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Abstract. Location-aware systems are receiving more and more interest in both
academia and industry due to their promising prospective in a broad category of
so-called Location-Based-Services (LBS). The map interface plays a crucial
role in the location-aware systems, especially for indoor scenarios. This paper
addresses the usage of map information in a Wireless LAN (WLAN)-based
indoor navigation system. We describe the benefit of using map information in
multiple algorithms of the system, including radio-map generation, tracking,
semantic positioning and navigation. Then we discuss how to represent or
model the indoor map to fulfill the requirements of intelligent algorithms. We
believe that a vector-based multi-layer representation is the best choice for
indoor location-aware system.
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1 Introduction

Location-aware systems are receiving more and more interest in both academia and
industry due to their promising prospective in a broad category of so-called location-
based services (LBS)[1-4], such as people and asset tracking, security applications,
navigation and location-based multimedia services. Generally, current location-aware
systems can be separated into three groups: satellite based systems, sensor based
systems, and local network-based systems. Satellite systems, such as the well-known
GPS or Galileo systems, focus on outdoor positioning using satellite signals.
However, these systems suffer from the attenuation, reflection, and refraction of
buildings and walls when used indoors. To solve this problem, two other kinds of
systems use various sensors (e.g. infrared sensor, ultrasonic sensor or inertial sensor)
and a local communication network interface (e.g. WLAN, Bluetooth, etc.) to collect
indoor location information [5, 6].

In all location-aware systems, the map interface plays an important role, especially
for indoor scenarios. This paper addresses the map information for indoor location-



aware systems. We discuss two problems: 1) How indoor positioning systems can
benefit maximally from the map information; 2) How to better model or represent the
building maps in order to facilitate the whole positioning system.

In the GPS system, map matching methods are often used to evaluate the
trajectories and project them onto streets [7, 8]. In indoor systems, researchers also
proposed dozens of map-assisted algorithms. For example, to generate the radio map,
[6][9] used multi-wall and dominant path models and [10] used parametric ray-
tracing. They all need to know the room and the wall information. For tracking
algorithms, [11, 12] both use the map to delete impossible movements. Besides, [13,
14] used the Voronoi map to further restrict a possible trajectory. Other algorithms
including [15-17] use maps to assist the sensor fusion.

The indoor positioning system in this paper is based on the emerging WLAN
positioning techniques. Its basic structure consists of four layers, including the
interface layer, the localization layer, the tracking and fusion layer, and the
application layer, as shown in Fig. 1. In contrast to other systems, which typically
only use the map in the application layer, we integrate map information into all layers
of the system. In the interface layer, map information is used to generate a more
accurate radio map. In the localization layer, we are able to estimate not only the
user’s geometrical location but also semantic location by using the map, e.g., the
located floor and room. We also integrate the map information in the tracking level
using particle filter, which can reduce the estimation variance by deleting some
unrealistic cases like crossing the walls. Finally, map information is used in the
application layer to support intelligent room detection, routing or other
location/context aware services.

Map

Fig. 1. Structure of a WLAN-based Location-aware System.

To facilitate the above mentioned map-related algorithm, the map information has
to be well organized. To the best of our knowledge, there is still no standard for
modeling and representing indoor map information. AutoCAD provides his own file
format DWF (Design Web Format) for representing map information [18]. But since
DWEF aims at the general product design with a lot of redundant information, it is not
suitable for localization systems. Other attempts from industry include SLoP (Spatial



Location Protocol) by the Internet Engineer Task Force (IETF) [19]. It is a purely
descriptive model, aiming at unambiguously expressing location information in an
interoperable form in the Internet. Some researchers, such as [20-22], presented
symbolic or semi-symbolic models to represent the location, which is similar to the
model used in this paper.

In this paper, we use a vector-based multi-layer model to represent the indoor
digital map. This model organizes the map based on three different aspects. The first
is called geometric level, which includes points, lines or polygons. The second is
symbolic level, including walls, doors, rooms or floors. The last is semantic level,
including the semantic information, such as the name of employee inside the room,
the room number, etc. In the symbolic level, the elements are organized using a
hybrid tree and graph structure according to their geospatial relationships. The
advantage of using this map representation is as follows. The wall or room
information required by the localization and tracking algorithm can be easily
extracted. In addition, the semantic information can fastly be outputted. Furthermore,
the routing algorithm can be easily implemented by the hybrid tree and graph
structure in symbolic level. Also, this model can be easily built by analyzing raster or
CAD formatted files. Last but not the least, this model also facilitates the information
exchange with web service, i.e. the model can also be easily represented by XML or
SVG format.

The remainder of the paper is organized as follows. In Section 2, we introduce
briefly the principle of WALN based localization system. Subsequently the
advantages of using map information for assisting the whole system are discussed in
detail. In Section 3, we describe the map representation used in our system and its
advantages. Finally, Section 4 concludes the paper.

2 Information Extraction from Maps for WLAN Localization

2.1 Principle of WLAN Localization Systems

As described in Section 1, the WLAN localization systems can be separated into four
layers: interface layer, localization layer, tracking & fusion layer and application
layer. In the following, we briefly describe the principle and the functionality of each
layer. More details can be found in the literature [5, 6, 23, 24, 25].

e  Interface Layer. In the interface layer, the system measures the WLAN signals
and extracts the location-related information. The received signal strength (RSS)
is typically used to infer the user’s location because it is much easier to be
obtained than the other information such as time of arrival (TOA), time
difference of arrival (TDOA) or angle of arrival (AOA). The value of RSS is
related to the distance between the access point (AP) and the user’s mobile
terminal. The longer the distance, the lower RSS will be measured. The



distribution of RSS at numerous reference points can be measured or calculated
before the system runs and is usually stored in a database named radio map.

e  Localization Layer. In this layer, the mobile terminal compares the
measurements with the RSS distributions in radio map. The reference point that
has the most similar RSS distribution to the online measurement is finally
chosen as the estimated position. This is the so called nearest neighbor method
[5] [6]. Since the wireless channel is noisy, the accuracy of location estimation is
limited. The output of this layer is usually a 2-D or 3-D local geometric
coordinate. But with the help of map information, symbolic or semantic
information (e.g. room number) is also obtainable.

¢  Tracking and Fusion Layer. If the mobile terminal is moving, the filtering
algorithms can be used to smooth the moving trajectory. In addition, other
information sources, such as extra sensors, building map and other location-
related information, can also be fused with the assistance of some sophisticated
but flexible filtering techniques like particle filters.

e  Application Layer. The application layer interacts with the users directly. It
applies the location information to support various location-based applications
or services, such as asset monitoring, guidance, routing, map-services, location-
dependant multimedia services or games, and etc. The way of operating the
location information varies depending on different applications. But the basic
operation is either to inform the user of location-related semantic information or
to guide users to their target places.

2.2 Map-Assisted Radio Map Generation

Theoretically, the received signal power P, follows the radial propagation model, as
described in Equation (1),

1

P[dBm] = P.(d,)[dBm]—10n log(di) D

0

where d is the distance between the mobile terminal and access point. d, is the
reference distance, normally equal to 1 meter. n is the attenuation parameter, which is
equal to n=2 in free space and n=1.5~6 in indoor scenarios.

However, due to the complexity of indoor environments, the radial model is
unrealistic for real radio propagation. Since the walls are the major obstacles
attenuating the signal, a multi-wall model [26] as in Equation (2) can better model the
radio propagation, where WAF means the wall attenuation factor, which is the loss of
signal power after crossing a wall.

(2
P[dBm]=P.(d,)[dBm]-10n 10g(i) - ZWAF I<k
d, C 1>k

Although the multi-wall model takes the environments into account, it only uses
the direct ray between transmitter and receiver. This will lead to an underestimation in
many cases. For instance, in Figure 2, the transmitter emits many possible rays to the



receiver. The direct path penetrates three walls but there is also another indirect path
penetrating only one wall. Since the signal on the direct path is attenuated a lot when
crossing the walls, the signal on the indirect path contributes to most of the received
power. So if we only consider the direct path, the predicted signal power at the
receiver will be much lower than the real measurement. The dominant path model [6,
9] aims to find the signal propagation path, which dominates the received power. So
the idea of the dominant path model is to find the path which has the smallest power
loss. The calculation of the dominant path can be found in [6], which is similar to
finding the shortest path between AP and mobile terminal.

Figure 3 and Table 1 show the generated radio maps and the positioning results
using different channel models [6]. It is obvious that these site-specific models
perform much better. For employing the multi-wall model or the dominant path
model, the site-specific information, such as the position of the walls and rooms,
should be extracted from the map. In addition, the map model should be well
organized to facilitate the extraction of wall and room information.

Fig. 2. Illustration of the Dominant Path Model.
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Fig. 3. Example of Radio Maps Using Different Channel Models.



Table 1. Mean of Location Errors in a Testbed Using Different Channel Models.

Channel Models Mean (m)
Linear Model 7.11
Mulit-Wall Model 6.73

Dominant Path Model 5.70

2.3 Map-Assisted Tracking and Fusion

Map information also improves the tracking and fusion process. The key idea is that
the user cannot pass the walls while moving. In [11], we proposed a map-aided
particle filter, which can incorporate the map information efficiently. The basic idea
of this particle filter is as follows:

1. Use an amount of particles to represent the probabilistic distribution of user’s
position.

2. When the filter predicts the user’s next step for each particle, the particles which
crossed a wall are deleted.

Figure 4 illustrates the filtering process and Table 2 gives the tracking result with
and without using map information in one of our testbeds.

45

40|

Fig. 4. Example of Two Succeeding Steps in Map-Aided Particle
Filters. The red stars in right figure represent the deleted particles
because they crossed a wall.

Table 2. Mean and Variance of Location Errors With and Without Using Map Information in a
Testbed.

Mean(m) Variance (m)
Particle Filter without Map 5.57 39
Particle Filter with Map 4.5 3.5




2.4 Map’s Contribution to Semantic Localization and Navigation

With the help of the map, location-based applications and services can automatically
transform the geometric coordinate to high level semantic information. The topologic
structure like a room connection matrix as depicted in Table 3 can facilitate the
routing algorithm by simply using a Dijkstra or A* algorithm [6].

Table 3. Example of Room Connection Matrix.

Room 1 Room 2 Corridor 1
Room 1 - No Connection Door 1
Room 2 No Connection - Door 2
Corridor 1 Door 1 Door 2 -

3 A Vector-Based Multi-Level Map Representation

For achieving the benefits described in Section 2, the representation of map
information should satisfy the following requirements: 1) Site-specific information,
such as wall, room and floor information should be easy to extract. 2) The topologic
structure should be easy to extract in order to assist intelligent routing. 3) The map
representation should be easy to generate.

Typically, map information is organized in vector, raster, or a combined format.
But to the best of our knowledge, there is still no standard map format for indoor
location-aware systems. Most of the current systems simply plot the estimated
position on the JPEG or BMP formatted building map. For this kind of map interface,
the semantic information of indoor environment, e.g. room number, is actually
identified by the user instead of location-aware systems. It makes advanced semantic
based operation impossible, and thus does not fulfil our requirements.

In the paper, we use a vector representation of the indoor digital map. This model
organizes the map based on three different aspects. The first is called geometric level,
which includes points, lines, or polygons. The second is the symbolic level, including
walls, doors, rooms, or floors. The last is the semantic level, including the semantic
information, such as the room number, the access right, etc. This structure has the
following characteristics.

1.  Symbols are the core entities in our model. We define a symbol as having
both geometric and semantic properties. For example, a symbol rooml has
several geometric properties such as the position of the centre or the shape,
and it has semantic properties such as the room number or the owner’s name.

2. The symbols are organized hierarchically. In the example in Figure 5, the
symbols are organized by a hybrid tree-graph structure according to their
spatial relationship. In this structure, Floor is superset of room, elevator, or
corridor. Room is a superset of door, wall, or other symbols inside a room.

3. Spatially, high level symbols include the low level symbols. In Figure 1, the
symbol Elevator at Floor 1, Rooml, Room2, and Corridorl are spatially
inside the symbol Floor.



4.  The symbols in the same level are connected in a graph structure according to
their spatial connection relationship. Like in Figure 5, Room 1, and Room?2 are
connected with the Corridorl and Corridorl connects the Elevator on
Floorl.

5. The high level and low level symbols are connected by the entrance/exit
symbols, like Elevator on Floor I in Figure 5.

Building Level
Building
Floor Level
Floor 1 \\Floor 2
Room Level \

’ Elevator on Floor 2 l

Elevator on Floor 1

Sub-Room Level /
Geometric Position
Door 3 Door 3 Room Nr.
Employee

PN | Wall 6

N

Position
Width
Material

Fig. 5. Example of the Vector-Based Multi-Layer Map Structure.

Using this map representation, the wall or room information required by the
localization and tracking algorithm can be easily extracted. They are modelled during
the generation of the map structure. In addition, the semantic information can be
fastly obtained. People can access the semantic information by simply checking the
properties of the symbols. Also, routing algorithm can be efficiently implemented by
the hybrid tree and graph structure. For example, if we want to walk from Room?2 to
Room3, we can find the route: Room2 — Corridorl — Elevator on Floor 1 —»
Elevator on Floor 2— Room3. Last but not the least, this model also facilitates the
information exchange with web service, i.e. the model can also be easily represented
by XML or SVG format.

It is also not difficult to generate this model from another map format. For
example, we can use the following procedures to generate the above mentioned map
model from the raster JPEG or BMG images.



Step 1: Identify the basic symbols, like walls or rooms. Since the symbols have a
specific geometric shape, we can use the sophisticated image processing
algorithms to identify the symbols. For complex building plans, manual
efforts might also be needed.

Step 2: Incorporate the Semantic Information. For each symbol, the semantic
information can be inputted as its property.

Step 3: Construct the symbol topology hierarchy. After recognizing the symbols,
the topological structure can be conveniently extracted. For example, we
can build the room level connection matrix by checking whether two
rooms share the some wall or door.

Step 4: Store the structured location information in a database or XML file.

4 Conclusions

This paper comprehensively analyzes the role of map information in modern indoor
localization systems. We present the basic principles of our previous work, which
integrates map information into multiple layers of a WLAN localization system, from
radio map generation, tracking, and fusion to semantic navigation. We also introduce
a vector-based hybrid structured map mode, which represents the location information
with the symbols layered according to their spatial relationship. We believe that this
model can fulfill the requirements of the map-related algorithms, and hence maximize
the contribution of the map information to the whole indoor location-aware systems.
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