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Abstract. Recent LBS-related technologies tend to extend to indoor spaces us-
ing localization sensors such as RFID. In order to implement real time evacua-
tion applications, at least two problems must be resolved in advance; first,
proper indoor data models and implementation methods that can accommodate
evacuees positioning and routing computations should be available, second,
evacuation simulations also need to be performed using the same indoor data-
bases for consistent integration. However, none of these have been suggested
explicitly as of now. Although some 3D modeling studies have dealt with topo-
logical structures, they are mainly focused on outer building volumes and it is
difficult to incorporate such theoretical topology into indoor spaces due to com-
plexity and computational limitations. In this study, we suggest an alternative
method to build a 3D indoor model with less cost. It is a 2D-3D hybrid data
model that combines the 2D topology constructed from CAD floor plans and
the 3D visualization functionality. We show the process to build the proposed
model in a spatial DBMS and visualize in 2D and 3D. Also, we illustrate a test
CA(cellular automata)-based 3D crowd simulation using our model.
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1 Introduction

Recently, large scale complex buildings and underground spaces are getting in-
creased. Daily lives in such places always tend to accompany dangers of accidents,
and actually, we have observed many emergency events such as fire. With this, there
is growing recognition that current location-based real-time applications need to ex-
tend to indoor spaces.

However, although many researchers have proposed and developed fire simulation
models over the last decades, they have mainly focused on the prediction of crowd
behaviors under emergency conditions, and have not related them to real-time evacua-
tion. One of the reasons that have delayed such applications may be that developing
real-time indoor applications require most recent technologies from different discip-
lines such as sensor network and databases. Among them, we see two problems as the
most important factors that need to be resolved first; one is, we need proper indoor
data model. Most data shown in scientific research are simple polygon types drawn
either artificially or by CAD floor plans. To be able to use semantic information as
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shown in the outdoor LBS applications, we need similar topological data model for
indoor spaces that can store semantic attributes. The other is, the data for indoor ap-
plications should be geo-referenced and stored in databases. Current commercial
packages mostly use proprietary file-based data types. Such file-based data may suf-
fice for the purpose of simulation or visualization in a single building. However, in
order to store many buildings and communicate with real-time indoor localization
sensors, indoor building data should be in databases with real coordinates.

In this paper, we suggest a solution to above two problems. We propose a 3D in-
door data model, which is less complex than those in theoretical research while retain-
ing topological properties for semantic-based queries and computations. We show the
process to build our data in a spatial database. As a test application that uses our mod-
el, we chose an indoor evacuation micro-simulation. For the simulation, we first show
a method to partition indoor spaces and plan optimal path routes according to the
proximity to exit doors and, then, micro-simulate for the crowd behaviors using
CA(cellular automata).

2 Related Works

3D models currently used in the 3D GIS are actually 2.5 dimensional CAD-based data
types focusing on visualization purpose in realistic way. They have limitations for
analytical purposes in indoor space applications due to its lack of topological and
semantic structure. As a solution to this, topological models along with using DBMSs
for 3D objects have been recently investigated by some researchers [1, 29, 30, 31]. 3D
models suggested by those are generally categorized as follows:

A. SOLID - FACE - EDGE - NODE
B. SOLID - FACE - NODE
C. SOLID - FACE

In solid modeling, boundary representation (B-rep) method is used to represent 3D
surface using three primitive types; faces, edges and nodes (or vertices). Faces are
bounded portions of a solid surface, edges are used to define the face boundary, and
nodes constitute the edges. Type A describes such full topological relations. In type A,
actual geometries (i.e. coordinates) are stored in NODE relation while other three rela-
tions store non-spatial information. Authors including [5, 6] have carried out research
into type A using a relational DBMS (Oracle Spatial) to store 3D objects. However, as
shown in Fig. 1-(a), many-to-many relationships such as node-edge and edge-face re-
quire additional join tables, which leads to inefficiency for computation due to excessive
join queries. Studies of Zlatanova and her colleagues show type B for storing a polyhe-
dron [29, 31] and some other authors use similar approach [1, 4]. In type B, also only
the final class, which is NODE, stores the geometries. Without “EDGE” class, we can-
not expect such information as “Which edge is this node belonged to?” or “Which edge
do these two faces share?”. In a study [30], even more reduced form (Type C) is intro-
duced for storing 3D objects in a DBMS and visualization. While sufficing for the visu-
alization purpose, such “de-normalized” relations as in type B or C suffer duplicated
data storage and less capability of topological information retrieval. It can be said that
there are always trade-offs between performance and information in 3D modeling.
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Fig. 1. UML class diagrams describing storage of a polyhedron with (a) type A and (b) type B

Table 1. The body and face table in Type C

BODY table FACE table

BID FID FID sdo_ordinate_array

1 1 1 (lower face) (x4,vy4,z4, ,X3,y3,23, x2,y2,22,
x1,yl,z1, x4,y4,z4)

1 2 2 (side 1) (x3,vy3,23, ,x4,y4,2z4, x8,vy8,z8,
x7,y7,27, x3,y3,23)

1 3 3 (side 2) (x4,vy4,z4, ,x1,y1,2z1, x5,vy5,z5,
x8,y8,28, x4,y4,z4)

1 4 4 (side 3) (x1,y1,z1, ,X2,Y2,22, x6,y6,26,
z5,y5,25, x1,yl,zl)

1 5 5 (side 4) (x3,y3,2z3, ,X2,Y2,22, x6,y6,26,
z7,¥y7,27, x3,vy3,23)

1 6 6 (upper face) (x5,vy5,25, ,X6,y6,26, x7,¥y7,27,
z8,y8,28, x5,y5,z5)

LOD4

Fig. 2. LoDs in CityGML
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The three types investigated in the above are data models for defining 3D volumes
not for interior spaces. CAD-based models have been used widely and there is a
growing interest in using IFC(Industry Foundation Classes) format especially for
modeling and developing building information systems. Although these formats offer
flexibility in modeling indoor spaces with various data primitives, they are file-based
formats and, thus, have limitations in being used in indoor information systems as
mentioned earlier. On the other hand, CityGML which was adopted as a standard by
OGC [20], is a 3D model that provides different levels of details ranging from region
to interior spaces [19, 27]. CityGML is based on XML format for the storage of data
and has capability of storing complex semantic information. However, as of writing
this paper, it has not provided fully functional data base implementation. One of the
reasons is attributed to the fact that current commercial DBMSs do not fully support
topological structure of 3D objects yet.

In this study, we propose a simplified approach for building 3D models. While re-
taining semantic and topological information, our model uses a spatial DBMS, which
is necessary in indoor applications such as location-based services. Details are de-
scribed in the following section.

3 A 2D-3D Hybrid Data Model

3.1 File-Based Approach

In our previous study [21], we had proposed a 2D-3D hybrid data model that can be
used both in 2D-based semantic queries and 3D visualization. We used two separate
models, 2D GIS layers and 3D models, and combined them using a database table as
the linkage method.

First, 2D GIS layers are created from building floor plans. Then, they are converted
to vector GIS layers (shapefiles). Then, the IDs of layer’s polygons along with other
attribute values such as owner’s name and status of use are stored in a database table.
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Fig. 3. Integrating a 2D-GIS floor layer and a 3D model

Polygons in GIS layers are inherently divided separately and contain topological
relationships among them, but most 3D models are not constructed such way. Thus,
we first had to model a 3D building by creating separated spaces. Not only floors but
all rooms in a floor are explicitly divided into individual spaces. Then, the same ID
values of spaces as those corresponding spaces in the 2D GIS layer are assigned.
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Once both models are constructed following the process described in the above, each
space from the two models now shares the identical IDs. Through the shared data
table, spatial objects from both sides are synchronized together (Fig. 3). Using this
method, we were able to perform analyses and queries using the semantic information
stored in 2D layers along with 3D visualization. Fig. 4 shows a test routing simulation
under a fire situation. The routing results computed from 2D layer attributes avoiding
the fire spot are displayed in 2D and 3D.

fire 1 ion
® ” & € fire locatio
© o @ exit
1st Floor ° 2nd Floor [ person

Fig. 4. Evacuation routing simulation under emergency

3.2 DBMS-Based Approach

Although the previous file-based approach was satisfactory in incorporating semantic
and topological functionality into a 3D model, it has some drawbacks. First, two
models are created separately and need additional table for linkage, which makes
consistent maintenance difficult. Second, building a 3D model by separating com-
partments requires additional time and cost. Finally, such file-based models are not
easy to store many buildings and, most importantly, they cannot be integrated with
client/server applications such as sensor systems (i.e. RFID, UWB, thermal sensors).

To solve these problems, we proposed in this research a new approach that uses a
DBMS instead of files. There are two options to use a DBMS to store spatial data.
First, some GIS vendors (e.g., ESRI) store spatial data into DBMS through GIS appli-
cations. Since these systems work “under” their GIS applications, we have to rely on
these products in order to access and manipulate the spatial data. Other type of
DBMSs (e.g, PostgreSQL/PostGIS, Oracle Spatial) offer support of both spatial and
non-spatial data types and operations of them in one environment without the help of
“helper” GIS software. In order to build a pedestrian application that communicates
with a DBMS, we chose the second option as our base approach.

Because semantic information now can be extracted from database tables and used
for analyses and 2D/3D visualization, our new model does not require an additional
table for linkage. This data model has a multi-layered structure based on 2D building
floor plans as the previous file-based model. It retains 2D topology because building
floor plans are converted into 2D GIS layers (shapefiles) and then are stored in a spa-
tial database. Thus, it is possible to perform topology-based analyses and operations
provided by the DBMS. Also, those records containing geometries can be visualized
in 2D and 3D.
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D INSERT INTO POLYGON_TBL (geom)
VALUES(GeomFromText('POLYGON(0

0,10,11,01,00).-1));

Fig. 5. An example of storing rooms floors in a spatial DB

Indoor location-based applications use locations and tracing information of pede-
strians who move on the surface floors in the building. This means that it is possible
to retrieve semantic data and perform analytical operations only using floor surfaces
in such applications (i.e. indoor crowd simulation, indoor wayfinding). This is the
reason that we choose to use building floor plans as the base data type. For the con-
nection of floors, we also converted the stairs to a simple set of connected polygons
and then stored in the DBMS. Fig. 5 illustrates the process for storing indoor objects
in a database. This shows that we used only the bottom part of a room polyhedron.
Although current mainstream DBMSs with spatial extensions do not support 3D spa-
tial objects due to the absence of 3D primitives, we made the reconstruction of each
object for 3D visualization possible as described in the next section.

This approach can well fit in DBMS-based applications due to less complex and
simplified data construction process. Using a DBMS against file format gives many
merits including data sharing, management, security, back-up and speed. It is also
possible to integrate with sensor systems by storing the sensor information in the
database. In this study, we used PostgreSQL/PostGIS for the DBMS. PostgreSQL is
an open source object-relational database system, freely downloadable from [23].

3.3 2D/3D Visualization

We developed a test system to display indoor objects in 2D and 3D stored in the data-
base. We used C# and SharpMap [24] for programming the system. SharpMap is
a .NET-compatable mapping library that can be integrated with web desktop applica-
tions. It is also an open source and supports data sources such as PostGIS, ESRI Sha-
pefile, MSSQL Spatial, ECW and Oracle Spatial [3, 24]. 2D visualization module in
our system connects to the PostGIS and make queries to retrieve the necessary floor
layers for the 2D display (Fig. 6-a). For 3D visualization part, we used OpenGL li-
brary and it also interacts with the PostGIS database for the data retrieval and visuali-
zation (Fig. 6-b). The process goes as follows:

Queries to 2D floors.

Extraction of polygon geometries constituting indoor spaces.
3D visualization by extruding the walls using the stored heights.
Repeat above process for the whole building.

pooe
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a. 2D visualization b. 3D Visualization

Fig. 6. 2D-3D visualization using data from a spatial DBMS

4 Space Partition Using Space Syntax

When an emergency situation occurs in the building that has more than two exits, it is
necessary to divide the evacuation routes to avoid biased crowding for exits. This can
be done by partitioning the space based on the exit proximity. In this study, we used
an accessibility measure introduced in space syntax theory.

Space syntax is a technique that has been used to derive the connectivity of urban
or architectural spaces [13, 22]. The theory has primarily been applied in the research
areas that seek to find the movement of human beings among architectural spaces or
pedestrian paths and it has helped to compute the connectivity of the network of built
environment [14]. Readers are advised to refer to the related studies [13, 14, 15, 16,
22] for details. In this study, we will not discuss the space syntax theory and focus on
showing the data construction process and the implementation examples.

Room ] —

Hallway L -

L ]
L]

e

=

Fig. 7. Constructing indoor networks



404 C. Jun and H. Kim

To compute spatial accessibility (called ‘I’ index in space syntax) and partition the
spaces, we first need node-link-based network data. Each room is assigned a node
near the door because pedestrian movements begin and end at the room doors or exits.
Then Links are built connecting the nodes along the center lines of hallways. Also,
floors are connected via stair links. This way, the whole building is mapped to a net-
work structure. Fig. 7 shows how the network is constructed. It shows nodes at the
doors and links between them.

| 1IN
- 9

Fig. 8. An example of space partitioning based on space syntax

Fig. 8 shows a simple example of space partitioning based on space syntax. First,
we calculate the accessibility for each room to all exits. Space syntax uses visual
paths (called ‘depth’) as the key cost value of the links. Two network segments with
the same length can have different total costs according to how many breaks a path
has. Fig. 8 shows that rooms sharing the same exit are grouped together according to
similar cost values they have.

We can also consider spatial configuration in collective manner. In large scale
buildings such as hospitals, campus, or office buildings, spaces are planned in such
way their similar functions are located closely. Thus we measured the ‘clusteredness’
of spaces that share the similar characteristics. By computing the accessibilities, as for
the target rooms repeatedly, we can quantify ‘topological’ closeness of the related
spaces. Fig. 9 shows the department spaces in the test building such as lecture rooms,
administrative rooms and professor rooms. We chose two distinct cases for the test;
department A and B. The spaces of department A are closely located on the 3rd floor,
whereas the rooms of department B are scattered on different floors (1st, 4th and 6th
floors). Fig. 10 shows the computed values of accessibility of the spaces of these two
departments expressed in 5 gradual color schemes. As a consequence, department A
rooms have higher accessibilities than those of department B [16].

This method can be applied to planning optimal evacuation routes. By partitioning
the entire floor space into groups of rooms based on the nearest exits, we can plan the
normal-time routes. Then, we can perform micro-simulation as described in the fol-
lowing section for the partitioned spaces. The resulting simulation values are stored in
a database to be used under real-time emergency conditions for judging if the current
population is abnormal against the stored exit capacity and if the alternative routing is
necessary.



An Indoor Crowd Simulation Using a 2D-3D Hybrid Data Model 405

L0 100 [OCER]
CETET 1)

b s

4

N
.~
NN
N
NN
N
NN
£

@@ Department A
Wl Department B
[ Public spaces

Fig. 9. Classification by spatial property (department)

DDD [ e LD £ &
IZII[IID]:[I

%I% &E&:Jaﬁjﬂ

IIII] 28 1 |

(. W
B = =

Accessibility
m08~10
MmMO06~08
WMO04~06
Eo2~04
Ooo~02
3 Public spaces

Fig. 10. Accessibility of the classified spaces



406 C. Jun and H. Kim

5 CA-Based Crowd Simulation

Research approaches used to model evacuation problems come from different discip-
lines (e.g. transportation network flows, indoor pedestrian behavior simulation) and are
generally categorized into two; macroscopic and microscopic models [7]. Macroscopic
models appear in network flow or traffic assignment problems and take optimization
approach using node-link-based graphs as the data format. They consider pedestrians
as a homogeneous group to be assigned to nodes or links for movements and do not
take into account the individual interactions during the movement. On the other hand,
microscopic models emphasize individual evacuees’ movement and their responses to
other evacuees and physical environment such as walls and obstacles. Microscopic
models are mainly based on simulation and use fine-grained grid cells as the base for-
mat for simulation. They have been used by experts in different domains including
architectural design for the analytical purposes of the structural implications on the
human movement especially in emergency situations.

Desired destination

f nern

Fig. 11. Helbing’s social force model

Different micro-simulation models have been proposed over the last decades [26],
but two approaches are getting attention; social force model and floor field model
[17]. A frequently cited model of former type is advanced by Helbing and collegues
[8, 9, 10] and is based on strong mathematical calculation acted on agents to deter-
mine its movement to destination (e.g. exits). Helbing’s model considers the effects of
each agent upon all other agents and physical environment (Fig. 11) leading to the
computation of O(n”) complexity, which is unfavorable for computer-based simula-
tion with many agents [11, 12].

In recent years there is a growing interest to use cellular automata as the base of
micro-simulation [2, 18]. Kirchner and colleagues [17] have proposed CA-based floor
field model, where two kinds of fields—static and dynamic—are introduced to trans-
late Helbing’s long-ranged interaction of agents into a local interaction. Although this
model considers only local interactions, they showed that the resulting global pheno-
mena share properties from the social force model such as lane formation, oscillations
at bottlenecks, and fast-is-slower effects. The floor field model uses grid cells as the
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data structure and computes movement of an agent at each time step choosing the
next destination among adjacent cells. This makes computer simulation more effec-
tive. The static field S represents the shortest distance to an exit door and the dynamic
field D is a virtual influence area left by a moving agent, which diffuses and gradually
vanishes as an agent moves. Each agent can move to adjacent nine cells including
itself at each time step ¢t = ¢+ according to probabilities p;;, which is the normaliza-
tion of the following score.

Score(i) = exp(kaD; ) x exp(k,S; ) X & X 1, 6]

ij>

where

Score(i) : the score at cell i

D,; : the value of the dynamic field in cell ¢

S; : the value of the static field in cell i

ks and k, : scaling parameters governing the degree to which an agent is sensitive to
dynamic or static field respectively

&+ 0 for forbidden cells (e.g. walls, obstacles) and 1 otherwise

n; - 0 if an agent is on the cell, and 1 otherwise.

? M_1_1| M_19| M_11
I

_7,.,4. My 1 ;"\[0’0 Mo
|
‘ M1 | Mg | M1y

Fig. 12. An agent and its possible transition [25]

—— Converting to cells

DB -

Floor plans with stairs Cellularized floor

Fig. 13. Reading floor plans from DB and converting to grid cells

We have chosen to base our model on Kirchner’s floor field model because CA
models are computationally efficient and we have concluded that his model has dem-
onstrated many effects discussed in literature as of now. Also, it leaves the room for
us to modify the sensitivity parameters for different situations. The readers are ad-
vised to read his literature for more information. Here, we show the process for data
construction and illustrates the running examples of our simulation. Instead of using
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CAD-based indoor data, we used correctly geo-referenced building data and stored
them in a spatial DBMS (PostGIS) considering later integration with indoor location
sensors such as RFID or UWB.

As shown in Fig. 13, floor plan data are first read from PostGIS DB, then go through
space grouping process based on proximity to exit doors as described in the previous
section. Then, they are discretized into cells of size 40cmx40cm considering the human
shoulder widths. In our model, we randomly located varying number of pedestrians into
the partitioned sections of each floor in order to simulate the crowd egress behaviors in
each section to its belonging exits. In real situations, the random data may be replaced
with the real pedestrians acquired by location sensors. Fig. 14-(a) shows the process
from data retrieval, space partitioning to simulation, and (b) shows the update rules in
the simulation. For the static field, we first calculated the distance of each cell from the
door it belongs using Dijkstra’s shortest path algorithm, and then stored it into the cell.
Having decided which cells to move based on the score described in (1), all agents
move simultaneously and increment dynamic value. Among any agents competing for a
cell, only one is selected randomly for no two agents can occupy one cell. Dynamic
field value, D; is, then, diffused and decayed.

We developed a simulator to test evacuation capacities of floor sections. Fig. 15
shows a 2D and a 3D view of the simulator. In order to implement 3D visualization,
we used OpenGL and developed the simulator using C# language. The retrieved geo-
metry information along with stairs was used for rendering in OpenGL and vertical
walls were also displayed using the height values stored in the database.

‘ Population = N ‘

‘ Computing static field values ‘

¥

‘ Computing cell score (CS) ‘

‘ Data retrieval from DB (floor, stairs) ‘ v
L CS-based cell selection ‘

‘ Space partitioning by space syntax ‘ ¢
i ‘ Simultaneous movement ‘

‘ Discretizing into grid cells ‘ @

yes no

‘ Agent distribution by floor sections ‘ ‘ Increment dynamic field ‘

! v
I Simulation I » ‘ Diffuse/decay dynamic field
1 \

—»{ Evacuation time for N ‘

(a) (b)

Record evacuation capacity for each section

Fig. 14. Processes from data retrieval to simulation
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Fig. 15. A snapshot of evacuation simulation with a 3D view

We carried out simulations by varying the parameters k; and k,. k; = O causes the
agents flow directly towards exits without any herding behaviors while k; =0 makes
them wander around without any clue of direction to exits. Fig. 16 shows that k; > 0
begins to show the herding behaviors following other agents to the second exit. Table 1
shows the effect of k; on the evacuation time and the use rate of the second exit (Exit 1).
2000 agents were used for the test. We observed that the use rate of the side exit gets
increased in proportion to k.

AN

(@) k=0 (b) kys/ks=0.5

Fig. 16. The effect of varying k,

Table 2. The effect of varying k, on evacuation time and use of the side exit

k=0 kq=0.05 ke=0.1 ke=0.25 ke=0.5 k=1.0

Exitl 120 351 422 484 566 689
Exit2 1880 1649 1578 1516 1434 1311
evactime 945 723 702 688 670 632
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6 Concluding Remarks

In this study, we suggested a process to develop a 3D evacuation simulator instead of
trying to improve the scientific investigation of crowd behaviors. In order to be able
to integrate our system with real-time evacuation or rescuers’ guidance, we suggested
the followings:

— A less complex 3D indoor model (actually, multi-layered 2D model) focusing
on the semantic information and navigation taking place on the floor surface.

— Implementing the proposed model using a SDBMS and 2D/3D visualization.

— A space partitioning method based on the space syntax theory for the opti-
mized distribution of evacuation routes.

—  Developing a 3D crowd simulator using the proposed data model.

Performing evacuation simulation based on the space partitions and SDBMS gives us
two benefits:

— It is possible to measure the ‘normal’ capacities of building exits and analyze
the feasibility of architectural design against the pedestrian behavior.

— The simulation results using a varying number of agents can then be stored
back into the database to be used to guide the evacuees in real-time situations
according to the crowd data captured by indoor location sensors.

We and our colleagues are currently working to relate our model with indoor sensors
(localization and temperature sensors) and also to improve the CA model with re-
finements of parameters.

Acknowledgments. This work was supported by the Korea Science and Engineering
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000-20494-0).
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