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2.1 � Introduction

In this chapter, the technologies and techniques that are employed in outdoor navi-
gation systems/services along with their features and users are discussed. While 
the first and second generations of outdoor navigation technology were limited to 
specific technologies (e.g., only a few geo-positioning sensors were feasible and/
or cost effective) and to specific techniques (e.g., routing modules were capable 
of dealing only with single optimization criterion and there were very few criteria 
from which users could select), a wide range of technologies and techniques have 
been available for the third and fourth generations of outdoor navigation technol-
ogy.

This chapter discusses existing navigation systems/services for outdoor navi-
gation. Despite apparent distinctions among current outdoor navigation systems/
services, they are all based on the same fundamental logic and support similar func-
tions/modules. Figure 2.1 depicts the information flow and functions/modules in 
outdoor navigation systems/services.

As shown in Figure 2.1, in the first step user’s current position is determined 
by: (a) obtaining position data through geo-positioning sensors and (b) applying a 
map matching algorithm using the obtained position data. It is common practice, in 
order to improve the accuracy, availability, and reliability of position data in out-
door navigation systems/services, to employ more than one geo-positioning sensors 
where the acquired position data at each epoch could be filtered (e.g., through a 
Kalman filter) to find the best position estimate. Once the position data is obtained 
(directly or filtered), it is input to the map matching algorithm where it uses a map 
database of the traveling area, which includes spatial and non-spatial data, to find: 
(a) the road/sidewalk segment on which the user is and (b) the precise location of 
the user on the segment.

Once user’s current location on a road or sidewalk segment is determined, it is 
highlighted on the map and presented to the user. From this point on, the system/ser-
vice is on tracking mode, and the user has options to search for POIs or request for 
optimal routes between pairs of addresses. Upon a route request, the system/service 
uses such routing criteria as shortest or fastest (often pre-determined by the user) 
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to compute a route between current location, as the origin, and a given address, as 
the destination. Then the computed route is used to generate a set of turn-by-turn 
instructions which are presented to the user on the map and/or through voice. While 
enroute to the destination, the system/service continues obtaining user’s location 
(using the same sequence of obtaining position data through geo-positioning sen-
sors and applying the map matching algorithm) until the destination is reached. 
In case the user deviates from the computed route, a new route and a set of new 
directions are computed (this is commonly known as rerouting) by using the newly 
acquired position data (i.e., user’s current location), as the origin, to the destination. 
This process continues until the user arrives at the destination.

2.2 � Technologies

The main technologies used in outdoor navigation systems/services include geo-
positioning, wireless communication, and database. The main modules in outdoor 
navigation systems/services are mapping, geocoding, map matching, routing and 
directions. Depending on several factors including application requirements and 
cost, navigation system/service vendors decide on the technologies and modules 
that are feasible and cost effective. However, nowadays navigation system/service 
vendors are putting more efforts into addressing the needs and preferences of var-
ious users in their navigation products. Examples of users’ needs include routes 
which contain roads with a certain speed limit and roads with two or more lanes. 
Examples of users’ preferences are routes with shortest distance, fastest travel time, 

Fig. 2.1   Flow of information in outdoor navigation systems/services

GPS: Position Data DR: Position Data ... WiFi: Position Data

Kalman Filter

Map Matching

Map Presentation

Positioning

User Interface

Functions POI/Address Geocoding Route Direction Tracking

2 Outdoor Navigation

                  



19

simple directions, no congestion, scenic sites, and no tolls. Addressing these needs 
and preferences require the integration of different technologies and techniques in 
an outdoor navigation system/service. The technologies and techniques suitable for 
outdoor navigation systems/services are described in the reminder of this section.

2.2.1  �Geo-positioning

Geo-positioning sensors provide position data in navigation systems/services. To-
day, there are various geo-positioning sensors that are employed in outdoor naviga-
tion systems/services and have been the subject of many books and papers where 
their characteristics and issues, especially accuracy, are discussed. Figure 2.2 shows 
possible levels of accuracy provided by various geo-positioning sensors that can be 
implemented in outdoor navigation systems/services. One way to distinguish be-
tween these geo-positioning sensors is to characterize the type of positioning tech-
nique provided by each sensor (i.e., absolute positioning or relative positioning). 
Absolute positioning is a technique to calculate the position of an object without 
using a point of reference. Relative positioning is a technique to calculate the posi-
tion of an object by using a point of reference. For example, GPS is an absolute 
positioning technique and Differential-GPS (DGPS) is a relative positioning tech-
nique; another example is dead reckoning (e.g., differential odometer) which is a 
relative positioning technique.

In order to better understand the positioning needs of outdoor navigation sys-
tems/services, this section discusses the geo-positioning sensors that are suitable for 
outdoor navigation systems/services. The existing geo-positioning sensors suitable 
for outdoor navigation systems/services can be categorized based on three infra-
structures: global, wide, and local (Table 2.1). The rationale for this infrastructure-
based categorization is that, depending on the underlying infrastructure, each sensor 
has a different coverage.

Fig. 2.2   Levels of accuracy 
provided by geo-positioning 
sensors
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Global infrastructure-based geo-positioning sensors cover everywhere on earth 
and typically provide better than 15 meters accuracy. GNSS is the best example 
of global infrastructure-based geo-positioning sensors. The United States NAV-
STAR GPS, which is the only operational GNSS as of 2011, is the most prominent 
GNSS. The three sources of error in GPS are: satellite, receiver, and environment. 
Table 2.2 shows the sources of errors and the parameters under each source. Each 
parameter contributes a certain amount of error to the total accuracy in GPS. The 
two parameters under the satellite source are ephemeris, contributing to around 2.5 
m accuracy, and clock, contributing to around 2.0 m accuracy. The two parameters 
under the receiver source are measurement, contributing to around 1.0 m accuracy, 
and multipath, contributing to around 1.0 m accuracy. The two parameters under 
the environment source are ionosphere, contributing to around 5.0 m accuracy, and 
troposphere, contributing to around 0.5 m to accuracy. Accumulating these errors, 
the total GPS accuracy is around 12 m.

In addition to GPS, new GNSSs that are under development or deployment are 
the European Union’s Galileo (scheduled for operation from 2012), the Russian 
GLONASS (operational since 2010), and the Chinese Compass (planned to be op-
erational from 2020). Usually there is a latency issue with global infrastructure-
based geo-positioning sensors as they require time (typically within minutes) to 
start, known as positioning fix or time-to-first-fix (TTFF), and their cost to the user 
includes receivers (there is no service charge).

Although each geo-positioning sensor has different sources of errors, the po-
sitional error of a location can be roughly estimated as an uncertainty region. For 
example, Figure 2.3 (a) illustrates an uncertainty region of GNSS positions with 
accuracy about 10 m (95% confidence), meaning that the estimated point will be 

Table 2.1   Geo-positioning sensors suitable for outdoor navigation
Infra-
structure

Coverage Sensor Accuracy Latency* Cost to User

Global Anywhere 
on earth

Global Navigation Satellite 
Systems (e.g., GPS, 
Galileo, GLONASS, 
Compass)

Better than 
15 m

Slow Receiver 

Wide City, state, 
region

Cell based 50-150 m Medium Mobile 
device, 
service 

Local Campus, city WiFi, RFID, ultrasound, 
Bluetooth, image pro-
cessing, dead reckoning

Centimeters 
to meters

Fast Device (HW/
SW), 
service

*Latency: slow (minutes), medium (minute), fast (seconds)

Table 2.2   Sources of errors (in meters) in GPS
Satellite Receiver Environment
Ephemeris Clock Measurement Multipath Ionosphere Troposphere
2.5 2.0 1.0 1.0 5.0 0.5
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located within 10 m of the actual location. Figure 2.3 (b) illustrates a moving point 
with different levels of positional accuracy; the cross marks are estimated positions 
of the vehicle obtained from GNSS while the circle marks are actual positions of 
the vehicle.

Wide infrastructure-based geo-positioning sensors cover a city, a state, a region 
and have accuracy ranging between 50 meters to 150 meters. Cell-based systems 
are the best example of the wide infrastructure-based geo-positioning sensors. The 
wide infrastructure-based geo-positioning sensors have medium (typically within 
a minute) latency and their cost to the user includes mobile devices and services.

Local infrastructure-based geo-positioning sensors cover a campus or a city and 
have an accuracy range of centimeters to meters. Examples of local infrastructure- 
based geo-positioning sensors are RFID, WiFi, dead reckoning, image processing, 
ultrasound, and Bluetooth. The local infrastructure-based geo-positioning sensors 
have the fastest start time (typically within seconds) and their cost to the user in-
cludes devices (hardware and software) and services.

Table 2.3 shows the factors that must be taken into consideration for choosing 
geo-positioning sensors appropriate for outdoor navigation. In the table, the navi-
gation needs of users in outdoors based on their mode of travel (i.e., driving car/
motorbike, walking, biking bicycle, or riding wheelchair) are summarized. Each of 
these modes of travel is analyzed against certain factors (all columns in the table 
except the last one): speed (possible speed in a given mode of travel); route length 
(total distance and number of segments a user typically travels in a given mode of 
travel); structure (environment in which a user would travel); and accuracy (level 
of positional accuracy suitable for a given mode of travel). The last column of the 
table highlights ambiguous cases; these are situations in each mode of travel that 
may cause ambiguity during navigation.

Understanding these factors and their relationships to geo-positioning sensors 
will have benefits to vendors and users. It will assist vendors in selecting one or a 
combination of appropriate geo-positioning sensors that address the specific needs 
of applications and it will assist users in realizing performance and cost issues 

Fig. 2.3   Positional uncertainty. a Uncertainty region for an actual position. b Estimated positions 
and uncertainty regions for a moving object
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associated with navigation systems/services. Each of these four factors is described 
below.

Speed. Speed at which a user travels is one factor in determining a geo-position-
ing sensor suitable for outdoor navigation applications. In order to better understand 
the impact of speed on navigation in outdoors, mobility of a user can be categorized 
into slow (less than 10 kilometers per hour), medium (between 10 and 40 kilometers 
per hour), and fast (over 40 kilometers per hour). For example, a geo-positioning 
sensor with an accuracy range of 10 meters is not suitable for a mode of travel 
with slow speed. This is because the precise location of a pedestrian with a speed 
of 1 meter per second (average walking speed) is unknown within 10 meters, even 
though the user may have changed his/her location several times.

Route length. Route length is another factor that can assist in understanding the 
scale of space in which a user can travel. Route length can be categorized into short 
(2-3 short segments), medium (3-6 short/long segments), and long (6 or more short/
long segments). Knowing the number of segments in a route and the length of each 
segment is important factor affecting the performance of navigation systems/ser-
vices (number of segments and length of each segment are issues important to map 
matching algorithms which will be discussed later in this section).

Structure. Structure is a reference to the environment in which the actual physi-
cal movements occur. For drivers (cars or motorbikes), structure contains road seg-
ments; for pedestrians, structure contains sidewalk segments; for cyclists (bicycles), 

Table 2.3   Factors in choosing geo-positioning sensors appropriate for outdoor navigation
Mode of
Travel

Speed* Route
Length**

Structure Accuracy Ambiguous
Cases

Driving Car/
Motorbike

Fast Long Road 
segments

Better than 
10 m

Intersections
Close parallel roads (within 

geo-positioning accu-
racy range) 

Walking 
(Pedestrian)

Slow Short Sidewalk 
segments

Better than 
1 m

Intersections
Narrow roads (close side-

walks on each side of 
a road)

Biking Bicycle Medium Medium Road/Side-
walk 
segments

Better than 
5 m

Intersections
Close parallel roads (within 

geo-positioning accu-
racy range)

Narrow roads (close side-
walks on each side of 
a road)

Riding 
Wheelchair

Slow Short Sidewalk 
segments

Better than 
1 m

Intersections
Narrow roads (close side-

walks on each side of 
a road)

*Speed: slow < 10 km/h; 10 km/h < medium < 40 km/h; fast > 40 km/h
**Route Length: short (2-3 short segments); medium (3-6 short/long segments); long (6 or more 
short/long segments)
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structure contains both road segments and sidewalk segments; and for wheelchair 
users, structure contains sidewalk segments. Each of these structures imposes cer-
tain constraints on the use of geo-positioning sensors appropriate for navigation in 
outdoors. For example, GPS-based navigation systems/services are problematic for 
wheelchair-bound individuals, with sidewalk segments as structure, as sidewalks 
are often adjacent to buildings that may obstruct GPS signals leading to accuracy 
degradation (due to multipath problems) or signal blockage.

Accuracy. Accuracy is a reference to the acceptable level of difference between 
the estimated position and the true position of the user in a given mode of travel. 
The accuracy ranges in Table 2.3 are not exact as each application in each mode of 
travel may require a certain finer range. As mentioned earlier, these accuracy levels 
are partially a function of speed of user which in turn is a function of mode of travel. 
For driving, which typically involves fast speed, an accuracy range of better than 
15 meters is needed. For walking, which typically involves slow speed, an accuracy 
range of better than 1 meter is needed. For biking, which typically involves medium 
speed, an accuracy range of better than 5 meters is needed. For riding wheelchairs, 
which typically involves slow speed, an accuracy range of better than 1 meter is 
needed.

The last column in Table 2.3 highlights ambiguous cases where navigation sys-
tems/services, based on the mode of travel and structure factors, must resolve. For 
driving, where road segments are used, intersections and close parallel roads (closer 
than positional accuracy) may cause ambiguities. For walking, where sidewalk seg-
ments are used, intersections and narrow roads (i.e., close sidewalks on each side 
of a road) may cause ambiguities. For biking, where both road segments and side-
walk segments are used, intersections, close parallel roads (closer than positional 
accuracy), and narrow roads (i.e., close sidewalks on each side of a road) may cause 
ambiguities. For riding wheelchairs, where sidewalks are used, similar to walking, 
intersections and narrow roads (i.e., close sidewalks on each side of a road) may 
cause ambiguities.

Clearly no single geo-positioning sensor can address all the needs of outdoor 
navigation. For this reason, an alternative has been taking a hybrid approach, com-
bining two or more geo-positioning sensors for those outdoor navigation applica-
tions where a single geo-positioning sensor is insufficient. Determination of a com-
bination of geo-positioning sensors that is appropriate for an application depends 
on the requirements of the underlying application such as accuracy, availability, 
reliability, and cost. For example, a common combination is GPS with dead reck-
oning, where a dead reckoning sensor, such as differential odometer, can augment 
GPS, especially when GPS signals are unavailable.

2.2.2  �Wireless Communication

While the first and second generations of outdoor navigation technology did not 
offer any connection to other systems and resources, the third and fourth genera-

2.2 Technologies
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tions of outdoor navigation technology is able to connect to external systems and 
resources through wireless communication systems. The availability of a wireless 
communication system in an outdoor navigation system/service makes it possible 
for the system/service to access real-time information, such as traffic, weather, and 
accidents, that can be used in computing optimal routes. One possible use of wire-
less communication systems in outdoor navigation services is for computing navi-
gation functions remotely (e.g., on remote servers) and transmitting the results to 
users (e.g., on smartphones); navigation services have become the emerging trend 
in providing navigation assistance.

Wireless communication systems that can be employed in outdoor navigation 
systems/services can be divided into three infrastructure categories (Table 2.4): 
global, wide, and local. Global infrastructure-based wireless communication sys-
tems coverage area spans anywhere on the earth. The best example of the global 
infrastructure-based wireless communication systems is satellite communication 
systems featuring 100 Kb/s bandwidth. The cost to the user includes receivers and 
services.

Wide infrastructure-based wireless communication systems coverage area spans 
cities, states, and regions. Cell-based communication is the best example of the 
wide infrastructure-based wireless communication systems featuring 1 Mb/s band-
width. The cost to the user includes mobile devices and services.

Local infrastructure-based wireless communication systems coverage area spans 
campuses and cities. WiFi communication is the best example of the local infra-
structure-based wireless communication systems featuring 110 Mb/s bandwidth. 
The cost to the user includes devices (hardware and software) and services.

2.2.3  �Database

As data for navigation often is not available in one place, a variety of sources are 
considered to obtain navigation data. Table 2.5 shows geometrical and topologi-
cal data, along with other data, that a navigation system/service must contain. For 
navigation in outdoors, depending on mode of travel, two types of databases are 
needed: road networks and sidewalk networks. A road network database consists 
of road segments and a sidewalk network consists of sidewalk segments on both 
side of a road segment. The essential spatial data in navigation systems/services in-

Table 2.4   Wireless communication systems for outdoor navigation
Infrastruc-
ture

Coverage Technology Band-
width

Cost to User

Global Anywhere on earth Satellite communication 
systems

100 Kb/s Receiver, service

Wide City, state, region Cell based 1 Mb/s Mobile device, service 
Local Campus, city WiFi 110 Mb/s Device (HW/SW), 

service

2 Outdoor Navigation
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cludes road/sidewalk segments where each segment contains a series of coordinates 
representing its shape (geometry). Road/sidewalk networks in navigation systems/
services primarily facilitate computation of routes and directions. There are two 
important points worth mentioning here. One is that a network (road or sidewalk) 
is needed in navigation systems/services as it represents topology (connectivity) 
between intersections (nodes of the network) and road/sidewalk segments (links 
of the network). The second point is that network quality, especially accuracy, is of 
importance for providing accurate and reliable navigation assistance.

Note that in this table, and throughout this chapter, we make a distinction be-
tween non-spatial data and navigation data. By non-spatial data we refer to the types 
of data that describe road/sidewalk networks and segments and by navigation data 
we refer to the types of data that are specifically designated for navigation purposes.

Figure 2.4 shows the road network and the sidewalk network within the Uni-
versity of Pittsburgh’s main campus. Figure 2.4 (a) shows the road network within 
the campus, Figure 2.4 (b) shows the pedestrian network within the campus, and 
Figure 2.4 (c) shows the road network and the pedestrian network within the cam-
pus overlaid.

In addition to topological information that a network (road or sidewalk) sup-
ports, a road network usually should contain such non-spatial data as road seg-
ment name, length, width, speed limit, number of lanes, and right-of-way (one- vs. 
two-way). Similarly a sidewalk network contains such non-spatial data as sidewalk 
segment name (really road segment name), length, width, surface type, and surface 
condition. Navigation data typically associated with road segments include POI 
(e.g., restaurant, gas station, and landmark). Navigation data associated with side-
walk segments include building address, ramp, and landmark.

Navigation data typically associated with road networks include weight on each 
road segment (e.g., distance, travel time) and navigation data associated with side-
walk networks include weight on each sidewalk segment (e.g., distance, elevation). 
Routing algorithms utilize navigation data either directly, as the weight, or indirect-
ly through a weight function to derive other weights for computing optimal routes.

Navigation databases that include road/sidewalk networks, segments, non-spa-
tial data, and navigation data are typically very large requiring large capacity stor-
age devices and efficient algorithms for data retrieval.

In general, road/sidewalk segments and associated non-spatial data and naviga-
tion data are used for retrieval and mapping functions and road/sidewalk networks 
and associated non-spatial data and navigation data are used for routing and direc-
tion functions.

Figure 2.5 shows an Entity-Relationship (ER) diagram for navigation databases 
that provide navigation assistance in outdoors with driving as mode of travel. As 
shown in the figure, road networks constitute the core of these databases. The main 
entities in this ER diagram are nodes, points, links, and POIs. Nodes, in road net-
works, are end points of road segments and are identified by Node_ID. A node is 
a point which has attributes such as Point_ID and coordinates (e.g., latitude and 
longitude). A series of points (excluding end points) construct the shape of a road 
segment. A link (road segment) has a variety of attributes such as Link_ID, length, 
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Fig. 2.4   Road and sidewalk networks within the University of Pittsburgh’s main campus. a Road 
network within the University of Pittsburgh’s main campus. b Pedestrian network within the Uni-
versity of Pittsburgh’s main campus. c Road network and pedestrian network overlaid
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street name, path type, slope, surface condition, width, and number of steps. POI 
is another entity that is a point and has such attributes as POI_ID, name, accessible 
entrance, category, and address.

Figure 2.6 shows an ER diagram for navigation databases that provide naviga-
tion assistance in outdoors with walking as mode of travel. As shown in the figure, 
sidewalk networks constitute the core of these databases. The main entities in this 
ER diagram are nodes, points, links, and POIs. Nodes, in sidewalk networks, are 
end points of sidewalk segments and are identified by such attributes as Node_ID 
and curb. A node is a point which has attributes such as Point_ID and coordinates 
(e.g., latitude and longitude). A series of points (excluding end points) construct the 
shape of a sidewalk segment. A link (sidewalk segment) has a variety of attributes 
such as Link_ID, length, street name, path type, slope, surface condition, width, 
and number of steps. POI is another entity that is a point and has such attributes as 
POI_ID, name, accessible entrance, category, and address.

Road and sidewalk network data are collected, maintained, and disseminated 
by different providers. Table 2.6 shows the providers of data for road and sidewalk 
networks which are government agencies or non-profit organizations, commercial 
mapping companies, and community mapping volunteers. An example of a govern-
ment agency that provides data for road networks in the United States is Census Bu-
reau; TIGER (Topologically Integrated Geographic Encoding and Referencing sys-
tem) is one product by the Census Bureau that contains data for navigation purpos-
es. An example of a non-profit organization that provides data for road network data 
is Pennsylvania Spatial Data Access (PASDA) in Pennsylvania, U.S. Examples of 
commercial mapping companies that provide data for road networks are NAVTEQ 
and Tele Atlas. Examples of community mapping volunteers are OpenStreetMap 
and Wikimapia. The data for sidewalk networks are often provided by local govern-
ment agencies, such as county and city. Examples of commercial mapping compa-
nies that provide data for sidewalk networks in some cities are NAVTEQ and Tele 
Atlas. An example of a community mapping volunteers is OpenStreetMap.

As for data collection approaches by government agencies and non-profit organi-
zations, satellite imagery, GPS data collection, mobile mapping systems, field sur-
vey and paper map digitization and scanning are common. These same approaches 
are also taken by commercial mapping companies. However, possible data collec-
tion approaches by community mapping volunteers are GPS data collection and 
online manual map digitization.

Advancements in satellite imagery and availability of high-resolution spatial and 
temporal satellite images have made image processing, to extract data/objects of 
interest, an attractive and active field of study in the geospatial community. Satellite 
imagery has become an essential source of data for GIS databases and navigation 
systems/services. Through automated and semi-automated techniques, data for road 
and sidewalk network databases can be extracted from satellite images. As shown in 
Table 2.5, governments, organizations, and commercial companies routinely utilize 
satellite imagery to collect geospatial data for road and sidewalk network databases. 
In particular, high-resolution images which provide details at the level appropri-
ate for data in navigation systems/services play a dominant role in collecting and 
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updating road and sidewalk network databases. Figure 2.7 (a)1 shows an example 
of a 1 m resolution satellite image and Figure 2.7 (b)2 shows an example of a 0.3 m 
resolution satellite image for the same area.

Quality of a road network or a sidewalk network is crucial in the operation of an 
outdoor navigation system/service as such networks constitute the foundation for 
many data processings and computations in navigation systems/services. Due to 
availability of various methods for collecting road data and of various techniques 
to generate a road network database, different map providers may provide map 
databases with significantly different qualities. Figure 2.8 shows two examples of 
road network data, obtained through three different sources (PASDA, TIGER/Line, 
and NAVTEQ), overlaid and verified with 0.305 m pixel resolution natural color or-
thoimages obtained from the United States Geological Survey. The accuracy of or-
thoimages is estimated not to exceed 3 m root mean square error (RMSE). TIGER/
Line has the lowest positional accuracy as shown in the figure where some street 
centerlines intersect buildings. NAVTEQ has a higher resolution and positional ac-
curacy (e.g., for representation of cul-de-sac features) than the other two sources as 
shown on the right image in Figure 2.8.

Table 2.7 shows the different types and sources of uncertainties in road and side-
walk networks. Three general sources of uncertainties are: geometry, topology, and 
attribute. Uncertainties associated with geometry in road and sidewalk networks 
are of three types: accuracy, completeness, and resolution. Uncertainties associated 
with topology in road and sidewalk networks are of two types: accuracy and com-

1  http://www.pasda.psu.edu/uci/MetadataDisplay.aspx?entry=PASDA&file=doq99_
pa.xml&dataset=1
2  http://www.pasda.psu.edu/uci/MetadataDisplay.aspx?entry=PASDA&file=pittsburghpa2005a_
orthoimagery.xml&dataset=603

Table 2.6   Map data providers for road and sidewalk networks
Data Providers Road Network Sidewalk Network Data Collection
Government 

Agencies
E.g., U.S. Census 

Bureau’s TIGER
Local government 

agencies: county, 
city

Satellite imagery;
GPS data collection;
Mobile Mapping Systems;
Field survey;
Paper map digitization and 

scanning

Non-Profit 
Organizations

E.g., Pennsylvania 
Spatial Data 
Access (PASDA)

Commercial 
Mapping 
Companies

E.g., NAVTEQ, Tele 
Atlas

E.g., NAVTEQ (some 
cities), Tele Atlas 
(some cities)

Satellite imagery;
GPS data collection;
Mobile Mapping Systems;
Field survey;
Paper map digitization and 

scanning
Community 

Mapping 
Volunteers

E.g., OpenStreetMap, 
Wikimapia

E.g., OpenStreetMap 
(some areas)

Online GPS data collection;
Online manual map 

digitization

2.2 Technologies



32

pleteness. Uncertainties associated with attribute in road and sidewalk networks are 
of two types: accuracy and completeness.

In road networks, examples of uncertainties associated with geometry under ac-
curacy type include inaccurate coordinates of nodes (e.g., the represented location 
of an intersection is very far from its true location) and inaccurate coordinates of 
points representing links (e.g., mismatch between the points forming a road seg-
ment and the true location of the road segment); examples of uncertainties associ-
ated with geometry under completeness type include missing nodes (e.g., an inter-
section is not stored in the database) and missing links (e.g., a road segment is not 
stored in the database); an example of uncertainties associated with geometry under 
resolution type is insufficient points representing segments (e.g., the small number 
of points on a road segment do not represent the true shape of the road segment).

In road networks, an example of uncertainties associated with topology under ac-
curacy type is incorrect connectivity at junctures (e.g., an intersection does not have 

Fig. 2.7   Example high-
resolution satellite images.  
a 1 m resolution. b 0.3 m 
resolution
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the correct connection to road segments); and an example of uncertainties associ-
ated with topology under completeness type is missing nodes (e.g., an intersection 
is not stored in the database).

In road networks, examples of uncertainties associated with attribute under ac-
curacy type are inaccurate name of a road segment, type of a road segment, and 
number of lanes in a road segment; examples of uncertainties associated with at-
tribute under completeness type are missing road segment, road segment type, and 
number of lanes in a road segment.

In sidewalk networks, an example of uncertainties associated with geometry un-
der accuracy type include inaccurate coordinates of nodes (e.g., a decision point is 
located in a wrong place) and inaccurate coordinates of points representing links 

Fig. 2.8   Digital road network 
data obtained through three 
different sources

2.2 Technologies
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(e.g., the points representing a sidewalk segment do not match the true location of 
the sidewalk segment); examples of uncertainties associated with geometry under 
completeness type are missing nodes (e.g., a decision point is not stored in the 
database) and missing links (e.g., a footpath is not included in the database); an 
example of uncertainties associated with geometry under resolution type is insuf-
ficient points representing segments (e.g., the small number of points on a footpath 
do not represent the true shape of the footpath).

In sidewalk networks, an example of uncertainties associated with topology un-
der accuracy type is incorrect connectivity at junctures (e.g., a decision point does 
not have the correct connection to sidewalk segments); an example of uncertainties 
associated with topology under completeness type is missing nodes (e.g., a decision 
point is not stored in the database).

In sidewalk networks, examples of uncertainties associated with attribute under 
accuracy are inaccurate name of sidewalk segment, side of the road to which side-
walk segment belongs and type of sidewalk segment; examples of uncertainties as-
sociated with attribute under completeness are missing name of sidewalk segment, 
side of the road to which sidewalk segment belongs and type of sidewalk segment.

2.3 � Functions

An outdoor navigation system/service performs a variety of functions, some are ob-
vious to users and some are performed in the background. Table 2.8 shows the main 
functions performed by most outdoor navigation systems/services.

Retrieval. The retrieval function is responsible for retrieval of data from the da-
tabase which contains spatial and attribute data. The input to the retrieval function 
is usually a POI name and the output, depending on the input, could be a location of 
an intersection or a POI address.

Map creation. The map creation function is responsible for creating a map us-
ing the centroid of an area (e.g., city), a POI location, or current location (obtained 
through geo-positioning sensors). This function needs all data including road/side-
walk networks, road/sidewalk segments, and attribute data.

Mapping. Once a map is created, the user is able to perform mapping functions. 
The mapping function allows user to zoom in, zoom out, and pan the created map. 
Similar to the map creation function, the input to the mapping function could be the 
centroid of an area (e.g., city), a POI location, or current location and the output is a 
new map. All available data including road/sidewalk networks, road/sidewalk seg-
ments, and attribute data are needed for this function.

Geocoding. The geocoding function is responsible for computing the coordi-
nates of an address or a POI. The input to the geocoding function often is a POI 
address and the output is the location of the POI address on the map. The geocoding 
process in most cases involves an interpolation scheme whereby spatial information 
about the end nodes of road/sidewalk segments (i.e., coordinates of end points), 
the geometry of the segment (i.e., series of coordinates forming the shape of the 

2.3 Functions
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segment), and the address ranges on both sides of the segment (i.e., start and end 
addresses on each side of the segment) are used to estimate the location of a given 
address. The data needed for the geocoding function includes POI address, road/
sidewalk segments, and attribute data.

Geocoding is a common function in outdoor navigation systems/services as well 
as other applications and services such as Web Mapping Services (WMSs), e.g., 
Google Maps, that provide navigation assistance. Results of geocoding by differ-
ent WMSs are illustrated in Figure 2.9. Figure 2.9 (a) shows a geocoded location 
from Google’s street geocoding service where the geocoded point is on the side of 
the building’s main entrance. Figure 2.9 (b) shows multiple locations of an address 
geocoded through different geocoding services.

A reference database upon which a geocoding algorithm geocode addresses, 
through interpolation, plays an important role in the process. Street centerlines con-

2.3 Functions

Fig. 2.9   Example geocoding 
results by different services. 
a Geocoding by Google. 
b Geocoding by multiple 
services
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stitute the core of such reference databases. Geometrical accuracy of street center-
lines directly influences positional accuracy of geocoded points since coordinates 
along street centerlines are used for calculating street length and interpolating ad-
dresses. Figures 2.10 (a) and (b) illustrate a street centerline with low and high 
accuracy, respectively. Street resolution, which is the sampling frequency of shape 
points along each segment, is another source of errors. Low-resolution sampling 
results in a coarse representation of the actual street and a rough estimate of the total 
length of the segment, as shown in Figure 2.10 (c), while high-resolution sampling 
results in lines close to actual streets, as shown in Figure 2.10 (d). Low-resolution 
reference databases are susceptible to higher errors compared to high-resolution 
reference databases.

Geocoding addresses using street information is called street geocoding, which 
is the technique in most current geocoding software and tools. An alternative 
geocoding technique is called rooftop geocoding where coordinates of centroids 
of buildings and monuments are used to geocoded addresses. However, since 
rooftop geocoding requires as many centroids as possible in the geographic extent 
of interest which are currently unavailable in GIS databases, most existing appli-
cations, including navigation, are based on street geocoding. In general, rooftop 
geocoding produces less matched (due to lack of available centroid coordinates 
in GIS databases) but more accurate (due to preciseness of centroid coordinates) 
results than street geocoding where it produces more matched (due to availability 
of street information in GIS databases) but less accurate (due to impreciseness of 
information on streets) results.

Fig. 2.10   Example street centerline modeled at different levels of accuracy and resolution. 
a Low accuracy b High accuracy c Low resolution d High resolution

Actual street centerline Modeled street centerline

Actual street centerline
Modeled street centerline

Actual street centerline

Modeled street centerline

Modeled street centerline

a b

c d

Actual street centerline
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Destinations in navigation systems/services can be obtained through on-the-fly 
geocoding or previously geocoded and stored data, thus susceptible to errors due to 
uncertainties in geocoding process and map database. Incorrect geocoding, on-the-
fly or stored, results in wrong locations of addresses as destinations and undesired 
routes. Figure 2.11 shows two routes, one from origin A to the correct location of 
a destination, and another from origin A to an incorrect location of the destination 
estimated by geocoding.

Routing/Rerouting. The routing function is responsible for computing optimal 
routes, based on a pre-determined criterion, between pairs of origin-destination ad-
dresses. The origin could be entered by the user or current user’s location obtained 
through geo-positioning sensors. The output is the computed route highlighted on 
the map. The main data needed for the routing function is the road/sidewalk net-
work within the geographic extent of interest (this can be determined by the area 
that covers both origin and destination locations) which provides the topology of 
the network, a requirement by all routing algorithms. Today’s navigation systems/
services allow different routing criteria such as shortest distance, fastest travel time, 
least intersections, and no tolls among others. An extension to the routing function 
is rerouting which, depending on the situation (e.g., deviation from the computed 
route), re-computes a new route from user’s current location, as the origin, to the 
destination.

In general, routes in navigation systems/services could be computed through ex-
act algorithms or heuristic algorithms. Exact algorithms are those algorithms that 
consider all possible options between pairs of origin and destination addresses to 
find optimal solutions. Heuristic algorithms are those algorithms that are based on 
rule-of-thumbs (shortcuts) to find good solutions between pairs of origin and desti-
nation addresses. In other words, exact algorithms consider the entire solution space 
(i.e., all possible routes) to find optimal solutions and heuristic algorithms consider 
a portion of the solution space (i.e., a subset of all possible routes), to find solutions 

2.3 Functions

Fig. 2.11   Two routes from single origin to two different locations
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which may not necessarily be optimal. Factors affecting choice of exact or heuris-
tic algorithms for navigation systems/services include acceptable response time, 
networks size, and computational power. Acceptable response time is an important 
factor in navigation systems/services for computing routes, especially rerouting that 
is typically computed in real time while the vehicle is moving. Network size is de-
termined by the total number of nodes (e.g., intersections) in a network. In general, 
the larger the number of nodes, the longer the computation will be. Computational 
power of a navigation device is another factor that impacts performance of rout-
ing and rerouting. Figure 2.12 illustrates an example of an optimal route (in blue) 
computed by an exact algorithm and an example of a good (non-optimal) route (in 
red) computed by a heuristic algorithm. In this example, the strategy by the heuris-
tic algorithm is to trim the entire network (solution space) to a smaller network (a 
window around the origin and destination locations as shown in Figure 2.12). By 
using the sub-network (the network within the window), the heuristic algorithm 
only considers some of the routes surrounding the origin A and the destination B 
locations to find a solution, which may be acceptable but not optimal.

Other than incorrect geocoded destination addresses, which are of geometrical 
errors, topological errors and attribute errors in networks result in incorrect routes 
as well. Figure 2.13 shows an example where the computed shortest route (in blue) 
is different and longer, due to topological errors (e.g., a road segment is incorrectly 
stored as dead-end), than the actual shortest route (in red). Figure 2.14 shows an ex-
ample where attribute errors (e.g., incorrect road segment orientation, one- or two-
way) result in a route which is different and longer than the actual shortest route.

Fig. 2.12   An optimal route computed by an exact algorithm and a non-optimal route computed 
by a heuristic algorithm

2 Outdoor Navigation

                  



41

Tracking. The tracking function is responsible for the continuous monitoring of 
user’s location in real time. The input to the tracking function is the position data ac-
quired continuously from geo-positioning sensor(s) at a fixed interval (time or dis-
tance) where it is used for map matching. The output is the real-time location of the 

Fig. 2.13   An example of an incorrect route due to topological errors

2.3 Functions

                  

Fig. 2.14   An example of an incorrect route due to attribute errors
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user displayed on the map traveling, on a road segment or sidewalk segment. The 
data needed in the tracking function include road/sidewalk networks, road/sidewalk 
segments, and attribute data. The key to the tracking function is the map matching 
algorithm which performs two tasks: (a) finding the segment (road/sidewalk) on 
which the user is and (b) finding the precise location of the user on the segment. 
There are many map matching algorithms, but they all are based on one of the three 
fundamental approaches: point-to-point, point-to-curve, and curve-to-curve. There 
are advantages and disadvantages with each of these approaches and map matching 
algorithms based on these approaches tend to exploit their advantages while over-
coming their disadvantages.

For illustrative purposes, in Figure 2.15 results of two map matching approaches, 
point-to-point and point-to-curve, are highlighted. It is assumed in this figure that 
a vehicle is travelling on segments AB and BD and the position data obtained from 

Fig. 2.15   Examples of 
map-matched results using 
different algorithms. a Point-
to-point map matching.  
b Point-to-curve map 
matching

2 Outdoor Navigation

                  



43

geo-positioning sensors are indicated by P1 to P7. The map-matched results of the 
point-to-point approach in Figure 2.15 (a) show that the vehicle travels from AB to 
BE to EH and to BD. The map-matched results of the point-to-curve approach in 
Figure 2.15 (b) show that the vehicle travels from AB to BE and to BD. Both algo-
rithms produce incorrect results for P3 and P4.

Direction. The direction function uses the computed route to provide instruc-
tions on how to travel from the origin to each segment of the route to reach the desti-
nation. The input to the direction function is a route and the output is a set of instruc-
tions to navigate on the route displayed on the map and/or presented through voice. 
The set of instructions basically utilizes information on intersections, distances on 
road segments, and landmarks. The input to the direction function includes road/
sidewalk networks, road/sidewalk segments, and attribute data.

Direction generation refers to the process of generating step-by-step instructions 
for a given route, which involves two main steps. First, instructions are generated 
for the entire route from origin to destination. This information is usually delivered 
to the user as text. Figure 2.16 shows an example of such directions. Second, the 
instructions generated in the first step are presented to the user turn-by-turn in real 
time, using the tracking function, based on vehicle’s position.

In general, navigation, and consequently directions, could be simple or complex. 
Factors impacting directions to be simple or complex include navigation environ-
ment (structure and density), route length, route complexity in terms of decision 
points, and user’s familiarity with the navigation environment. Figures 2.17 (a) and 
(b) show examples of routes and directions on them. In Figure 2.17 (a) direction is 
simple as only one road segment exists in the computed route, whereas in Figure 
2.17 (b) direction is complex as there are many decision points where the user must 
make decision.

Each step of direction generation introduces some uncertainties, mainly associ-
ated with road attributes, to the resultant directions. The main sources of errors in 
the first step of direction generation are segment name and segment length. The 
sources of errors in the second step of direction generation are associated with ve-
hicle’s position determination at each time epoch using map matching and distance 

2.3 Functions

Fig. 2.16   Example direction 
generated between a pair of 
addresses
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estimation to the next decision point based on vehicle’s position, speed, and current 
road segment length. Figure 2.18 shows an example of generated directions with an 
incorrect street name.

Fig. 2.18   An example of 
direction errors due to incor-
rect street name

2 Outdoor Navigation

                  

Fig. 2.17   Example directions. a Simple directions. b Complex directions

Road Aa

b
Road A

Road C Road G

Origin

2km 1km 2km

Road E

Road B Road D Road F Road H
2km2km

2km4km

2km2km

Road I

10km

Destination

Destination

1. Go straight forward on road A for 10km

1. Go straight forward on road A for 2 km

3. Go straight forward on road B for 2 km
2. Turn right on road B

4. Turn left on road C
5. Go straight forward on road C for 4 km
6. Turn left on road D
7. Go straight forward on road D for 2 km

9. Go straight forward on road E for 1 km
8. Turn right on road E

11. Go straight forward on road F for 2 km
10. Turn right on road F

13. Go straight forward on road G for 2 km
12. Turn left on road G

17. go straight forward on road I for 2 km
16. Turn right on road I
15. Go straight forward on road H for 2 km
14. Turn left on road H
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2.4 � Static and Dynamic Navigation

Outdoor navigation systems/services can operate either in static mode or in dy-
namic mode. In static mode (or stand-alone mode), the navigation system/service 
uses only the data stored in its database and it has no access to real-time information 
such as traffic, weather, or accidents. Rerouting in static mode occurs only when the 
user deviates from the computed route, in which case the new location of the user is 
used to compute a new route to the destination.

In dynamic mode, in addition to the stored database the navigation system/ser-
vice has access, through a wireless communication system, to remote resources. 
Such remote resources could be real-time weather information, real-time traffic up-
dates, real-time road accidents, among others, within the traveling range. Rerouting 
in dynamic mode may occur when the user deviates from the computed route or 
when new real-time information affecting the travelling route is made available to 
the system/service. In this case, the navigation system/service uses the current loca-
tion of the user to compute a new route (which may contain a portion of the original 
route computed at the start of the trip) by taking into account the newly acquired 
real-time information. For example, if user’s preference for routes is least congest-
ed, then the navigation system/service capable of dynamic mode will continually 
check for traffic information on the upcoming segments of the original computed 
route. If the information it receives indicates congestion on the segments that the 
user is about to reach, it re-computes a new route to the destination, replaces it with 
the original computed route and presents it to the user.

2.5 � User

The technologies and techniques that are appropriate for outdoor navigation were 
discussed in the previous sections. In this section, we focus on usability, another 
important aspect of navigation systems/services. Usability in outdoor navigation 
systems/services is defined as the accessibility of navigation functions and features 
by its users. Given that outdoor navigation systems/services can benefit from a wide 
range of hardware and technologies and that the demand for navigation systems/
services is continually increasing, navigation vendors are paying more attention 
to the usability aspect of their products. For an outdoor navigation system/service 
to be able to provide appropriate guidance, it is required that it supports various 
features such as map representation, navigation situations, purpose of trip, and user 
preferences. Table 2.9 shows the usability features for different modes of travel in 
outdoor navigation systems/services.

In Table 2.9 users are categorized based on mode of travel, (i.e., car/motor driv-
er, pedestrian, bike rider, and wheelchair rider). For each group, map presentation, 
navigation situation (static or dynamic), purpose of trip, and user preferences with 
respect to POI, route, and map presentation are analyzed and described below.

2.5 User



46

M
od

e 
of

 
Tr

av
el

M
ap

 P
re

se
nt

at
io

n
N

av
ig

at
io

n 
Si

tu
at

io
n

Pu
rp

os
e 

of
 

Tr
ip

U
se

r P
re

fe
re

nc
es

St
at

ic
D

yn
am

ic
R

ou
te

PO
I

M
ap

 P
re

se
nt

at
io

n
D

riv
er

/ M
ot

or
 

rid
er

St
re

et
s;

 R
oa

ds
; 

La
nd

m
ar

ks
Sa

fe
ty

; T
ol

l
Tr

af
fic

; W
ea

th
er

; 
Ti

m
e;

 
A

cc
id

en
t; 

R
ou

te
 u

nd
er

 
co

ns
tru

ct
io

n 

C
om

m
ut

e
Sh

or
te

st
 p

at
h;

 F
as

te
st

 ti
m

e;
 

Le
as

t i
nt

er
se

ct
io

ns
; 

Av
oi

d 
to

lls
; L

ea
st

 le
ft 

tu
rn

s;
 S

af
e 

ro
ut

e;
 L

ow
 

co
ng

es
tio

n

O
ffi

ce
; S

ch
oo

l; 
H

om
e;

 L
ib

ra
ry

Vo
ic

e/
te

xt
 d

ire
ct

io
ns

; C
ol

or
; 

B
rig

ht
ne

ss
; S

cr
ee

n 
si

ze
; 

Fo
nt

 si
ze

; M
ap

 sc
al

e;
 

Se
le

ct
ed

 P
O

Is

Em
er

ge
nc

y
Sh

or
te

st
 p

at
h;

 F
as

te
st

 ti
m

e;
 

Lo
w

 c
on

ge
st

io
n

H
os

pi
ta

l; 
C

lin
ic

; 
Ph

ar
m

ac
y

Le
is

ur
e

Sc
en

ic
 ro

ut
e;

 A
vo

id
 to

lls
; 

Sa
fe

 ro
ut

e;
 L

ow
 

co
ng

es
tio

n

R
es

ta
ur

an
t; 

B
ar

; 
Sh

op
pi

ng
 m

al
l

Pe
de

st
ria

n
Si

de
w

al
k;

 B
ui

ld
-

in
gs

; L
an

dm
ar

ks
Sa

fe
ty

W
ea

th
er

; T
im

e;
 

R
ou

te
 u

nd
er

 
co

ns
tru

ct
io

n

C
om

m
ut

e
Sh

or
te

st
 p

at
h;

 S
af

e 
ro

ut
e

O
ffi

ce
; S

ch
oo

l; 
H

om
e;

 L
ib

ra
ry

Vo
ic

e/
te

xt
 d

ire
ct

io
ns

; C
ol

or
; 

B
rig

ht
ne

ss
; S

cr
ee

n 
si

ze
; 

Fo
nt

 si
ze

; M
ap

 sc
al

e;
 

Se
le

ct
ed

 P
O

Is
; U

ns
af

e 
ne

ig
hb

or
ho

od
 

Le
is

ur
e

Sa
fe

 ro
ut

e;
 S

ce
ni

c 
ro

ut
e

Sh
op

pi
ng

 c
en

te
r; 

R
es

ta
ur

an
t; 

Pa
rk

; 
B

oo
ks

to
re

B
ik

e 
R

id
er

St
re

et
s;

 R
oa

ds
; S

id
e-

w
al

ks
; B

ui
ld

-
in

gs
; L

an
dm

ar
ks

Sa
fe

ty
; T

ol
l

W
ea

th
er

; T
ra

f-
fic

, T
im

e;
 

A
cc

id
en

t; 
R

ou
te

 u
nd

er
 

co
ns

tru
ct

io
ns

C
om

m
ut

e
Sh

or
te

st
 p

at
h;

 L
ea

st
 

in
te

rs
ec

tio
ns

; L
ea

st
 

le
ft 

tu
rn

s;
 R

ou
te

 w
ith

 
fe

as
ib

le
 sl

op
e;

 S
af

e 
ro

ut
e

O
ffi

ce
; S

ch
oo

l; 
H

om
e;

 L
ib

ra
ry

Vo
ic

e/
te

xt
 d

ire
ct

io
ns

; C
ol

or
; 

B
rig

ht
ne

ss
; S

cr
ee

n 
si

ze
; 

Fo
nt

 si
ze

; M
ap

 sc
al

e;
 

Se
le

ct
ed

 P
O

Is
; U

ns
af

e 
ne

ig
hb

or
ho

od
s 

Le
is

ur
e

Le
as

t i
nt

er
se

ct
io

ns
; L

ea
st

 
le

ft 
tu

rn
s;

 R
ou

te
 w

ith
 

fe
as

ib
le

 sl
op

e;
 S

af
e 

ro
ut

e;
 S

ce
ni

c 
ro

ut
e

Sh
op

pi
ng

 c
en

te
r; 

R
es

ta
ur

an
t; 

Pa
rk

; 
B

oo
k 

st
or

e

W
he

el
ch

ai
r 

R
id

er
Si

de
w

al
k;

 B
ui

ld
in

gs
; 

La
nd

m
ar

ks
; 

In
ac

ce
ss

ib
le

 
ro

ut
es

Sa
fe

ty
; 

Sl
op

es
; 

C
ur

bs
; 

St
ep

s

Tr
af

fic
;W

ea
th

er
; 

Sa
fe

ty
; 

O
bs

ta
cl

es

C
om

m
ut

e
Sh

or
te

st
 p

at
h;

 L
ea

st
 le

ft 
tu

rn
s;

 R
ou

te
 w

ith
 fe

a-
si

bl
e 

sl
op

e;
 S

af
e 

ro
ut

e;
 

Av
oi

d 
ob

st
ac

le
s;

 A
vo

id
 

cu
rb

s;
 A

vo
id

 st
ep

s

O
ffi

ce
; S

ch
oo

l; 
H

om
e;

 L
ib

ra
ry

Vo
ic

e/
te

xt
 d

ire
ct

io
ns

; C
ol

or
; 

B
rig

ht
ne

ss
; S

cr
ee

n 
si

ze
; 

Fo
nt

 si
ze

; M
ap

 sc
al

e;
 

Se
le

ct
ed

 P
O

Is
; U

ns
af

e 
ne

ig
hb

or
ho

od
s;

 In
ac

ce
ss

ib
le

 
ro

ut
es

 

Ta
bl

e 
2.

9  
U

sa
bi

lit
y 

fe
at

ur
es

 in
 o

ut
do

or
 n

av
ig

at
io

n 
sy

st
em

s/
se

rv
ic

es

2 Outdoor Navigation



47

Map presentation: Maps play a major role in an outdoor navigation system/
service as they are the media with which users interact the system/service. A map 
for navigation purposes must provide the right amount of information, as both in-
complete and excessive information may confuse the user; present the orientation 
dynamically in the direction of travel; and display each set of different objects in 
a different color. These parameters may be computed and presented differently for 
each mode of travel. For example, for car/motor drivers, road networks along with 
relevant objects (e.g., landmarks) on or around road segments that assist in naviga-
tion are appropriate. For pedestrians, sidewalk networks and relevant objects (e.g., 
buildings and landmarks) on or around sidewalk segments are appropriate. For bike 
riders, since the user may ride on both roads and sidewalks, the presentation may 
include both road networks and relevant objects on road segments and sidewalk 
networks and relevant objects on sidewalk segments. In areas where bike riders 
are required to bike only on designated paths, the presentation must include only 
such paths and relevant objects on them. For wheelchair riders, sidewalks, build-
ings, landmarks, and accessible routes must be presented. Due to the impediments 
in passing inaccessible routes, such as curbs, steps, obstacles, and slopes with more 
than a specific amount, by wheelchair riders, the map either must not present them 
at all or present them in such a way that are not confusing to wheelchair riders.

Building a navigation system/services that is capable of representing maps ap-
propriate for each mode of travel as discussed above is complex, which is why most 
current navigation systems/services are designed for one mode of travel, though 
new navigation systems/services that are multi-modal are emerging.

Navigation situation: One way to analyze navigation situations for each mode 
of travel is categorizing them into one of two groups: static and dynamic. Static 
navigation situations are situations which affect user preferences and do not change 
over time. Dynamic navigation situations are those which are temporary (i.e., 
changing over time). For drivers and motor riders, safety and tolls are considered 
as static situations, whereas weather, accidents, roads under construction, and road 
side development are considered as dynamic situations. For pedestrians, safety is 
considered as static navigation situation, and weather, time of day, sidewalks under 
construction are considered as dynamic situations. For bike riders, since they can 
ride on both roads and sidewalks, navigation situations are the combination of those 
for drivers/motor riders and pedestrians. For wheelchair riders, safety, slopes, curbs, 
and steps are considered as static navigation situations, and traffic, weather, safety, 
and obstacles are considered as dynamic situations.

Purpose of trip: User’s preferences usually vary based on purpose of trip. One 
may prefer to take a different route while commuting than a route between the same 
origin and destination locations when purpose of trip is leisure. For instance, con-
sider a restaurant next to a user’s office. The user drives from his/her house to the 
office everyday, a specific time, which may be during rush hours, impacting his/her 
preferences with respect to fastest, shortest or least congested route. However, when 
going to the restaurant next to his/her office during the weekend, his/her preference 
might be a scenic route which could be even a longer route.

2.5 User
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User’s preferences can be categorized (see Table 2.6) based on three different 
purposes of trip for drivers/motor riders (i.e., commute, emergency, and leisure), 
two purposes of trip for pedestrian and bike riders (i.e., commute and leisure), and 
one purpose of trip for wheelchair riders (i.e., commute). For each purpose of trip, 
user’s preferences for routes and POIs are identified. For drivers and motor riders 
there are several preferences such as shortest, fastest, least turns, non-toll, least left 
turns, safest, or least congested route when commute is purpose of trip. Typical 
everyday POIs include office, school, home, and library. In emergency situations, 
since time is of the essence, shortest, fastest, and least congestion routes are usu-
ally preferred. Typical emergency POIs include hospital, clinic, and pharmacy. In 
addition, preferences for trips chosen as leisure are determined as scenic, non-toll, 
safest, and least-congested routes. Typical leisure POIs include restaurant, bar, and 
shopping mall.

Likewise, as Table 2.6 shows, preferences for pedestrians, bike riders, and 
wheelchair riders are determined based on purpose of trip. However, these prefer-
ences are not confined to those aforementioned, and also may vary user by user. The 
complexity of an outdoor navigation system/service is affected by different needs 
and preferences they address.

User’s preferences presented on maps are usually independent of purpose of trip. 
These preferences are roughly the same for each mode of travel with minor differ-
ences. Regardless of mode of travel and purpose of trip, each user has some prefer-
ences for receiving directions (via voice or text) and presenting color and bright-
ness, font size, map scale, and screen size of the device. However, for presenting 
upcoming POIs and landmarks, users often prefer to be notified of the ones which 
are related to their purpose of trip (e.g., parks in leisure and hospitals in emergency 
situations). Moreover, for pedestrians, bike riders, and wheelchair riders presenting 
unsafe neighborhoods and inaccessible routes for wheelchair riders would be useful.

2 Outdoor Navigation

Fig. 2.19   Computed route on a road network
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Figure 2.19 shows an example of a route for outdoor navigation. In this figure 
the computed route between A and B locations are highlighted on a road network of 
the navigation environment.

Figure 2.20 shows an example of a route for outdoor navigation. In this figure the 
computed route between A and B locations are highlighted on a sidewalk network 
of the navigation environment.

Table 2.10 shows a sample of navigation systems/services currently in the mar-
ket. Navigation vendors featured in this table are Garmin, TomTom, Magellan, and 
Pioneer. In this table, the products by each navigation vendor along with their gen-
eral characteristics are highlighted.

2.6 � Summary

In this chapter, characteristics, technologies, and techniques of outdoor navigation 
systems/services are discussed. The main technologies in navigation systems/ser-
vices are geo-positioning, wireless communication, and database. Of the possible 
geo-positioning sensors, GNSS, currently GPS, is the main geo-positioning sensor 
for outdoor navigation. GPS and its uncertainty are described. Wireless communi-
cation systems and their use in outdoor navigation systems/services are discussed. 
Road and sidewalk networks, composed of road/sidewalk segments, constitute the 
core of data in outdoor navigation systems/services. The main functions performed 
by today’s modern outdoor navigation systems/services are POI retrieval, map cre-
ation, geocoding, routing/rerouting, and tracking. Static and dynamic navigation, 
users, and routing options in outdoor navigation systems/services are described.

2.6 Summary

Fig. 2.20   Computed route on a sidewalk network
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Company Product Name/Model General Characteristics URL
Garmin nüvi® 3790T

Versions:
nüvi® 3790T
nuvi 3790T, Europe, 

Premium traffic
nuvi 3790T, Europe, 

Premium traffic
nuvi 3790T, Austraila 

and New Zealand, 
Premium traffic

nuvi 3790T, Russia
nuvi 3790, Arabic

Map coverage: North Amer-
ica; Europe; Australia; 
New Zealand; Middle East

4.3" diagonal multi-touch glass 
display

Dual orientation (horizontal, 
vertical)

nüRoute technology with traffic-
Trends& MyTrend

3D Building & terrain view
Lane assist with junction view
Hands-free calling
Subscription-free traffic alert
Voice command
Navigate city transit
Calculate more fuel-efficient route
Track fuel usage
Measurement & currency 

conversions
Emergency locator
Anti-theft
Nearly 6 million POIs

https://buy.garmin.
com/shop/shop.
do?cID 
=134&pID
=63940

TomTom GO 950 LIVE Map coverage: Western & central 
Europe, USA, Canada

Hands-free calling
Enhanced positioning technology 

(uninterrupted navigation even 
in tunnels, etc.)

IQ Routes technology
Advanced lane guidance
Local search with Google
Live snapshots
QuickGPSfix
Speed Cameras
Weather condition and forecast
4.3" touchscreen
Map Share technology to correct 

maps & benefits from other 
users’ corrections

Provide real-time traffic
Compute fuel-efficient routes
Provide latest fuel price
Emergency menu

http://www. 
tomtom.
com/en_gb/
products/car-
navigation/
go-950-live/
index.jsp

Table 2.10   Sample navigation services
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