< (@] bidg Groundsurtace
® B gy uronnltiudice
< i bldgReotsutace
@ [§) tiggrcom
® B gy walsutice

B IndoorGML
- Nested rooms are not allowed in IndoorGML

Figure 12 — Nested room

5.6  Cell decomposition

In our use case study, we have a large cell as shown in Figure 13. In IndoorGML, such a
large cell is often meaningless for practical application and it is strongly recommended to
decompose such cells as described below. However, the decomposition is not mandatory
in CityGML except in the case where we need to distinguish the attribute of room such as
function or usage.

The decomposition of a large cell is an important requirement in IndoorGML and the rule
for decomposition depends on type of application. For example, it is appropriate to
decompose the central large cell in shopping mall (Figure 10) according to the location of
stores, while it is appropriate to decompose the long corridor space in a subway station
according to ticket gates, stairs, and intersections.

12 Copyright © 2012 Open Geospatial Consortium.
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Figure 13 — A Large Cell in Lotte World Mall

5.7 Orientation of door surface

In CityGML, a door can be attached to two instances of InteriorWallSurface with reverse
orientations. We can distinguish each door face, which allows us to specify the side
where we can attach an object. This is a useful property when we place a painting on a
side of door face. However, it is not possible to distinguish the face orientation of the
door by the thin door model in IndoorGML, since a door of the thin door model is
represented as a single GM_Surface instance of CellSpaceBoundary. It means that a door
or wall in the thin door model of IndoorGML does not consider wall surface as a type of
2D space, where objects are located and events take place.

5.8 Representation of texture and material of wall

In CityGML, every wall surface is considered to be a feature with attributes and textures,
while it is optional in IndoorGML to define a wall surface as an independent feature.
Furthermore, we cannot assign texture to wall surfaces in IndoorGML, since visualization
is not a purpose of IndoorGML and no orientation is defined for wall surfaces.

6 Comparison from application viewpoint.

In this section, we compare CityGML and IndoorGML from an application viewpoint
with the use case site at Lotte World Mall. For this comparison, we define a set of
application scenarios at shopping malls. Note that the scenarios are not implemented but
merely virtual application services.

[Scenario 1] visibility analysis from attraction point
In large shopping mall areas, there is a practice to control the flow of visitors so that
they move slowly or stay at specific locations. For example, performances or parades
may occur to attract the attention of visitors and to let them stay at the performance

Copyright © 2012 Open Geospatial Consortium. 13
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places or move slowly with the parades, which we call attraction points or attraction
paths. This scenario considers analysis of the coverage area from attraction points or
attraction paths. For example, an ice cream store near an attraction point can take
advantage of the performance. In order to find the coverage of attraction point, we
compute the visibility from the attraction point in 2D and 3D. As we observed in the
previous section, there are sophisticated structures at Lotte World Mall, such as
vertical halls with multi-levels, which should be also considered in the visibility
computation.

[Scenario 2] visibility analysis from attraction path
As with scenario 1, we need to compute the coverage area from attraction path along
parade.

[Scenario 3] path analysis between two attraction points
There are many attraction points in Lotte World Mall such as meeting plazas and
places of performance. This scenario considers computation of the path between two
attraction points along which visitors move. It means that stores located along a path
between two attraction points are in advantageous positions. For example, the
locations along the path between the main entrance and meeting plaza on the ground
floor are the best location in the shopping mall.

[Scenario 4] visitor trajectory and moving pattern analysis
Trajectory analysis of visitors is an essential function in marketing planning for a
large shopping mall. In particular, it is very important to analyze the relationship
between trajectories and sales at each store. The discovery of movement patterns is
also helpful to understand the intention of visitors, such as speed and staying time at
each store.

These four scenarios were used to compare CityGML and IndoorGML, as described
below.

6.1 Visibility analysis from attraction point

In order to analyze visibility from an attraction point at shopping mall, we need to
implement a set of visibility functions. These functions can be implemented with
CityGML and IndoorGML.

Step 1 — Viewshed computation: Viewshed is the area visible from a point. In our use
case, we assume a 3D shopping mall space where several structures are installed
such as a central multi-level hall and escalators across floors. In order to compute
visibility, we need 3D geometric data of indoor features. While IndoorGML does not
include detailed representation of indoor features, CityGML does include such
geometries. It is therefore possible to compute a viewshed only with CityGML.

14 Copyright © 2012 Open Geospatial Consortium.
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Step 2 — Searching stores within viewshed: After computing the viewshed from an
attraction point, we need to find all stores overlapping with the viewshed area. Stores
are defined as Room instances of CityGML or CellSpace instances of IndoorGML.
CellSpace of IndoorGML has a closed geometry (either GM Surface in 2D or
GM _ Solid in 3D) and we can find the instances of CellSpace in IndoorGML which
overlap with the viewshed. However, if the geometry of Room is defined as
GM_MultiSurface, then it is not always possible to find the Room instances of
CityGML overlapping with the viewshed.

In conclusion, both standards are required to perform the visibility analysis: CityGML for
the first step and IndoorGML for the second step.

6.2 Visibility analysis from attraction path

Visibility analysis from attraction path is very similar with visibility analysis for an
attraction point except that the viewshed is computed from a path (line or curve). This
means that once we compute a viewshed, the remainder of the process is identical to the
visibility analysis from point. Only CityGML supports the computation of viewshed from
line or curve since IndoorGML does not include the detailed 3D geometry of features.
However, it is not always possible to find the stores overlapping with the viewshed with
CityGML if the geometry of Room is not closed solid. It is therefore recommended to
integrate CityGML and IndoorGML in a way that we analyze the visibility by CityGML
and the search the overlapping stores with IndoorGML.

6.3 Path analysis between two attraction points

The stores on the path between two attraction points can be found by the following
procedure.

Step 1- Finding path between two attraction points: Given two points in an indoor
space, we first have to compute the optimal path between two indoor points. Because
connectivity between portions of an indoor space vary, we cannot find the optimal
path in simple Euclidean space: it is difficult to compute the optimal path without
understanding the indoor network. IndoorGML provides a model for an indoor
network, CityGML has no such function. The optimal path is calculated from the
indoor network.

Step 2 — Computation of viewshed on the path: Once we discover the optimal path,
then we can compute the viewshed from the path. As we discussed in section 6.2, only
CityGML supports the computation of viewshed from a line or curve in 3D space.

Step 3 — Finding stores in the viewshed: The last step is to find the stores overlapping
with the viewshed. This process is identical with step 2 in section 6.1. While
IndoorGML supports finding stores overlapping with the viewshed, we can find the
overlapping stores in CityGML only if the geometry of Room instance is closed.
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From this operation, we conclude that neither CityGML nor IndoorGML independently
cover the entire process of this application scenario and a proper integration of both
standards is required to handle this scenario.

6.4 Trajectory analysis

The trajectories of visitors in a shopping mall contain useful information, particularly to
support marketing strategy. In order to explore the trajectories, we need to satisfy the
following functional requirements.

Trajectory representation: We may simply represent trajectory in indoor space as a
sequence of (id, x, y, z, t) where id is the identifier of visitor, (x, y, z) are the
coordinates, and ¢ is a timestamp. However, the coordinates do not include any
semantic information. An alternative way to represent the trajectory is by the
sequence of (id, cig t), where c;z indicates the cell identifier. By the second approach,
we specify the location of visitor by cell identifier, which is in fact the key concept
of the cellular space model and the basic understanding of space in IndoorGML.
Since each cell has richer semantic information than simple coordinates, we can
extract more useful information from trajectories represented as sequences of cell
identifiers. Moreover, we can provide finer semantic information by decomposing a
large cell like a central hall in a shopping mall or a long corridor of a subway station.
The cellular space model is well supported by IndoorGML, which provides richer
semantics than CityGML.

Indoor map matching: Given a point in (x, y, z) coordinates, the process to find the cell
containing the point is called indoor map matching. This process is defined as a
function f (L, p) = ciq, where L is an indoor cellular layout. The cellular layout L
consists of cells with boundary geometry and topology between cells as represented
in IndoorGML. CityGML does not support cellular space model and we need
additional information in a CityGML building model to clearly implement the indoor
map matching.

Trajectory analysis: Most trajectory analysis methods, such as trajectory clustering and
trajectory median analysis, assume Euclidean space. These methods can be
implemented with CityGML and IndoorGML. We can also analyze trajectories
represented by cellular space model of IndoorGML. We expect that the cellular
space model approach would produce more useful information than an approach in
Euclidean space.

In conclusion, the cellular space model is more relevant to analyze indoor trajectories
than Euclidean space and IndoorGML supports the indoor trajectory analysis better than
CityGML.
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6.5 Movement pattern and context analysis

From an archive of trajectories during a certain period of time, we can extract useful
information for marketing insight, which is an important requirement for the use case
site. One of the fundamental functional requirements is to understand the context of
visitors, for example, whether she/he is staying in a coffee shop or moving around to find
a specific item. We expect that we could extract important contextual information by
analyzing the movement pattern of visitors. The basic functions for movement pattern
analysis are listed below.

Staying or movement: The most primitive function is to see whether a visitor is staying
in a location or moving during a given time interval or at a time instance. As an
example, let us not identify a movement if the visitor just is walking around inside a
store. However, if the visitor is walking in a corridor, we consider that as a
movement. Thus, the decision of movement depends on the granularity and
classification of location. With IndoorGML, we can consider a visitor as staying if
she/he stays in a cell of GeneralSpace (e.g. room) during longer than a given time
interval. And if she/he is changing position in a cell of TransitionSpace (e.g.
corridor), then we consider that motion as a movement. By decomposing a large
room such as long hallway, we can provide a more precise model of movement
patterns. Classification of rooms is also offered by CityGML, for which two
conditions should be satisfied to determine staying and movement. First, all
navigable spaces should be defined as rooms and second, the geometry of the room
must also be closed to determine if a visitor is in a room. In order to satisfy these
conditions, the specification of CityGML data should be carefully defined. In
IndoorGML, we can also control the granularity by decomposing a central hallway
and determine the category of each decomposed space.

Individual and collective context analysis: After determining whether a visitor is
moving or staying in a cell, we can develop additional insight by combining the
visitor’s activities with her/his personal context, such as age, gender, profession, etc.;
environmental context, such as the store where she/he is staying; and the period of
staying. If she/he is repeating a sequence of moving and staying at stores of a
particular category, we can infer what the visitor is looking for. In order to find the
store where the visitor is staying, IndoorGML is more appropriate than CityGML
due to the closed geometry. In general, the information about the cells is helpful in
analyzing the environmental context. In addition to individual analysis, it is helpful
for marketing purposes to analyze collective patterns of visitors, such as how many
visitors and how long they stayed in a store or how many visitors entered via gate 1
on rainy day.

7 Summary

Two OGC standards, CityGML 2.0 (at LoD 4) and IndoorGML support the modeling of
indoor space. Since their scope and objectives are different, proper understanding of the
differences, strengths, and weaknesses for each is essential in using and integrating the

Copyright © 2012 Open Geospatial Consortium. 17



OGC 16-012r1

standards. This Discussion Paper provides a comparison of CityGML 2.0 and
IndoorGML with a use case at a large shopping mall in Seoul.

This comparative study was conducted from two viewpoints — expressive modeling
power and applications. A brief summary of the comparison is provided as Table 1 where
the greater than/less than sign indicates which standard is better for a particular task.

Table 1 — Summary of the comparison between CityGML LoD 4 and IndoorGML

Viewpoint CityGML LoD 4 IndoorGML
Model Feature Model Cellular Space Model

Visualization

Geometric analysis
Cell finding

Hierarchical Representation

Route analysis

ANIN[IANIAN|IV |V

Context analysis
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