
ABSTRACT 

KHOKHAR, SARFRAZ. Mobility Profiling for Mobile Trajectory Based Services. (Under the direction 
of Prof. Arne A. Nilsson). 

There has been extensive research and development on Location Based Services (LBS). The location in 

this context is either, an exact mobile location or a large area, cell, or several cells, referred to as a 

location area (LA). The focus is on the present location of the mobile user. The focus of our research is 

on the mobility profile of a mobile user in the form of spatiotemporal distribution, i.e., a traveled 

trajectory.  The profile consists of the mobility of each day of the week.  A variety of personalized 

services can be built on each user’s profile, hence the birth of another class of mobile services; we 

named it Mobility Trajectory Based Services (MTBS). All of the location estimation techniques use air 

resources extensively. With the implementations of MTBS, the location estimation signaling takes place 

only during profiling.  There are two major challenges in profiling the mobility of a mobile user: 1) 

location estimation error, and 2) location estimation polling frequency. The required estimated location 

accuracy is different for different LBS. Some services require an accurate location, whereas some would 

work with cell ID information. We investigate the suitability of location estimation technologies for 

mobility profiling.  We propose an adaptive polling method, such that the polling is not so frequent as 

to overburden the air resources unnecessarily, and it is not so sparse that it leads to an ambiguous and 

erroneous mobility profile. The polling method includes a new map-matching scheme based on the 

previous location, map topology, and travel time from one intersection to the other. To deal with the 

difficult problem of identifying candidate road segments within the feasible area, we propose geodesic 

candidacy conditions. We use point-to-line map-matching technique to translate the raw erroneous 

location points onto a road on the map. Instead of correcting each location point, our focus is on 

matching the estimated trajectory to the actual one, selecting from a set of possible trajectories from a 

GIS (Geographical Information System) map.  Such maps are available for most of the developed 

world. So, from raw, moderately polled location points with time stamps, we shall form the 

spatiotemporal trajectory for a mobile user. A set of such trajectories for all days of the week would 

form a mobility profile, on which a plethora of MTBS could be provisioned using the proposed MTBS 

architecture and provisioning protocols. 
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Chapter 1 
 
Introduction 

The location specific services came to usage with the deployment of NAVSTAR GPS (Navigation 

Signal Timing and Ranging Global Positioning System), commonly called, Global Positioning Systems 

(GPS), by the US Department of Defense in the 70’s.  Initially the services were exclusively for military 

purposes.  In 1984 the US government granted GPS civilian access, however with an intentional error, 

called selective access.  In May 2000, selective access was removed and the civilian began enjoying 

relatively lower error positioning systems [1]. Within the last few years there has been a massive surge 

of interest in yet another positioning methodology and applications that could use the positioning 

information using cellular networks and handsets. The reasons for this surge is mainly because  new 

wireless positioning technologies have the capability of alleviating the shortcomings of GPS, such as 

high power consumption,  slow-to-acquire initial position, and  legislation in the United States requiring  

cellular phones operators to provide location information to 911 call centers.  A large proportion of the 

911 calls come from cellular phones. The FCC mandate (docket 94-102) [2] requires mobile network 

operators to provide positional information to emergency services accurate within 125 meters. This 

regulatory requirement provided a stimulus for the commercial development of wireless positioning 

technologies and applications built on them, hence the birth of location based services (LBS). Mutual 

advances in location determination and geo-spatial technologies have provided a rich platform to 

develop mobile LBS [3]. Within the context of LBS, mobile wireless communication and geo-spatial 

database go hand in hand. 

 

 

The term Location Based Services (LBS) refers to mobile services in which the user location 

information is used in order to add value to the service as a whole. For example, a business traveler 

arrives in a new city at 6 a.m. She is scheduled to have a meeting at 8 a.m. in a local office building. 

On the way to the meeting, preferably by a public transport, she would like to have breakfast, 

preferably an espresso and a bagel, read a newspaper, and buy batteries for her pager. Through her 

mobile phone the business traveler connects to one of the LBS, which suggests a way to do all of 

these tasks, taking into consideration her time constraints and personal preferences. Other common 
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LBS are locating the nearest point of interest (directory assistance), navigation aids, security, 

advertisement, dating, location specific promotion, safety, and entertainment. We shall cover LBS in 

greater detail in the following chapters. 

 

In a mobile network, the user’s location information, in x-y coordinates on a map, is determined by any 

given location determination technology, such as  time of arrival (TOA), time difference of arrival 

(TDOA), angle of arrival (AOA), time advance (TA), Cell-ID, and assisted-GPS (A-GPS). These 

technologies usually require modifications in either the networks or the mobile phones, and in some 

cases, in both. LBS have generated a lot of interest in recent years, as a new source for mobile operators 

to enhance their service offering, thus potentially increasing revenues. LBS are achieved with the exact 

information of a user’s location in real time with personalized setup and location sensitivities. These 

services are based on wide range of accuracies of the location. Some services may require an almost 

exact position, whereas others can be built on RF segment, cell, or even location area (several cells) 

information. However, all such services are based on points (exact locations) and areas (cell or location 

areas, city, or even country). 

 

We focus on the methodology that could provide location services that are based on the exact 

trajectory (mobility profile) of a mobile user. This is a new area of research.  We investigate suitability of 

underlying location determination technologies. The challenge is the location accuracy. It is very 

improbable to generate a user’s exact trajectory with a high-error underlying technology like TA, or 

even some implementations of TOA and TDOA. There is a plethora of services that could be based on 

the information on the mobility profile of a user. Mobility models studied in the literature and some 

used in location management (IS-41) can do very little to develop a mobility model for each individual 

user. The logical approach is to use the mobility traces.  

 

From a mobility perspective one can divide the mobile users into three categories: unpredictable users, 

partially predictable users, and predictable users. Most users will fall under the last two categories. We 

are focusing on the predictable users, which form a quite large portion of the mobile community. Such 

users shall be associated with a respective trajectory, a spatiotemporal distribution, per day of the week.  

In our mobility model, the mobile user’s activity varies for each day of the week, but remains the same 

for the same days of the week.  If a user has a similar mobility (trajectory) for two or more days of the 

same week, it is a special case of our mobility model. 
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Mobility profiling gives birth to a new direction in LBS; we called them Mobile Trajectory Based 

Services (MTBS).  These services are based on spatiotemporal distribution. Each point is the 

distribution of the form (x,y,t), where x,y are location coordinates and t is the time stamp associated 

with the location.  MTBS could use a user’s trajectory of the day and estimate where the user is likely to 

be, on the trajectory at some future times. For this reason, some of these services could be referred as 

Future Location Based Services (FLBS).  For a comparison between LBS and MTBS for the same 

service, consider the following example: You are passing by a Sears department store and you receive a 

soft promotional coupon on your phone from the store. They are offering you  a matching shirt to a 

jacket you bought some time ago. However, with MTBS the same service could be extended well in 

advance. A similar coupon could be solicited while you are on the beginning of the trajectory, or even 

while you are still at home.  Some MTBS can be built on just the spatial part of a trajectory, for 

example, optimal path suggestion. Figure 1.1 shows a conceptual comparison of LBS and MTBS. 

 

 
                                 Figure 1.1: A conceptual comparison of LBS and MTBS 
 

1.1 Challenges in Mobility Profiling  
A cellular-based location takes advantage of the existing transceivers, communication bandwidth, two-

way messaging, and well established infrastructure. Mobility profiling cuts the usage of air resources 

which LBS have to use extensively. This is the most attractive characteristic of future location 

techniques such as trajectory profiling. There are several technologies for mobile location estimation.  

Most of the published and in-use methods are time-based. For example TOA, TDOA, enhanced 

observed time difference (E-OTD), and; TA. The location is estimated based on radio signal travel 

time. All technologies are based on knowing where existing reference points (cellular radio base 

stations) are, and then relating them using propagation time from one end  (mobile station or base 

station)  to the other (base station or mobile station).  
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Collectively, TOA, TDOA, and; OTD are referred to as time-based methods. In TOA, the network 

measures the time of receipt of a transmission from the mobile. This time is measured at three or more 

base stations. The network can convert these times into distances and triangulate on the result. Time 

difference of arrival (TDOA) has been the preferred technology of choice for high-accuracy location 

systems since the advent of radar. TDOA systems operate by placing location receivers at multiple sites, 

geographically dispersed in a wide area; each of the sites has an accurate timing source. The differences 

in time stamps are then combined to produce intersecting hyperbolic lines from which the location is 

estimated. The most popular method to estimate TDOA is through the use of cross-correlation, in 

which the received signal at one base station (BS) is correlated with the received signal at another BS. 

The global positioning system is a TOA-based system, as are most of the systems proposed for the 

Location and Monitoring Service (LMS) band recently allocated by the FCC. However, the position 

estimation is done in the handset. It is referred as OTD (Observed Time Difference). OTD relies on 

installing location management units (LMUs) at known locations that can measure signal timings from 

cells. The signal timings from a minimum of three cells to the device are also measured. These timings 

can be combined to work out the distance of the user from each of the cells. This distance can then be 

used to triangulate a position. 

 

Since the propagating signals travel with the speed of light,  anomalies such as minor interference and 

reflection because of non-line-of-sight or multipath result in an erroneous time of travel estimation, and 

hence the wrong distance. This leads to an erroneous location point determined by the underlying 

technology. For AOA, non-line-of-sight causes the wrong angle measurement and results in erroneous 

location. Since we are focusing on the trajectory, we form a spatiotemporal distribution with these 

location points. The location coordinates in this distribution are erroneous, hence we get a trajectory 

which may resemble in shape the true trajectory, to some degree, but its course is different. Since we are 

interested in the true course of the mobile user with time stamps on specific location points, we must 

correct the course of the trajectory. Another important factor is the location polling frequency. A very 

frequent polling would yield a good spatial distribution, obviously offset with error but resembling the 

actual trajectory; however, it overburdens the air channels and the location servers. On the other hand, 

a very low frequency would lead to a very ambiguous trajectory. Such a trajectory would not resemble 

in shape any of the paths taken from a GIS map, and if it did resemble one of paths, it would be the 

wrong one.  So, we need to poll enough for the location estimations to yield a trajectory that conserves 

the underlying feature of the shape of the curve. The technique used in correcting the raw location to  
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the true location, is called map-matching. Our assumption is that a mobile user travels on roads. Map-

matching maps the estimated raw location point to a point on the road network, or it could map the 

whole curve, consisting of erroneous estimated location points, to a set of roads on the digital GIS map 

which corresponds to the mobile user’s true trajectory. This method of map-matching is referred to as 

curve-curve matching. GIS is an integral part of the mobile wireless LBS infrastructure [4]. GIS and 

map-matching are introduced briefly in the following sections.  

 

1.2 Geo-spatial Technology in LBS 
The very nature of LBS makes geo-spatial technologies a necessary element. The geo-spatial technology 

used in LBS is called GIS. GIS has been used in all disciplines of life that have any relation to geo-

spatial data. GIS is a system for creating, storing, analyzing, and managing spatial data and the 

associated attributes [5]. In the strictest sense, it is a system capable of integrating, storing, editing, 

analyzing, sharing, and displaying geographically-referenced information, see Figure 1.2. 

 

 
                                   Figure 1.2:  GIS high-level architecture  
 

In a more generic sense, GIS is a tool that allows users to create interactive queries (user-created 

searches), analyze the spatial information, and edit data.  Features in the spatial data are organized into 

layers. A layer is a collection of all the features in the map that share some common characteristic [6]. 

The various physical aspects of the map (political boundaries, roads, railroads, waterways, and so forth), 

are assigned to layers according to their common spatial data values, Figure 1.3. 
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                              Figure 1.3:  High level GIS layers representation 
 

Some features can appear in multiple layers. For example, a street can also be a ZIP code boundary and a 

city boundary line. The street could then appear in three layers: one containing the streets, one containing 

the ZIP code boundaries, and one containing the city boundaries. In our work we are interested in the layer 

that models and depicts road networks. The roads are modeled as polylines or arcs [7][8]. Arcs are 

represented with starting and ending nodes, which imparts directionality to the arcs. The arcs pass through 

several vertices along the way. Each of the nodes and vertices are stored with coordinate values representing 

real-world locations in a real-world coordinate system, such as longitude/latitude angles, State Plane feet, or 

Universal Transverse Mercator (UTM) meters. These coordinate values represent locations you could locate 

using the numeric values printed on the graticule on the edges of a paper map. Along with, direction of a 

road, other important associated information like speed and direction, is also available. The constraints of 

direction and speed further help in the decision-making of map-matching. GIS is discussed in details in the 

following chapter.  

 

1.3 Location Comparison with Map   
The estimated location is compared with a map through a process called map-matching. Map-

matching is defined as the process of correlating two sets of geographical positional information, for 

example location records of object positioning, from different location determination techniques, to 

the points on digital road networks from a digital map of a GIS. Data types handled by map- 

matching include point-to-line, line-to-line, and polyline-to-polyline matching [9]. Based on the 

temporal-response characteristics, map-matching algorithms can also be roughly classified into online 

map-matching and off-line map-matching. Online map-matching methods snap an estimated 

location to the base reference in real-time. Offline map-matching counterparts post-snap the point 
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data or linear data after the whole set of data is collected. We shall do online map-matching for 

point-to-line and offline map-matching for curve-to-curve (or ployline-to-polyline) matching. 

1.4 Proposed Mobility Profiling 
Mobility profiling, within the context of MTBS, is a set of mobility traces of a mobile user for all of 

the days of the week. During the profiling week, the mobility traces are generated upon which the 

MTBS are built. 

 

Polling the current locations of a mobile user to collect the estimated location points is adaptive and 

depends mainly on the topology of the road segments on which the mobile user is potentially 

traveling. Each road in the GIS database is associated with a direction and maximum speed limit. 

Since there is an error, ε, associated with the estimated location, the mobile user could be on any road 

segment contained in a circle of radius ε with center at the estimated location coordinates. This is 

how we perform mobility profiling:  1) Map-match the raw location point to all of the potential 

location points on the road within the error circle. 

2) For each road, find the next node, (that is the road turn) and estimate the time, t tp , to reach the 

turning point. Pick the nearest turning point and do the next poll at t tp

3) Eliminate the road segments from the candidate roads pool in the error circle using direction and 

speed, GIS constraints. During the profiling time, the mobile user is moving for some of the time 

and is at rest for remainder of the time. This yields a spatiotemporal distribution with clusters, the 

clusters being the rest positions. A trajectory leg is from one cluster to another.  

. If we have only one road in 

the error circle, that is the exact road; if we have more than one, then each road is a potential 

candidate.  

 

If after applying the constraints you are left with only one road segment in each error circle, you are 

done and you have a corrected trajectory leg. In rural and less road-dense areas that may very well be 

the case. However, in urban areas we end up with multiple roads in some or all of the error circles. 

Using all of the candidate segments, determine all of the possible trajectories from one point of a leg to 

the other. Draw a curve from the already selected single road segments and the centers of error circles.  

Use Fréchet distance [10] or areal error to calculate the distance for the best match of the pre-matched 

curve from the set of candidate trajectories. In some cases, we could use the shortest path between the 

corrected locations within the error circles as an approximation. 
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1.5 Contributions and Organization of the Thesis 
This thesis focuses on mobility profiling of a mobile user in an erroneous environment of cellular 

network systems, emphasizing the implementation aspects. It contributes with the introduction of 

MTBS and the advancement of the trajectory estimation method suitable for MTBS. The 

contributions are summarized below. 

1.5.1 Introduction of MTBS and Their Provisioning Architecture 

E911 gave birth to the services based upon the known location of a mobile user, i.e., LBS. We 

introduce the idea of Mobile Trajectory Based Services that are based upon the known mobility pattern 

of a mobile user. The mobility pattern is available to the mobile service providers in the system’s 

database, which was profiled a priori. The effectiveness of MTBS and a comparison with LBS is 

described in Chapter 3. A system-level architecture of mobility profiling, the MTBS protocol, and 

provisioning are introduced and explained at the end of Chapter 4.  

1.5.2 Road Network and Mobile Trajectory Framework 

We introduce Mobile User space, a non-symmetric metric space, to express and analyze road networks 

and formulate the mobility of a mobile user. The mobile user is represented by an embedded closed ball 

in Mobile User space. Such a framework is very suitable when understanding and analyzing  the 

mobility of the mobile user (a closed ball) and road networks (the Mobile User space). Geodesic 

candidacy conditions have been formularized within this framework. These conditions state the 

constraints on the end points of a geodesic, and the center and radius of the error circle, to identify a 

road segment as a candidate on which a mobile user is traversing. Similar conditions are found in 

literature; however, the conditions we proposed are simplified, less computational intensive, and 

unambiguous to implement. Secondly, a location polling method, called the Intersection Polling 

method is introduced. The objective of this polling method is to poll the mobile user just often enough 

to estimate the traversing trajectory. Instead of polling the mobile arbitrarily, it polls when the mobile 

user is around the intersections. The trajectory thus formed, is built on fewer points. Thirdly, an idea of 

direction negativity is introduced. The transition of the error ball and the direction of the road do not 

have to be exactly opposite to declare them to be in opposite direction. Because of the errors in the 

map and the estimated location and direction of an intermediate road segment, the mobile user may be 
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going in the opposite direction of the road, yet not exactly at a difference of 180 . A direction 

negativity condition is defined to compare the directions of a path on a road network and the transition 

of the error ball. The details of all of these contributions are given in Chapter 4. 

1.5.3 MAP Digitizing Software Application  

The GIS database of a road network plays a pivotal role in trajectory estimation. The GIS database for 

road networks is available, but the software packages to access the database, such as, Arcview, from 

ESRI are very expensive, only affordable by a corporation. We decided to digitize the paper maps 

ourselves. To digitize paper maps into digital maps, one requires a digitizing table which interfaces with 

a PC to store the digital version of the map. We designed an application (we called it Digitizer) that 

would load any given map in an image form, and with mouse clicks on the roads on screen generates 

the digital version of the map. We can assign road attributers for each digitized road. So, essentially it is 

a software version of the digitizing table. Hand error, which is the main source of error in digitizing a 

map, is alleviated with the Digitizer, because one can zoom into the map to see the road lines thicker 

and work in the center of the lines, which we cannot do with the digitizing table. A small hand error is 

fully absorbed within the relatively large width of a road. This makes digitization efficient and increases 

the resolution tremendously. The zoom effect can further be enhanced by lowering the screen 

resolution.  

1.5.4 Mobility Profiling Algorithm and Simulation    

So far, trajectory estimation methods using GPS integrated with DR (Dead Reckoning) have been 

proposed. Some of these methods have map-matching schemes that are also suitable for a cellular 

network. However, they merely map-match the estimated location point to the map. They do not 

provide methods to estimate trajectory from these map-matched points. The only scenario where a 

trajectory is realized is that of a GPS/DR; there is no work cited that deals with trajectory estimation in 

a mobile network environment. We introduce a trajectory estimation method that has an adaptive 

polling scheme called, the Intersection Polling Method, integrated with map-matching to minimize the 

number of polls. In GPS/DR trajectory estimation, the number of locations points is enormous with 

small, mostly symmetrical error. Our proposed method deals with sparse polling with a range of errors: 

small, medium, and large. We implemented the algorithms in a Windows-based application and ran the 

simulation. We compared the performance of our trajectory estimation method with the leading 
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published trajectory estimation method, called Global Map-matching, using its performance metrics. 

The results of our simulations and that of the comparison are given in Chapter 6.   

1.5.5 Organization of the Thesis 

The thesis is organized as follows: We start with a literature review in Chapter 2, on Location 

Estimation Technologies; and their accuracy, Location Based Services, and Map-matching. Large 

location errors have been an issue in E-911 implementation, an inhibitor for LBS, and a distraction 

for the idea presented in this thesis.   Chapter 3 describes what exactly we want to accomplish. It only 

explains; the problem we are trying to solve, it does not include how the solution is achieved. 

Chapter 4 covers in detail the proposed solution, the detailed description of the building blocks such 

as GIS, map-matching, shape-matching and the procedure. A major portion of Chapter 4; lays down 

a framework for estimating a mobile user’s trajectory. We used the language and conventions of 

metric spaces for the framework and introduced the Mobile User space. In this chapter, we also 

focus on the GIS database and its creation also. We made our own GIS database following one of 

the standard methods, focusing on the road network. Chapter 5 describes the simulation of the 

proposed algorithms to estimate the mobile trajectories (mobility profile).  In Chapter 6, we describe, 

analyze, and discuss the results in detail. We compare our proposed method with the leading 

trajectory estimation method in the GPS world by running simulations and comparing the results. 

The thesis concludes with Chapter 7, identifying future research areas. Since MTBS and its 

underlying technique is a novel approach, there are many areas and topics proposed for future 

research. 
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Chapter 2 
 

 

Location Estimation Technologies and Location 

Based Services 

The realization of LBS can be described by a three-tier communication model including a location layer, 

a middleware layer, and an application layer. All three layers may require access to geo-spatial data. The 

model is shown in Figure 2.1.  The location layer is responsible for calculating the location of a mobile 

device or user. It does so with the help of underlying location determination technology and geospatial 

data held in a Geographic Information System (GIS). 

 

 
Figure 2.1: LBS communication model 

 
While the location determination system calculates where a device is in network terms, GIS allows it to 

translate this raw network information into geographic information (longitudes and latitudes). The end 

result of this calculation is then passed on via a location gateway either directly to an application or to a 

middleware platform. Originally, the location layer would manage and send location information 

directly to an application that requests it for service delivery. The application layer (which in the LBS 

industry is often and confusingly referred to as a "client") comprises all of those services that request 

location data to integrate it into their offering (for example, a friend finder); however, as increasingly 

more LBS applications are being launched, many network operators have put a middleware layer  

between the location and application layer. Primarily, this is because location determination equipment 

is situated very deep in the network architecture of a mobile operator, leading to complex and lengthy 

hookup of each individual new data service. Also, a middleware layer can significantly reduce the 
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complexity of service integration because it is connected to the network and an operator's service 

environment once and then mitigates and controls all location services added in the future. As a result, 

it saves operators and third party application providers, time and cost for applications integration. One 

can think of LBS processes consisting of two main parts:  

 
1)  How a device can get its geographical location information and send it to an application server 

(such as a Web server). This is the core of LBS. In the next generation of wireless communications 

(3G or UMTS) [11], these additional entities and mechanisms are standardized and they are known as 

Location Services (LCS) [12]. 

 

 2) How the server can use the provided geographical information and either return the appropriate 

response or activate relevant operations according to the service query. This response should include 

the relevant service information requested by the user, such as “where is the restaurant, nearest gas 

station, nearest printer?” and so on. 

 

In our literature survey, we focused on both of the above parts of LBS. There are different solutions 

for implementing LBS and they comprise both wired and wireless technologies. The wireless 

communications are moving towards IP networks to provide unified communications across wired 

and wireless boundaries. This is the All-IP system, which provides seamless integration of 

communication services and Internet applications.  

 

2.1 LBS System Architecture 
An end-to-end LBS system architecture is depicted in Figure 2.2, showing all three layers of the LBS 

model and GIS. In this architecture, Location Estimation network is layer one.  The Application Server 

contains the middleware layer, layer two in the model. The Application along with the Content Provider 

comprise layer 1.  
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                                         Figure 2.2: End-to-End LBS system architecture 
 
In rest of this chapter we shall cover all three layers in detail and conclude with key protocols for 

LBS. 

 

2.2 Location Estimation Technologies 
Throughout time people have developed a variety of ways to figure out their position on Earth and 

to navigate from one place to another. Early mariners relied on angular measurements to celestial 

bodies like the sun and stars to calculate their location. The 1920’s witnessed the introduction of a 

more advanced technique—radio navigation—based at first on radios that allowed navigators to 

locate the direction of shore-based transmitters when in range. Later, the development of 

communication satellites made possible the transmission of more-precise, line-of-sight radio 

navigation signals and sparked a new era in navigation technology. Satellites were first used in 

position-finding in a simple but reliable two-dimensional US Navy system called Transit. This laid the 

groundwork for a system that would later revolutionize navigation forever—the Global Positioning 

System. 

 

Thus, there has been more than 80 years of research into wireless transmitter location. The applications 

using such wireless positioning systems in the past have been primarily for military, public safety, and 

marine science research [13]. Within the last few years, there has been a massive surge of interest in 

wireless positioning methods and applications that can be enabled by wireless positioning in the 

telecommunications field. The reasons for this are: (1) new wireless positioning technologies can 

overcome some of the shortcomings (high power consumption, slow to acquire initial position) of GPS 

, and (2) the industry has required a “kick start” legislation in the USA. There are almost 50,000 “911” 
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calls per day placed from cellular telephones alone, about 25% of all such calls placed annually. This has 

resulted in the FCC E911 mandate (docket 94-102) that requires mobile network operators to provide 

positional information to emergency services that is accurate to within 125 meters [14-17]. This 

regulatory requirement has provided a stimulus for the commercial development of wireless positioning 

technologies and applications built on to those technologies.  

 

A cellular-based location takes advantage of the existing transceivers, communication bandwidth, two-

way messaging, and well established infrastructure, but also inherits the disadvantages imposed by the 

design of the communication systems [18]. There are several technology alternatives for locating cellular 

telephones. If one considers modifications to the telephone, GPS is the most commonly discussed 

option. For locating unmodified cellular telephones, signal attenuation, angle of arrival (AOA), time of 

arrival (TOA), time difference of arrival (TDOA), enhanced observed time difference (E-OTD), and 

time advance (TA) are used. All technologies are based on knowing the locations of  existing reference 

points (GPS satellites, cellular radio base stations) and then relating them to the location of the mobile 

station. The signal strength method has not received as much attention as most of the other methods 

have, but some remarkable results have been reported [19]. AOA and TDOA are the most discussed 

methods. AOA was first developed for military and government organizations, because  it operates 

with no modification of a mobile device, and was later applied to cellular signals. It is based on the 

estimation of the mobile station (MS) signal angle at the base stations (BSes). It requires an array of 

antenna elements. Future wireless systems may have more sophisticated and intelligent antenna systems 

[20]. The time-based methods, TOA, TDOA, and OTD, work on the basis of the time a signal takes in 

propagating from one place to another, from the MS to the BSes in case of TOA, and from BSes to the 

MS in the case of OTD. Because of the fact that in TDMA the system knows how much time a signal 

takes to reach the MS, TDMA is also exploited for location estimation. However, a large error is 

associated with this method [21]. For handset modification, a GPS-assisted method is most desired; 

however, millions of handsets are in operation already, therefore non-GPS methods are under highly 

motivated research and development.  

 

Location estimation can be accomplished in all wireless communication standards. AMPS (Advanced 

Mobile Phone System) makes accurate geolocation a challenge due to limited signal bandwidth. 

Variations of TDOA, AOA, and their hybrid have been proposed and developed [22]. GSM’s 

bandwidth of 200 kHz, wider than AMPS, makes TA, TOA, TDOA, and E-OTD potentially more 

accurate. CDMA’s even wider bandwidth of 1.25 MHz increases the accuracy of the above mentioned 
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location technologies. Irrespective of which underlying principle is used, the final product must achieve 

an accuracy of better than 125 meters. This requirement is a direct outcome of the FCC (Federal 

Communications Commission) mandate r to make emergency management more effective.  

 

It is unlikely that any one system (TOA, TDOA, E-OTD, or AOA etc.) will be able to provide accurate 

mobile positions under all circumstances [23]. The final solution to this problem is a more pragmatic 

combination of several location methods working together. TOA is expected to make a significant 

contribution to such a combined solution.  

2.2.1 Time-Based Methods 

Collectively, TOA, TDOA, and OTD are referred as time-based methods. In TOA, the network 

measures the time of receipt of a transmission from the mobile. This time is measured at three or 

more base stations. The network can convert these times into distances and triangulate on the result. 

For electronic warfare, TOA is perhaps the most important, because not all electronic warfare 

receivers can measure other values such as angle or frequency [24]. TDOA has been the preferred 

technology of choice for high-accuracy location systems since the advent of radar. TDOA systems 

operate by placing location receivers at multiple sites geographically dispersed in a wide area; each of 

the sites has an accurate timing source. The differences in time stamps are then combined to produce 

intersecting hyperbolic lines from which the location is estimated. The most popular way to estimate 

TDOA is through the use of cross-correlation, in which the received signal at one BS is correlated 

with the received signal at another BS [25]. The global positioning system is a TOA-based system, as 

are most of the systems proposed for the Location and Monitoring Service (LMS) band recently 

allocated by the FCC. However, the position estimation is done in the handset. It is referred as OTD 

(Observed Time Difference). OTD relies on installing location management units (LMUs) at known 

locations that can measure signal timings from cells. The signal timings from a minimum of three 

cells to the device are also measured. These timings can be combined to work out the distance of the 

user from each of the cells. This distance can then be used to triangulate a position. In a trial in 

Cambridge, the accuracy of this technology has been reported at 83% within 125 meters. In the 

following subsections, time-based methods are discussed in detail. 

 



 

16 
 

2.2.1.1 Time of Arrival 
TOA, a popular radio location technique, is based upon the measurement of the arrival time of a 

signal transmitted from the MS to several (at least three) BSes. The distance between the MS and the 

receiving BS is determined from the time the signal takes from the MS to the BS. The distance is cT, 

where c is the velocity of light and T is the time of travel from MS to BS. Geometrically, it represents 

a circle of radius cT, on which the BS must lie. Figure 2.6 shows three BSes, BS1, BS2, and BS3, 

receiving the signal from the MS, at times T1, T2, and T3 respectively. 

 

To determine the location of the MS, three circles of radii cT1, cT2, and cT3 are drawn, with centers 

at the respective base stations, where T1, T2, and T3 are the times, the signal (a sequence) took to 

travel from the MS to the BS1, BS2, and BS3 respectively, as shown in Figure 2.3. 

 

                                      
                                    Figure 2.3: Location estimation with TOA 
 

In one of the implementations of TOA, LMU with GPS time-stampings are used [26]. LMU are 

integrated in the BSes. When a request is received from the MLC (Mobile Location Center), the 

relevant BS controller sends a signal to the MS to generate access burst and simultaneously provides 

information about the timing of these burst to a number of LMUs. Each LMU processes the 

received bursts, using the knowledge of training sequence, and estimates the time of arrival with 

respect to GPS time. The TOA values are sent back to the MLC, for the computation of the location 

of the MS. 

 



 

17 
 

The disadvantage of this technique is that the MS must behave like a transponder [27][28]. The 

processing delays and non-LOS propagation (multi-path propagation) can cause errors, hence an 

inaccurate TOA estimation. In this situation the geometrical approach is difficult. The circles may 

not meet at one point. One approach is to estimate TOA based on the transmission of one known 

data burst, such as a midamble in a GSM normal burst. For a sufficiently short burst, the channel can 

be represented as a time-invariant multipath channel. The channel consists of a linear combination of 

time-delayed Dirac delta pulses with amplitude a m and delays τ m 
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                                                                                 (2.1) 

where each Dirac delta pulse represents one multipath component. If the channel impulse response 

contains a line of sight (LOS) component, the minimum overall τ m 

 

refers to the TOA, from which 

the MS distance from the BS is determined.  

Another approach is to estimate the position using a non-linear least-squares solution [23][28]. An 

MS at 0 0( , )x y , transmits its burst at 0τ . The locations of the N BSes are represented as 

1 1 2 2( , ),( , ),.....,( , )N Nx y x y x y . They receive the sequence at time 1 2, ,....., Nτ τ τ .

2 2(x) ( ) ( ) ( )i i i if c x x y yτ τ= − − − + −

. For performance 

measure a function:  

                                                         (2.2) 

is defined, where c  is the speed of light and x ( , , )Tx y τ= . With the proper choice of, ,x y andτ  , 

(x)if formed at all of the BSes could be made zero. However, the measured TOA values are not error-

free, due to multipath and other impairments. Under unconstrained non-linear least-square approach, 

the function:  

2 2

1
(x) (x),

N

i i
i

F a f
=

=∑                                                                                          (2.3) 

where '
ia s  are the reliability weights of the signal reception at the BSes. The location estimation is 

achieved by minimizing the function (x)F . The steepest descent method can be used to solve the 

above mentioned non-linear problem. The successive locations are updated according to the 

following equation: 

1 ( ),k k kxx x F xµ+ = − ∇                                                                                (2.4) 
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where μ is a constant , T
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                                                            (2.5) 

 

The constant μ is chosen small enough for the convergence. The recursion continues until 

1 || k kx x+ −  reaches an accepted minimum value. However, it might take a long time to converge, or 

it might not converge at all if the minimum accepted error is small. Another method is proposed in 

[28] to solve (2.3) by linearizing (x)if  with Taylor Series expansion about x k 

( ), 1,2,..... ,i ir c i Nτ τ= − =

keeping only the first 

order term. Putting a constraint on the non-linear least-square solution, with the fact that the range 

error is always positive, we get an area of MS location. This is because the TOA estimates are always 

greater than the exact true TOA values, due to multipath and non-LOS propagations plus other 

impairments. Therefore, the true location of the MS must lie inside the circles of radii 

about the N BSes. Since the MS cannot lie farther from a BS than its 

corresponding range estimate, the location of the MS can be represented as the shaded area in Figure 

2.4. 

 
                                                Figure 2.4: Location feasible area  

 

The shaded area is known as the feasible area. Figure 2.4 is governed by the following set of 
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inequalities:  

2 2( ) ( ) ( )i i i ir c x x y yτ τ= − ≥ − + −  for  i = 1,2,3.                                                 (2.6) 

This implies:  

2 2( ) ( ) ( ) 0.i i ix x y y c τ τ− + − − − ≤                                                                        (2.7) 

Here ( ) ( )i ig x f x= − .This leads to the restrictions ( ) 0.if x ≥ The constraint boundaries form the 

feasible area.  

 

There are many approaches to forming numerical solutions for the constrained in (2.7). One of them uses 

penalty functions to modify the objective function in (2.3): 

[ ] 12 2
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= −∑ ∑                                                                            (2.8) 

P  is a positive quantity. The penalty functions provide a large penalty to the objective function when one 

or more constraints are violated. The search procedure is the optimization of a sequence of surfaces 

toward the true value of the objective function. Initially, an unconstrained search method is used to 

provide an artificial optimum 1x  with a large value of 1P P= . The next stage is initialized with the 

previous estimates 1x  and uses a smaller 2P P=  to provide a better approximation to the true optimum. 

The solution is discussed in detail in [28]. [29] proposes a residual weighting algorithm, to mitigate the 

NLOS errors. 

 

This algorithm assumes that the number of range measurements is greater than the minimum required. 

[30] introduces a sub-optimal maximum likelihood estimation algorithm that maximizes the signal-to-

noise ratio gain at the output. This approach is similar to TDOA, mentioned in the next subsection. [31] 

suggests TA of TDMA systems for the estimations of TOA. TDMA systems measures TOA with a 

certain raw measurement error. TA is assigned from this to one of the finite sets of values, resulting in a 

multitonial distribution of results. It is assumed that the user does not have access to the original TOA 

measurement and must attempt to reverse the process and estimate the TOA from the TA. The resultant 

error in the estimated TOA might be large if  the wrong TA bin has been selected. This solution improves 

the accuracy of TOA by taking the average of two or more consecutive TA values. 

 

2.2.1.2 Time Advance 
The cell-wise location determination of a mobile station is already in use, via the Cell-ID. Each cell is 

served by a radio base station, so the cell has a known location. A broadcast signal, sent out by each 
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base station, carries the cell identity. This location area can be further narrowed with the time 

advance (TA) feature. In TA, a TDMA cell knows the time it takes for its signal to reach a mobile 

device. This knowledge is required because multiple devices share the air interface at the same 

frequency using different time slots (TSes). To ensure that the signal from a device that is distant 

from a cell does not stray outside its TS, a TA signal is sent to the MS. This ensures that the time 

taken for the signal to travel from the device to the cell is taken into account. This TA signal can be 

converted into a distance. The distance has a precision of 550 meters, thus providing a location that 

looks like a “doughnut” (Figure 2.5). In an urban area, this may be acceptable, especially if directional 

antennae are taken into account. Precision in a rural area will be poor.  

                   
       Figure 2.5: TA compared with other legacy location techniques 
 

TA is able to work because each data packet is positioned in the middle of each TS, with space in 

front of and behind it. This space is called the guard bit. It can be increased (to increase the amount 

of time it takes the data packet to reach the tower) or decreased (to decrease the amount of time it 

takes for the data packet to reach the tower). The TA is a measure of how much the guard bit has 

been reduced, 00 meaning no reduction (close to the tower), to 63 (maximum distance from the 

tower). Each TA equals approximately 550 meters from the tower to which the mobile phone is 

talking. The position is estimated exactly as in TOA, described in section 2.1.1. It requires at least 

three BSs to determine the position. In the GSM implementation, after two forced handovers, three 

TAs from three different BSes are known. That is sufficient to compute the location [22]. More 

handovers will give more precision. 
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Because of the error associated with the propagation time by the BS [21], this method is not 

considered the primary method for position estimation. This is considered a good fall-back method, 

in case the primary method fails for some reasons associated with the primary method. 

 

2.2.1.3 Time Difference of Arrival and Observed Time Difference 
TOA requires that all of the BSes and the MS have a very precise synchronized clock, and the 

transmitting signals be labeled with the time stamps. Moreover, the MS must behave as a transponder 

that has a high potential of processing delays and non-LOS errors. Just one microsecond of timing 

error would cause 300 meters of location error. For these reasons, TDOA measurements are a more 

practical means of determining location for commercial systems [22], and are now considered the 

leading candidate for future location estimation systems [33]. 

 

TDOA determines the position of the MS by examining the difference in time at which the signal 

arrives at multiple BSes, rather than the absolute arrival time. If the BSes are at the two focii of the 

hyperbola, the mobile station must lie on the hyperbolic curve. By drawing two such hyperbolas with 

two sets of BSes (total minimum of three BSes), the intersection would determine the MS location. 

Both uplink and downlink TDOA methods have been proposed. In the latter case, it is referred to as 

OTD, as shown in Figure 2.6. 

 

                                   
                                      Figure 2.6: Location estimation with TDOA 
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At least three BSes must transmit a very accurate clock time value to the MS. The MS sees three 

different clock times which are “behind” the real network time by an amount that depends on the 

times the clock values have taken to travel to the MS. The MS examines these times in pairs. For any 

particular pair of base stations, the difference in the time is related to the difference in distance to 

those two base stations. It is therefore possible to draw a line of constant difference of distance, a 

hyperbola. If the mobile receives signals from three BSes, then it can draw three hyperbolas as shown 

in Figure 2.6. 

 

In a GSM implementation of OTD, pseudo-synchronous handover is supported in the MS. The 

timing accuracy in this case is well below a bit period. This is referred to as Enhanced-OTD [26]. In 

GSM, the BSes are not synchronized. Instead, location monitor units are used to determine the time 

of launch of the signals from each BS. Motorola’s iDEN system also uses OTD. The synchronization 

between the BSes is achieved through GPS receivers [34]. This ensures that the BSes broadcast each 

TS at approximately the same time. 

 

As already mentioned, in OTD the measurements of propagation time are not used directly. The 

OTD is the time interval between the receptions of bursts from two different BSs, i.e., if bursts are 

received at 1t and 2t at the MS from BS1 and BS2 respectively, OTD = 2 1t t− , assuming  2 1t t>  . If 

the BSes are not synchronized, a parameter called, RTD (Real Time difference) is taken into account. 

The RTD is the difference in the burst transmit time, i.e., if at BS1 the burst is transmitted at 3t  and 

at 4t  at BS2, RTD= 4 3t t− , assuming, 4 3t t> .  In a synchronous network, the RTD is zero. To 

describe the geometrical effects on the burst reception time, [35] defines the GTD (Geometric Time 

Difference) as follows:  

2 1 ,d dGTD
c
−

=  

where 1d  and 2d  are the displacements (propagation paths) of BS1 and BS2 to (or from) the MS 

and c is the velocity of light. Therefore, OTD= RTD + GTD. The MS measures the OTD, while the 

cellular networks measure the RTD. The value directly related to the MS position is GTD. In a  

synchronized network, only OTD measurements are needed to determine the MS position. 

Obviously, using a synchronized system would reduce an error source. The MS will measure the time 

difference (OTD) between the burst reception of the serving BS and the neighbor BS pair. This 

could also be done for neighbor-neighbor BSes. In practice, measurement errors are unavoidable and 
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thus the hyperbolic belts, represents the possible positions of the MS. The intersection of two such 

hyperbolas represents the feasible area of the MS. The feasible area could be reduced by using more 

GTD values from other sets of BSes. 

 

The same treatment is true for the TDOA, the only difference being that the estimation is done on 

the location processing system, which takes the TDOA values from the BSes. Since TOA and 

TDOA are two independent methods, they can be used together to enhance the precision of the 

location estimation. [36] uses such an approach. 

 

Obtaining the MS position from TDOA is a two-stage process. In the first stage, accurate estimates 

for the TDOA values are computed from the noisy signal. In the second stage, potentially 

inconsistent and noisy estimates are processed to determine the location. 

 

The most widely used method to estimate the TDOA is called generalized cross-correlation 

[32-33][37-40]. The TDOA is the delay that maximizes the cross-correlation. The general model for 

estimation assumes that the arriving signals have the following form: 

1 1( ) ( ) ( ),r t s t n t= +                                                                                                       (2.9) 

2 2( ) ( ) ( ),r t s t n tβ τ= − +                                                                                             (2.10)  

 

where τ is the delay (TDOA) of the signal received at the BS2 with relative to BS1. ( )s t  is the 

original signal, 1 1( ), ( )n t r t  and 2 2( ), ( )n t r t  are the uncorrelated zero-mean Gaussian noise, and the 

received signals, at BS1 and BS2 respectively. β  is an attenuation factor. The signal received at both 

of the BSs are of the form ( ) ( ) ( ),r t s t n tβ τ= − + however 2 ( )r t  in the (2.10) is relative to 1( )r t in 

(2.9). The cross-correlation of (2.9) and (2.10) is given by  

1,2 1 2
0

1( ) ( ) ( )
T

C r t r t dt
T

τ τ= −∫                                                                                      (2.11) 

SNR (Signal-to-Noise Ratio) in this estimate could be improved by increasing the integration interval, 

T, the time of observation. The TDOA, TDOAτ , is the τ , with a peak in 1,2 ( ).C τ  The cross- 

correlation approach requires that the receiving BSes have a common precise time reference and 

reference signals, but does not impose any requirement on the MS signal transmission. 
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In a CDMA system, a PN (Pseudo Noise) code synchronization module is used to acquire system 

time and to perform synchronized demodulation. Its function includes PN code tracking within 1 

chip period. [41] proposes the use of pilot signals to calculate TDOA during PN code 

synchronization. However, this would require a slightly modified MS, either through hardware or 

software. This is true for all OTD-based solutions.  

In generalized cross-correlation, 1( )r t  and 2 ( )r t are pre-filtered prior to cross-correlation for 

improved accuracy of the TDOAτ . Smooth coherence transform, maximum likely, Hassid-Boucher, 

and the Wiener processor are the examples of such well known filters. The justification for filtering 

can be given as follows: Cross-correlation in (2.11) can also be represented as: 

1,2 1,2( ) j frC U e dfτπτ
∞

−∞

= ∫                                                                                                 (2.12) 

where 1,2 ( )C τ is the cross-power spectral density function. After 1( )r t and 2 ( )r t are filtered prior to 

cross-correlation, to produce, for example 1( )f t and 2 ( )f t  respectively, then the cross-power 

spectral density becomes: 

*
1,2 1 2 1,2( ) ( ) ( )fU f H f H f U=

                                                                                 (2.13) 

where 1( )H f and 2 ( )H f  are the transfer functions of the filters used to filter 1( )r t and 2 ( )r t

respectively and * denotes complex conjugate. Therefore, the generalized cross-correlation can be 

expressed as: 

*
1,2 1,2 1 2( ) ( ) ( ) j ff fC U H f H f e dfτπτ

∞

−∞

= ∫                                                             (2.14) 

 

By properly choosing *
1 2( ) ( )H f H f , i.e., proper filtering, the effect of noise and interference could 

be reduced. Figure 2.7 shows a generalized cross-correlation method. The output D
∧

 is the TDOA 

estimation. 
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Figure 2.7: Generalized Cross-Correlation method 

 

 

[38] introduces a novel thresholding technique, wavelet demising. The demising technique is a three-

step process. First, taking wavelet transform of the received signal, thresholding the wavelet 

coefficients and then performing the reverse transform of the modified coefficients. Wavelet 

transform is the transformation of the received signal into two wavelets, one of the source signal and 

the other of noise. These wavelets are in matrices form. The source signal wavelet has many small 

magnitude terms (coefficients), which are adjusted in the thresholding rule. The filtering techniques 

do reduce the effects of noise and interference on TDOA, but multipath anomaly can still cause 

problems in generalized cross-correlation. This is due to the fact that overlapping cross-correlation 

peaks often cannot be resolved. A method to identify and select the right peak, needs to be devised 

such as selecting he first peak or largest peak. There has been significant research into applying the 

theory of cyclostationary signals to improve the resolution of the generalized cross-correlation 

method [32]. This would improve performance in multipath environments. In an impulsive 

environment, generalized cross-correlation, which is based on the assumption of finite noise 

variance, would not give a reliable TDOA. Using the theory of J-stable distributions, [42] developed 

several robust algorithms to tackle this issue. However, these algorithms assume a static and multiple 

of sampling interval delay. By expanding this idea along with [43], a simplified explicit time delay 

estimator, [44] developed an adaptive algorithm which can track time-varying delays of any real 

values under stable noise conditions. This is an iterative least mean square method which converges 

fairly quickly, in 2000 iterations. 

 

After the TDOA has been estimated, the range difference is calculated. The range difference between 

BS1 and BS2: 

1,2 2 1 2,1.TDOAr r r cτ= − =                                                                                                    (2.15) 

Let 1 1( , )x y  and 2 2( , )x y be the coordinates of BS1 and BS2 and those of the MS be (X,Y).  The 

hyperboloid equation is given by: 
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2 2 2 2
2,1 2 2 1 1( ) ( ) ( ) ( ) .r x X y Y x X y Y= − + − − − + −                                               (2.16) 

Similarly, for an estimated TDOA between another set of BSes, such as BS2 and BS3, (2.15) and 

(2.16) could be rewritten as: 

2,3 3 2 3,2TDOAr r r cτ= − =                                                                                               (2.17) 

2 2 2 2
3.2 3 3 2 2( ) ( ) ( ) ( )r x X y Y x X y Y= − + − − − + −                                              (2.18) 

  

By solving equations (2.16) and (2.18) (X,Y,Z) is found. Its geometrical representation is shown in 

Figure 2.6. [45] and [39] show a complete solution of such equations. The latter solves these 

equations for 4 BSes. [46] gives the solution for E-OTD.  

 

As noticed in equations (2.16) and (2.18), by choosing the BSs sets as BS1,BS2 and BS2,BS3, the 

solution is relatively easy. However, the solution becomes more difficult when BS sets are arbitrary, 

which is more typical in PCS and cellular environments. One of the solutions is to linearize the 

equation through Taylor series expansion, ignoring the higher order terms. However, it could result 

in significantly erroneous location coordinates under some situations, due to geometric dilution of 

precision (GDOP). This is very much dependent on the cell layout topography [47]. In this situation 

a relatively small TDOAτ would result in a large position location error because the MS is located in the 

hyperbolic curve far away from the focii, i.e., the BSes. TDOA gives very accurate results if the MS is 

located between the BSes. [48] gives a closed-form solution valid for both, distant and close sources, 

and is an approximation of the maximum likelihood estimator when the TDOA errors are small. 

This solution provides excellent results on arbitrarily distributed BSes, tolerable to a higher noise 

threshold, and performs better than most of the solutions, including Taylor series approximation. In 

this method, an intermediate variable transforms the non-linear equations into a set of equations 

which are linear in the MS coordinates and the intermediate variable. An intermediate solution is 

found using least the square method. By exploiting the known relationship of the intermediate 

variable with the position coordinates, the final solution is computed. 

2.2.2 Angle of Arrival 

Angle of arrival, also referred as direction of arrival or direction finding, is estimated from the set of 

BSes using directional antennas, such as a phased array of two or more antenna elements. The 
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position of an MS is estimated from the angles of the incoming signals detected at the fixed BSes, as 

shown in Figure 2.8. 

 
                                            Figure 2.8: Location estimation with AoA 
 

In general, the antenna elements are spaced on the order of half the wavelength of the carrier 

frequency. The relatively close spacing of the antenna elements allows the time delays seen by a signal 

as it propagates across the array to be modeled as phase shift. This narrow-band model is assumed to 

be appropriate in most of the AOA algorithms. Once the measurements have been made the MS 

location can be calculated from simple trigonometry or triangulation. The location in two dimensions 

can be found by the intersection of two lines of bearing, each formed by a radial from a BS to the 

MS. So, a minimum of two BSes are required to estimate the MS location. However, in practice more 

than two BSes are used for better accuracy, and highly directional antennas are required [32]. 

Therefore, this method is very difficult to implement on the hand sets. AOA is usually determined at 

the BS by electronically steering the main lobe of an adaptive phased array antenna in the direction of 

the arriving signal from the MS. AOA estimation can be viewed as a mapping from the angles of 

arrival to the sensors outputs.  

 

[49] uses a neural network, based on the radial basis function (RBF), to determine the inverse 

mapping, i.e., from the sensors’ outputs to the AOA. TOA and AOA are used in a hybrid fashion to 

enhance the location estimation precision [50][51]. Conventional methods for AOA estimation are 

discussed in the following subsection. 
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2.2.2.1 Conventional Methods 

These methods are based on classical beam-forming techniques and require a large number of 

elements to achieve a high resolution. The nature or the statistical model of the received signals and 

noise is not exploited. In these methods, the beams are steered in all directions, looking for peaks in 

the output power. 

 

 
                                      Figure 2.9: Delay-and-sum method 
 

The Delay-and-sum method is the classical beam-former method and is the simplest technique in 

AOA estimation. The concept of beam-forming with delay-and-sum is shown in Figure 2.9. The 

output signal is the linearly weighted sum of the sensor element outputs. 

( ) ( ) ( ).H
ky k w u k k= =∑ w u                                                                              (2.19) 

The total output power is :  

2| ( ) | H
uuE y k = = P w C w                                                                               (2.20) 

where uuC  is the autocorrelation matrix of the array input data. The total power, P , in terms of 

AOA is given as: 

( ) ( ) ( ),H
b φ φ φ= uuP a C a                                                                                         (2.21) 

where ( )φa  is the steering vector. H represents complex conjugate transpose function. So, from the 

input autocorrelation matrix and the steering vectors of the all of theφ ’s of interest, we can estimate 

the output power. The AOA is determined from the peaks in ( )b φP . If there is a large amount of  

noise this method performs poorly due to the prevailing noise power [52]. Since the strongest beam 
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in a particular direction gives the best estimate of power arriving in that direction, this method works 

well when there is only one signal, i.e., the signal is coming from one direction. However, it is 

possible to increase the resolution by adding more elements. 

 

Another method, called Capon’s Minimum Variance Method, is closely related; however, it has better 

angular resolution. This technique forms a beam in the desired direction and simultaneously forms 

nulls in the direction of interfering signals, hence minimizing the contribution of the undesired 

interferences. The gain along the desired direction is usually kept constant. In this beam-forming 

technique, the output power of the array, ( )c φP , in terms of AOA, is given as: 

1( ) .
( ) ( )c Hφ
φ φ

= -1
uu

P
a C a

                                                                                                       (2.22) 

AOA is estimated from the peaks of ( )c φP . 

 

2.2.2.2 Multipath Propagation Modeling in AOA 
AoA is greatly affected by multipath propagation, in the form of scattering near and around the MS 

and BS. For MS, scattering objects are primarily within a small distance, whereas for BSes they are far 

off, because BSes are usually located well above surrounding objects. This results in reception of 

signals from all directions at an MS while the BS receives signals from a small azimuthal spread. As a 

result, the BS becomes surrounded by local scatterers and signals can arrive at the BS from a much 

broader range of angles [28]. 

 

 [61] and [62] model the macro-cellular propagation environment as a ring of scatterers about the 

MS, with the BS well outside the ring. Figure 2.10 illustrates this geometry, where the primary 

scatterers are assumed to be on a ring of radius r s  about the MS. The distance between the BS and 

MS, d, is assumed to be much greater than r s

For this model, assuming 

 . This model assumes that the MS uses an omni- 

directional antenna. 

sd r  the probability distribution function of the AOA at the BS is: 
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( )

1 1
2

2

1 , tan tan

( )

0, otherwise

s s
BS AOA BS

s
AOA BS AOA

r r
d drp

d
π

γ θ γ

θ γ θ

− −    − ≤ ≤ +         ≈ − −  
 



           (2.23)           

 

 

 

 

                                                                 
                                                                Figure 2.10: AoA scattering 

1tan sr
d

−  
 
 

 is the maximum angle deviation at the BS for a given d, and sr  . This model also 

assumes that the measured AOA has the same pdf, ( ),AOAp θ  at a BS. Thus, the location estimation 

of an MS will be offset from the true location. This problem is resolved by using the centroid of the 

set of points of the intersecting lines of position [28]. For example, if lines of position intersect at 

1 1( , )x y and 2 2( , )x y for a two-BS case, the location estimation is given by (X, Y), where 1 2X
2

x x+
=

and, 1 2Y=
2

y y+
. Other scatterer models have been proposed. For example, [63] models the 

Gaussian distribution of scatterers about the MS. The sensor coupling is ignored, one of the essential 

effects for the electromagnetic measurements. The interference of the scattered wave from a nearby 

antenna could contribute to the error significantly [64]. 
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2.2.3 Signal Attenuation 

MS location through signal attenuation is one of the early methods to track vehicles. This method 

uses a known mathematical model describing signal path loss [65]. A path loss function characterizes 

the attenuation that a signal expresses as it travels from a transmitter to a receiver. Path loss helps 

define the typical cell sizes of cellular and PCS communication systems. Since measurement of signal 

strength provides a distance or a range between the MS and the BS, the MS must lie on the circle 

centered at the BS, Figure 2.11. By using multiple BSes, the location of the MS can be determined, as 

in TOA. For signal strength-based location systems, the primary source of error is multipath fading 

and shadowing. Variations in signal strength can be as great as 30-40 dB over distances on the order 

of a half-wavelength. For a high mobility MS, signal strength averaging can help location estimation. 

However, low mobility MSes may not be able to average out the effects of multipath-fading, and 

there will still be variability due to shadow fading. 

 

 
Figure 2.11: MS lies on the circle where signal strength is the same 

 
 

The path loss slope can be derived from the relation: 

,t
r n

KPP
r

=                                                                                                                       (2.24) 

where rP  is the received power, tP  is the transmitted power, r  is the distance in km, and n  is a 

power factor. In free space, n  is 2, but in some urban and suburban areas n could be from 3 to 6. K 

represents all other factors affecting the received power. 

 

[66] divides the area of interest into small sub areas which are characterized by a list of discrete signal 

power values from different BSes, but a non-satisfying behavior of the system is reported. A fuzzy 
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logic algorithm was introduced in [67] to improve the accuracy in an AMP system. In this scheme, 

the rough distance estimates are associated with the membership function of Figure 2.12. The 

location estimations are acceptable only around the three vertex areas of the triangle formed by the 

three BSes. [19] applies field strength technique to the field strength data.  

 
                                           Figure 2.12: Membership function  

 

In a CDMA cellular system, the MSes are power-controlled to combat the near-far effect . TDMA 

cellular systems use power-control to conserve the battery power in the MSes. Therefore, for a signal 

strength-based location system using reverse signal link, it is necessary that the transmit power of the 

MSes be known and controlled with reasonable accuracy. In the presence of a power-control design, 

such as proposed for IMT-2000, this may be a difficult task. 

2.2.4 Assisted-GPS  

The GPS network was developed for the military. Civilian usage was an afterthought. The Department of 

Defense (DOD) put limits on the accuracy of the civilian signal to protect national security, a 

practice the Air Force euphemistically calls “selective availability.” The satellites were paid for and are 

maintained by the military to enable warfare missile strikes to be launched with precision on military 

targets, using triangulation. GPS is based on TOA. The ranges or distances measured are from 

satellites (a ring of 24 military satellites orbiting 18,000 kilometers above the Earth) to the GPS 

receiver.  

 

After selective availability was removed in May 2000, many LBS started using GPS to determine the 

current location. GPS receivers are inexpensive, and the corresponding location output is accurate; 

thus, GPS is widely accepted. GPS has a disadvantage, however: it only works outdoors because the 

receiver must have a direct view to at least four GPS satellites. Indoor positioning systems are cost-
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intensive and require extensive installations. They have a small coverage (e.g., a single building) and 

provide moderate precision. A compromise between precision and costs may be a system that uses 

an existing network infrastructure for positioning purposes. 

 

 

  Let g  be the coordinates of the GPS receiver and is  be those of satellite i. The range is, 

                          

|| ||ir = ig - s , for each i.  Each satellite carries a highly accurate and stable clock with very small drift, 

and periodically broadcasts its position with the corresponding time stamp. For an ideal situation 

with no error in measurement, this system determines the GPS receiver location by solving the 

system of equations; || ||i icd= +it g - s , where it is TOA, c  is the velocity of light, id is the additional 

delay related to the characteristics of the propagation medium, and .  is the Euclidean distance. This 

system of equations can estimate the location of a GPS receiver if the satellites and receiver clocks 

are perfectly aligned. The satellite clocks can be aligned using the ephemeris information, but the 

clock used in commercial receivers is inadequate for this alignment, hence adding another unknown 

in the equation. The system of equations now is given by || ||i i ic cb cd= + +t g - s , where b is the clock 

bias of the receiver [68]. 

 

In an assisted-GPS location estimation system, this issue is handled by using a local reference station 

containing a GPS receiver. This location reference station has a satellite-quality clock. In a wireless 

communication system, a BS is ideally good for integration with a local reference station. Such a BS 

estimates certain components of the range measurement and broadcasts the corrections to the MS. 

Since the location of the BS is known, it can find the error and hence the correction for the MS 

position. For an MS-to-BS distance less than or equal to 500 meters, the range error is within 2-3 

meters [69]. Placing such a BS (integrated with local reference station) on top of the tallest building in 

the area partially mitigates the multipath effect. 

 

The basic idea in assisted-GPS is to establish a GPS reference network (or a wide-area differential 

GPS network) whose receivers have clear views of the sky and can operate continuously.  This is 

shown in Figure 2.13. This reference network is also connected with the mobile network. At the 

request of an MS or network-based application, the assistance data from the reference network is 
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transmitted to the MS to increase performance of the GPS sensor. If implemented properly, the 

assisted-GPS method should be able to: 

1) Reduce the sensor start-up time; 

2) Increase the sensor sensitivity; and 

3) Consume less handset power than conventional GPS does. 

 

 
                                        Figure 2.13: A-GPS for location estimation 
 

If the GPS receiver does not know its approximate location, it will not be able to determine the 

visible satellites. The relative movements between the satellites and receiver make the search even 

more time-consuming. Therefore, the time-to-first-fix (TTFF) is one important parameter to evaluate 

the quality of a receiver. For standalone GPS, this time could be more than 10 minutes [70]. Clearly, 

this is unacceptable for certain applications such as E911. By transmitting assistance data over the 

GSM network, we can reduce the TTFF of a receiver to a few seconds. It significantly reduces the 

search window of the code phase and frequency spaces, thereby reduced start-up time. 

 

Furthermore, because of the availability of the satellite navigation message transmitted via the cellular 

network, it can also assist the receiver when the satellite signals are too weak to demodulate useful 

information. It reduces the handset power dissipation by going to the idle mode whenever there is no 

need for location services. 
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                                          Figure 2.14: A-GPS deployment example 
 

 

A deployment of assisted-GPS among tall buildings is shown is Figure 2.14. [71] proposes an idea of 

integrating intelligent equipment in a vehicle through VAN (vehicle area network). This equipment 

could be a vehicle computer, engine computer, odometer, compass, GPS receiver, or some other 

device. For example, when a vehicle is in a GPS coverage hole, its location can be estimated by its 

computer from the last know location (before entering the coverage hole) and inputs from the 

odometer and the compass.  

 
2.3 Location Information 
Location information can be expressed with some additional dimensions. The additional dimensions 

of location information reflect the needs of the application domain in which the specific information 

is going to be used. These additional dimensions are the other information that can be necessary for 

using the location data, for improving the location measurement, or for bringing additional value to 

the location data. Such information includes accuracy information, object identifiers (IDs), time of 

measurement, orientation of object, moving direction of object, etcetera [124]. 

 

The physical location of an object can be expressed using different reference frames, e.g. as an 

absolute spatial location, a descriptive location, or a relative location [5]. Absolute spatial location is 

the physical location of an object, expressed via a 2- or 3-dimensional coordinate system in a 
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particular spatial reference system. The spatial reference system expresses a 2- or 3-dimensional 

model of the Earth (or part of it) and determines how the used coordinate system is attached to the 

model. An example is, expressing the location of an object with latitude, longitude, and altitude 

coordinates using the WGS-84 datum. Descriptive location is a location described through other 

means than a coordinate system. Examples of descriptive locations are street address, building or 

room number, country, etcetera. Relative location is a specific type of descriptive location, where the 

location of an object is described relative to some other object, e.g. “100 meters from the store,” “the 

building next to the tower,” etcetera. Generally, a descriptive location can be mapped to an absolute 

spatial location. 

 

2.4 Map-matching Survey 
Map-matching (MM) is used to determine the accurate position of a vehicle or any other mobile device  

on a road map. Most of the formulated algorithms utilize navigation data from GPS and the digital road 

network data. After removing S/A, the accuracy of a GPS receiver is quite good. A good quality GPS 

receiver can be accurate within 5 meters. As a result of inaccuracies in the positioning system and the 

digital base map, actual geometric vehicle positions do not always map onto the spatial road map, when 

the vehicle is known to be on the road network. This phenomenon is known as spatial mismatch [72]. 

Figure 2.15 shows spatial mismatch. 

 

  
Figure 2.15: An example of spatial mismatch 
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The spatial mismatch is more severe at junctions, roundabouts, complicated fly-overs, and built-up 

urban areas with complex route structures. These environments also decrease the level of 

performance achievable with GPS.  

 

Therefore, MM algorithms are used to reconcile the inaccurate location data with the inaccurate 

digital road network data. If both digital maps and vehicle location are perfectly accurate, the 

algorithm is relatively simple and straightforward. There are several MM approaches in use and 

proposed in literature. Please note the MM techniques available in literature so far are mostly for 

vehicle navigation.  Therefore, we shall switch the terminology from “mobile user” to  “vehicle” in 

the following literature review section. 
 
One of the common assumptions found in the literature for implementing MM is that the vehicle is 

essentially constrained to a finite network of roads. Most of the studies [73] also reported that the digital 

map used for MM must be quite robust in order to generate error-free locations. Procedures for MM 

vary from those using simple search techniques [74] to those using more complex mathematical 

techniques [75]. 

  

The most commonly used geometric MM approach is based on a simple search concept. In this 

approach, each positioning point matches to the closest ‘node’ or ‘shape point’ in the network. This is 

also known as point-to-point matching [76]. A number of data structures and algorithms exist to 

identify the closest node (or shape point) from a given point in a network [77]. These methods are easy 

to implement, although they are very sensitive to the manner in which the network was digitized, hence 

leading to errors.  

 

Another geometric MM approach is point-to-curve matching [76]. In this approach, the positioning 

point from the navigation system is matched with the closest curve in the network. Each of the curves 

comprises line segments which are piece-wise linear. Distance is calculated from the positioning point 

to each of the line segments. The line segment which gives the smallest distance is selected as the one 

on which the vehicle is assumed to be traveling. Although this approach gives better results than point-

to-point matching, it does have several shortcomings that make it inappropriate in practice (in some 

cases), such as generating very unstable results in dense urban networks.  

 



 

38 
 

Another geometric approach is to compare the vehicle’s trajectory against known roads. This is also 

known as curve-to-curve matching [76]. In this approach, the candidate node is first identified using 

point-to-point matching. Then, given a candidate node, piecewise linear curves are constructed from 

the set of paths that originate from that node. Piecewise linear curves are then constructed using the 

vehicle’s trajectory. The distance between the curve along the vehicle trajectory and the curve 

corresponding to the road network is then determined. The road arc which is closest to the curve 

formed from the vehicle trajectory is taken as the one on which the vehicle is apparently traveling. This 

approach is quite sensitive to outliers and depends on point-to-point matching, sometimes giving 

unexpected results [80]  

 

 [79] proposes a novel method of MM using GPS, height aiding from the digital road map, and virtual 

differential GPS (VDGPS) corrections, referred to as the road reduction filter (RRF) algorithm. The 

initial matching process of this algorithm is based on the geometric curve-to-curve matching proposed 

by [76], and is quite sensitive to outliers. The proposed algorithm does not consider link connectivity 

information which could improve the performance of the algorithm, especially in the initial matching 

process. It is well known that the vehicle heading from GPS is not accurate if the vehicle speed is low. 

Although the proposed algorithm is based on the bearing of the vehicle, there was no indication of how 

to deal with the situation when the vehicle was stopped on a road segment for a few seconds. 

Moreover, the orthogonal projected location of the GPS fixes on the arc are used to determine the 

vehicle positions. However, [80] described that the orthogonal projection of the position fixes on the 

arc are different from the actual location of the vehicle on the arc.  

 

[80] reviews several approaches for solving the MM problem and proposes a weighted topological 

algorithm. The algorithm is based on assessing the similarity between the characteristics of the street 

network and the positioning pattern of the user. It reports that the procedure computes correct 

matches virtually everywhere. [81] tested this algorithm for a relatively sparse road network and 

concluded that sometimes the algorithm identifies incorrect road segments.[80]  also suggests that 

additional research is required to verify the accurate performance of the algorithm and to make an 

accurate position determination on a given road segment.  

 

[82] proposed a new MM method based on intersection information stored in a map database. The 

method identified whether the vehicle is near intersections or between intersections or whether a turn is 

detected using DR (Dead Reckoning) sensors. However, the study did not take into account speed 
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information and error sources associated with DR sensors. The algorithm also failed to deal with 

parallel roads and possible U-turns at junctions. Moreover, it does not determine the vehicle location 

on the road segment. This is one of the key improvements made by the algorithm developed in this 

thesis.  

 
2.5 Location Based Services 
Location Based Services are the mobile services that integrate a mobile device’s location with other 

information so as to provide added value to a user. Since the deployment of GPS, location services 

have been used by the US military. Since the 1970’s, GPS enabled the U.S. Department of Defense 

(DoD) to locate people and objects word-wide. About a decade later, the US government decided to 

make GPS freely available to other industries worldwide. Besides the GPS system, the former USSR 

has also started to offer free use of parts of its comparable system, the Global Orbiting Navigation 

Satellite System (GLONASS).  Since then, many industries have taken up the opportunity to access 

position data through GPS and now use it to enhance their products and services. For example, the 

automotive industry has been integrating navigation systems into cars for some time [11].  

 

Today’s Location Based Services (LBS) are within the context of mobile or cellular system and are 

available to the mobile users. Around 1997, mobile networks were widely deployed in Europe, Asia, 

and the United States, and income from telephony services had proven to be significant to mobile 

operators. Though mobile voice services continue to be a major revenue generator for service 

providers, growth of mobile telephony is limited and the price per minute is decreasing. Approximately 

15% of current operator income in Western Europe and 20% in Asia is already based on data services. 

Most of this income is coming from Short Message Services (SMS). To grow the data business further, 

operators need to invest in new technologies, especially in mobile messaging (e.g., MMS, IM, and email) 

and mobile Internet, and look for ways to optimize the user experience of this new product domain. 

Consequently, operators started to look around for means to stabilize their bottom line and find new 

areas for future growth. This put the industry and researchers on the hunt for new data services. One 

class of such services, LBS, was born as a result of the FCC E-911 mandate, docket 94-102. In October 

1996, the United States FCC mandated the implementation of location determination systems for 

wireless 911 emergency callers (E- 911). This service is designed to provide emergency rescue and 

response teams with the location of a cell phone making emergency call, comparable to the traditional 

“911” service for land-line phones. In this phase, mobile user location with the Cell-ID was required. 



 

40 
 

 

 

The directory service in LBS provides a search capacity for one or more Points of Interest (POI). A 

POI is a place, product, or service with a fixed position, typically identified by name rather than by 

address and characterized by type. A POI may be used as a reference or a target point in many query 

types. The query types can be divided into two types: (1) attribute queries, based on non-spatial 

attributes, and (2) proximity queries, based on spatial attributes. An attribute query is subdivided into 

a unique attribute query or a property attribute query. The unique attribute query amounts to a 

pinpoint White Pages query, which constrains the request by the identifier. The property attribute 

query is a normal Yellow Pages query constrained by non-unique attributes. Attribute queries are well 

supported by the query-processing methods of traditional relational databases. 

 

Proximity queries are based on spatial objects and are divided into three types: point queries, range 
queries, and nearest neighbor queries. 

 
 Point Query (PQ) 
Given a query point p, find all spatial objects O that contain it: 

∅PQ(p) = {O| p ε O.G ≠ } 
 
Where, O.G is the geometry of object O. The spatial query-processing method of a point query can be 

used by a spatial index. First, in the filter step, the spatial objects are represented by simpler 

approximations such as the MBR (Minimum Bounding Rectangle). Determining whether a query point 

is in an MBR,  is less expressive than checking if a point is in an irregular polygon. The 

 

spatial operator 

can be approximated using the overlap relationship among corresponding MBRs. In the refinement 

step, the exact geometry of each element from the candidate set is examined. 

 

 

 

Given a query polygon 

Range Query (RQ) 

p, find all spatial objects O which intersect P. When the query polygon is a 

rectangle, this query is called a window query: 

RQ(p) = {O| p ε O.G P.G ≠ ∅ } 
 

If records are ordered using a space-filling curve (say, Z-order), then the range of Z-order values 

satisfying the range query is determined. A binary search is used to get the lowest Z-order within the 
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query answer. The data file is scanned forward until the highest Z-order satisfying the query is found. A 

range query can also be processed in a top-down recursive manner using spatial index structures (e.g., 

R-tree). These methods work in the same manner as in the point query. The query region is tested first 

against each entry (MBR, child-pointer) in the root. If the query region overlaps with MBR, then the 

search algorithm is applied recursively on entries in the R-tree node pointed to by the child-pointer. 

This process stops after reaching the leaves of the R-tree. The selected entries in the leaves are used to 

retrieve the records associated with the selected spatial keys. 

 

Given a query point p, find the spatial object O with the smallest distance to 

Nearest Neighbor Query (NNQ) 

P: 

NNQ(p) = {O|dist(O.G, P.G) ≤ dist (O'.G,P.G

Here O' are all of the other spatial objects except 

)} 

O. The most common type of nearest neighbor 

search is the point K-Nearest Neighbor (KNN) query, which finds the k point objects that are 

closest to a query point. Conceptually, one strategy for the nearest neighbor query applies to a two-

pass algorithm. The first pass retrieves the data page D containing query object P to determine dist, 

the minimum distance between any objects in D to P. The second pass is a range query to retrieve 

objects within distance dist of P for determination of the nearest object. This approach reuses the 

spatial index algorithm for spatial selection (e.g., point query and range query). Most of the current 

research on KNN query is based on utilizing different 

2.5.1 Location Accuracy and LBS 

spatial index structures such as R-trees or 

Quad-trees.  

The location accuracy is strictly tied to the nature of LBS. For some time, marketers have been unsure 

whether the lower levels of accuracy obtained from the Cell-ID would be sufficient to launch 

compelling consumer and business services. Yet, early service examples show that the accuracy level 

required depends very much on the service. Even with Cell-ID, location information can be 

successfully  integrated by operators into many existing and new applications that enhance current value 

propositions and usability. 

 

We can categorize the location accuracy as low, medium, and high. Different sets of location based 

services can be associated with different accuracy shades. Location based services categorized with 

respect to location accuracy are summarized in table 2.1. 
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According to the FCC final phase, a network-based solution should be accurate within 100 meters for 

67 percent of calls, and 300 meters for 95 percent of the total calls.  For a handset-based solution, the 

required E-911 accuracy is 50 percent for 67 percent of calls and 150 meters for 95 percent of the total 

calls. This range of accuracy brought the potential of wide-spectrum of LBS. Some services may require 

quite accurate locations whereas other could be as wide as a country.   

 

                          Table 2.1: LBS and the required location accuracy 
Application Accuracy                         Application 

News   

Accuracy 

 Low                               Pet Tracking                                                  Medium to High                                                    

Gaming   Medium Personal Navigation     High                                                                                    

Directions High   Electronic Toll Collection                                 Medium to High 

M-Commerce   Medium to High Directory Assistance    Medium to High 

Traffic Information    Low                              Public Management System                     Medium to High 

Emergency    High Fleet Management                              Low  

Point of Interest        Medium to High           Remote Workforce 

Management                            

Low 

Sensitive Goods 

Transportation                

High Car Tracking        Medium to High 

Yellow Pages     Medium to Low            Local Advertisement                                Medium to High 

Child Tracking                                                  Medium to High Asset Tracking      High             

Car Navigation    Medium to High             Location-Sensitive Billing                   Medium to Low 

Geographic contextual 

information 

Medium to High             Security Medium to High 

 
For example, a weather advisory LBS  does not need to have location with good precision, but an LBS 

that sends alerts to its subscribers about their surroundings may need a location with good precision. 

Think of a subscriber who is going to park within the impermissible distance from a fire hydrant.. 
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2.5.2 Middleware System 

A middleware system is loosely defined as the set of services that facilitates the development and 

deployment of distributed applications in heterogeneous environments. The objectives of a 

middleware system are to abstract the details of the underlying operating system, network substrate, 

and protocols, mask possible failures, and even mask the distribution of interacting subsystems. The 

middleware's application programming interfaces (APIs) are often standardized by international 

standard bodies or widely accepted as standard solutions, so-called de facto standards. Standard APIs 

give rise to application portability and system interoperability. 

 

LBS middleware is more specialized, but with much the same objectives. It aims at facilitating the 

development and deployment of LBS applications in heterogeneous network environments. LBS 

middleware has to bridge protocols and network technology dominant in the telecommunications 

world with wireless technology and Internet technology. It is commonplace that LBS middleware has 

to integrate subsystems connected via Signaling System 7 (SS7) network technology, IP-based 

Internet networks, and the latest wireless technology. Standards that emerged in this domain are the 

Wireless Access Protocol (WAP), interoperability standards propagated by the OpenGIS consortium, 

and the efforts of the Location Interoperability Forum (LIF) to standardize LBS methodology. LBS 

middleware is either deployed within the network operator's network or hosted by an application 

service provider. In the deployment context, LBS middleware connects customers on mobile 

terminals and the Internet, third-party application providers, and network operators to offer one 

single location-based application portal, consisting of several individually customizable services. The 

middleware integrates with the network infrastructure, including location servers, WAP gateways, 

subscriber portal services, customer care, customer activation services, billing systems, accounting 

systems, and operational systems.  

 

LBS middleware differs in the kind of services offered to the subscriber, the network operator, and 

the application provider. For subscribers, fine-grained controls, over their profiles and their 

locations, as well as context, are important features. It should be possible to disable and enable 

location information and profile on an individual application service basis (i.e., to select which of the 

offered applications should receive the user's location information at what time and in which 

context). Network operators and third-party application providers are supported with real-time 

billing, revenue-sharing schemes, and subscriber information access, to name just a few features. 
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Applications are layered on top of the middleware, without much concern for the lower-level services 

(i.e., fully transparent to the application developer). Several different architectures exist in the 

marketplace, without one dominant player at this point. Moreover, there is not one standard 

architectural reference model that uniquely describes the components of LBS middleware available to 

date.  

 

To better understand the requirements imposed by different applications on the underlying 

middleware model, a finer-grained classification of applications are helpful. This classification is as 

follows: 

 

1. Infotainment services: Services to meet user requests on how to reach a given destination; where 

to find a particular service (e.g., automated teller machine, a restaurant, parking, or a gas station); how 

to find another mobile user. Characteristic of most of these services is their pull-based nature: the 

mobile user submits a request to receive information (i.e., actively pulls information from the 

service). The location of the mobile user drives the request evaluation at the server side. Mobile 

terminal location information, user context, and any other profile information may be used to derive 

personalized content returned to the user; however, detailed personalization is not a prerequisite for 

these kinds of services. 

 

2. Tracking services: These services track the geographic whereabouts of entities, with mobile 

terminals equipped, (e.g., users, trucks, and packages) and support requests to establish the location 

of these entities, their progress and state change along a route, or prospective future locations. 

Applications include fleet tracking, taxi monitoring and dispatching, workforce management, mobile 

supply-chain management, child support and security, tracking of elderly and sick persons, and goods 

and package tracking. The latter example is often supported by tracking the object as it passes 

through a statically fixed control point (i.e., a bar code reader). Active badge systems fall into this 

category as well  

 

Characteristic for these kinds of applications is the potentially very large number of entities that must 

be tracked simultaneously, the need to maintain state between different tracking points, and the 

inverse nature of the tracking request initiator (i.e., a remote monitoring entity is tracking the 

objects). Applications are pull- and push-based in nature. 
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3. (Selective) information dissemination services: This category refers to services that disseminate 

content to mobile users correlated with the subscriber's location, context, and profile. A prime 

example is (selective) advertisement dissemination. Disseminated content may include e-coupons or, 

advertisements. At one extreme, all users entering the range of a particular dissemination source 

could receive notifications. At the other extreme, highly selective correlations between a user's 

interests and the advertisement content could selectively target individual users. Characteristic for this 

category is the push-based character of the application. That is, the dissemination is initiated by the 

supporting middleware technology, with little or no user intervention. The support of selective 

content correlation requires a user profile and requires user identification information to be available 

for each user location quote. 

 

4. Location-based games: Essentially, part of the infotainment category, location-based games are 

mostly targeted at the young mobile user market and aim at getting users on the air. Gaming models 

include visiting different parts of a city (i.e., network cells) to retrieve information or further direction 

requests and finding peer-mobile users. This category of services is presently under intense 

development. No distinct characterization from the previous service classes is obvious. 

 

5. Emergency support services: These services have driven the development and deployment of 

location positioning technology in North America and are referred to as the E-911 services. The E-

911 mandate, imposed by the FCC, requires that network operators provide position information for 

a mobile 911 caller with a specified accuracy. This information serves police, fire fighters, 

ambulances, and automotive support crews. These services rely entirely on the available position 

location technology and do not, by themselves, impose any specific requirements on the middleware 

technology. 

6. Location-sensitive billing. Location-sensitive billing refers to the potential to dynamically bill a 

mobile user based on the present location. Calls that originate within the close vicinity of a wired 

phone or the user's home line are charged as wired calls versus entirely mobile calls. From a 

middleware perspective, no special support is required for this kind of service. A call is classified as 

being wired or mobile, and different accounting records are generated. 
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2.5.3 Key Protocols in LBS 

 Early development of LBS encountered some hurdles because of the underlying servicing technologies 

and protocols. WAP (Wireless Application Protocol) and Mobile Location Protocol (MLP) provided an 

encouraging platform to develop and promote LBS.   

 

2.5.3.1 WAP  
WAP is an open specification that offers a standard method to access Internet-based content and 

services from wireless devices such as mobile phones. The WAP model is very similar to the 

traditional desktop Internet. WAP was invented and is driven by the WAP Forum – a group 

originally formed by Nokia, Ericsson, Motorola and Phone.com (then Unwired Planet) in 1997 with 

the initial purpose of defining an industry-wide specification for developing applications over wireless 

communications networks. 

 
WAP is an application environment and set of communication protocols for wireless devices 

designed to enable technology- independent access to the Internet and advanced telephony services. 

 
WAP bridges the gap between the mobile world and the Internet, as well as corporate intranets, and 

offers the ability to deliver an unlimited range of mobile value-added services to subscribers 

independent of their network, bearer, and terminal. Mobile subscribers can access the same wealth of 

information from a pocket-sized device as they can from the desktop. 

 
WAP defines an industry-wide specification for developing applications over wireless 

communications networks [97]. The WAP specifications define a set of protocols in application, 

session, transaction, security, and transport layers, which enable operators, manufacturers, and 

applications providers to meet the challenges in advanced wireless service differentiation and 

fast/flexible service creation. There are now over one hundred members representing terminal and 

infrastructure manufacturers, operators, carriers, service providers, software houses, content 

providers, and companies developing services and applications for mobile devices. WAP also defines 

a wireless application environment (WAE) aimed at enabling operators, manufacturers, and content 

developers to develop advanced differentiating services and applications including a microbrowser, 

scripting facilities, e-mail, World Wide Web (WWW)–to-mobile-handset messaging, and mobile-to-

telefax access. The WAP specifications continue to be developed by contributing members, who, 



 

47 
 

through interoperability testing, have brought WAP into the limelight of the mobile data marketplace 

with fully functional WAP–enabled devices  

 
WAP Operation 
 
WAP provides a universal open standard for bringing Internet content and advanced services to 

mobile phones and other wireless devices. A mobile phone and gateway are the main components of 

WAP. Nowadays, whenever a mobile phone uses WAP, a connection is created via wireless session 

protocol (WSP) between the mobile and the gateway. When the user enters the address of the WAP 

site, the gateway is sent a request for the device’s micro-browser using WSP. The gateway translates 

the WSP request into a hypertext transfer protocol (HTTP) request and sends it to the appropriate 

origin server (or web server). The web server then sends back the requested information to the 

gateway via HTTP. Finally, the gateway translates and compresses the information, which can then 

be sent back to the micro-browser in the mobile phone. Figure 2.16 depict the high level operation 

of WAP. 

 

 
                                      Figure 2.16: WSP to HTTP to WSP translation 
 

 

In the past, wireless Internet access has been limited by the capabilities of handheld devices and 

wireless networks. WAP utilizes Internet standards such as XML, user datagram protocol (UDP), and 

Internet protocol (IP). Many of the protocols are based on Internet standards such as hypertext 

transfer protocol (HTTP) and transport layer security (TLS), but have been optimized for the unique 

constraints of the wireless environment: low bandwidth, high latency, and less connection stability. 
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Internet standards such as hypertext markup language (HTML), HTTP, TLS, and transmission 

control protocol (TCP) are inefficient over mobile networks, requiring large amounts of mainly text-

based data to be sent. Standard HTML content cannot be effectively displayed on the small-size 

screens of pocket-sized mobile phones and pagers. WAP utilizes binary transmission for greater 

compression of data and is optimized for long latency and low bandwidth. WAP sessions cope with 

intermittent coverage and can operate over a wide variety of wireless transports. WML and wireless 

markup language script (WML Script) are used to produce WAP content. They make optimum use of 

small displays, and navigation may be performed with one hand. WAP content is scalable from a 

two-line text display on a basic device to a full graphic screen on the latest smart phones and 

communicators. The lightweight WAP protocol stack is designed to minimize the required 

bandwidth and maximize the number of wireless network types that can deliver WAP content. 

Multiple networks are currently targeted, with the additional aim of targeting even more networks. 

These include global system for mobile communications (GSM) 900, 1,800, and 1,900 MHz; interim 

standard (IS)–136; digital European cordless communication (DECT); time-division multiple access 

(TDMA), personal communications service (PCS), FLEX, and code division multiple access 

(CDMA). All network technologies and bearers will use WDP. 

 

 The WAP datagram protocol (WDP) is the transport layer that sends and receives messages via any 

available bearer network, including SMS, USSD, CSD, CDPD, IS–136 packet data, and GPRS. The  

Wireless transport layer security (WTLS), an optional security layer, has encryption facilities that 

provide the secure transport service required by many applications, such as e-commerce. The WAP 

transaction protocol (WTP) layer provides transaction support, adding reliability to the datagram 

service provided by WDP. The WSP layer provides a lightweight session layer to allow efficient 

exchange of data between applications. The HTTP interface serves to retrieve WAP content from 

the Internet requested by the mobile device. 

 

Location based WAP services [78][83] (i.e., certain LBS) represent a class of applications with specific 

needs. The WAP location framework addresses these needs by providing a transparent and 

positioning procedure independent of the application interface. The WAP location framework uses 

two XML documents to carry information when location information is requested and delivered. 

 

These are the XML Invocation Document and the XML Delivery Document. The main entities in 

the WAP Location Framework Infrastructure are the WAP Client, the WAP Location Network, and 
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the Application Server. The WAP Location Network includes the entities in the network that 

implement the services functionalities. The Application Server is the entity that manages the content 

of the message for providing the services. Normally, an LBS transaction can be initiated from any 

application on the WAP Client, which initiates a request for location information from the WAP 

Location Query Functionality in the WAP Location Network. The location information is forwarded 

to the Application Server, which then returns the information to the WAP Client. WAP uses HTTP 

as its transport protocol, and it defines the location information structure and the additional 

commands to indicate the type of service requested. Thus, the WAP LBS transactions are a request 

response, where the body of the HTTP message includes the primitives using the "Location 

Invocation document". 

 
                                        Figure 2.17: Location Invocation document 
  

Figure 2.17 shows that the "Location Invocation document" used to request location information is 

based on an XML structure and contains the following information: type of request (immediate-

query, deferred-query, etc), transaction ID, terminal ID, and the address of the application that will 

calculate the location information 

 

WAP Architecture 
WAP is designed in a layered fashion in order to be extensible, flexible, and scalable. With the Open 

System Interconnection model (OS1 model) in mind, the WAP-stack basically is divided into five layers, 

see Figure 2.18. The layers are as follows: 

 

Wireless Application environment (WAE): Application layer 
The Wireless Application Environment layer is the one you're most likely concerned with if you are 

considering deploying WAP applications. It encompasses the devices, the content-development 
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languages you use (WML and WML Script), the telephony APIs (WTA) for accessing telephony 

functionality from within WAE programs, and some well-defined content formats for phone book 

records, calendar information, and graphics.  

 
Wireless Session Protocol (WSP): Session Layer 
The Wireless Session Protocol layer provides a consistent interface to WAE for two types of session 

services: a connection mode and a connectionless service.  

• It creates and releases a connection between the client and server.  
• Exchange data between the client and server using a coding scheme that is much more 

compact than traditional HTML text. 
• Suspend and release sessions between the client and server 

 
Wireless Transaction Protocol (WTP): Transaction Layer 
WTP provides transaction services to WAP. It handles acknowledgments so confirm if a transaction 

succeeded. It also provides retransmission of transactions in case they are not successfully received 

and removes duplicate transactions. WTP manages different classes of transactions for WAP devices: 

unreliable one-way requests, reliable one-way requests, and reliable two-way requests.  One-way 

paging networks work in this fashion. If you page someone and the pager is off or out of range, that 

person does not receive the message. While WTP does provide this service, most transactions use 

one of the reliable transaction types. 

 

Wireless Transport Layer Security (WTLS): Security Layer 
Wireless Transport Layer Security provides services to protect your data, including data integrity, 

privacy, authentication, and denial-of-service protection. Data integrity guarantees that the data that 

is sent is the same data that is received. WAP privacy services guarantee that all transactions between 

the WAP device and gateway are encrypted. Authentication guarantees the authenticity of the client 

and application server. Finally, denial-of-service protection detects and rejects data that come in the 

form of unverified requests. 

 
Wireless Datagram Protocol (WDP): Transport Layer 
The Wireless Datagram Protocol provides a consistent interface to the higher layers of the WAP 

architecture so that they need not concern themselves with the exact type of wireless network the 

application is running on. Among other capabilities, WDP provides data error correction. 
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                                                  Figure 2.18: WAP Architecture 
 
 

 

The Future of WAP  
The tremendous surge of interest and development in the area of wireless data in recent years has 

caused worldwide operators, infrastructure and terminal manufacturers, and content developers to 

collaborate on an unprecedented scale, in an area notorious for the diversity of standards and 

protocols. The collaborative efforts of the WAP Forum have devised and continue to develop a set 

of protocols that provide a common environment for the development of advanced telephony 

services and Internet access for the wireless market. If the WAP protocols were to be as successful as 

TCP/ IP, the boom in mobile communications would be phenomenal. Indeed, the WAP browser 

should do for mobile Internet what Netscape did for the Internet. As already mentioned, industry 

players from content developers to operators can explore the vast opportunity that WAP presents. 

As a fixed-line technology, the Internet has proved highly successful in reaching the homes of 

millions worldwide. However, mobile users until now have been forced to accept relatively basic 

levels of functionality, over and above voice communications, and are beginning to demand that the 

industry move from a fixed to a mobile environment, carrying the functionality of a fixed 

environment with it. Initially, services are expected to run over the well-established SMS bearer, 

which will dictate the nature and speed of early applications. Indeed, GSM currently does not offer 

the data rates that would allow mobile multimedia and Web browsing. With the advent of GPRS, 

which aimed at increasing the data rate to 115 kbps, as well as, other emerging high-bandwidth 

bearers, the reality of access speeds equivalent to or higher than those of a fixed-line scenario 

become ever more believable. GPRS is seen by many as the perfect partner for WAP, with its distinct 
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time slots serving to manage data packets in a way that prevents users from being penalized for 

holding standard circuit-switched connections. 

 
2.5.3.2 Mobile Location Protocols (MLP) 
The Location Interoperability Forum, LIF [84], is an industry consortium that was formed in 

September 2000. The aim of this initiative is to develop and promote common solutions for LBS in 

mobile terminals. LIF defines a set of recommendations and specifications to provide LBS, which are 

independent of the network protocol and the positioning technology. These specifications allow the 

users to obtain location information from the wireless networks independent of their air interfaces 

and positioning methods. Furthermore, these specifications define interoperable LBS to be used 

from any Internet-based application. LIF promotes a family of standards-based location 

determination methods and their supporting architectures that are based on Cell Sector-ID, Cell-ID, 

and TA, E-OTD (GSM), AFLT (IS-95), and assisted-GPS. Thus, LIF provides a set of APIs to 

manage the data coming from the terminals and systems of different technologies such as Bluetooth, 

GSM, and others. Those interfaces are available for the companies involved in the consortium. LIF 

has defined a Mobile Location Protocol (MLP) that can be used by a location-based application to 

request MS location information from a Location Server (Gateway Mobile Location Center defined 

in GSM and UMTS –GMLC, Mobile Positioning Center (MPC) defined in ANSI). 

 
MLP is an application-level protocol for querying the position of mobile stations independent of 

underlying network technology [98]. The MLP serves as the interface between a Location Server and a 

location-based application, as shown in Figure 2.19. 

 

 
                                       Figure 2.19: Mobile Location Protocol’s operation 
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2.5.3.3 MLP Structure  
Different devices may support different means of communication. A ubiquitous protocol for location 

services should support different transport mechanisms. In MLP, the transport protocol is separated 

from the XML content. Figure 2.20 shows a layered view of MLP.  

 
                                                           Figure 2.20: MLP layers structure  

 

The transport protocol defines how XML content is transported. Possible MLP transport protocols 

include HTTP, WSP, SOAP, and others.  The Element Layer defines all common elements used by the 

services in the service layer. The Service Layer defines the actual services offered by the MLP 

framework. Basic MLP Services are based on location services defined by 3GPP, and are defined by 

this specification. The "Advanced MLP Services" and "Other MLP Services" are additional services 

that either will be specified in other specifications or are specified by other forum that conform to the 

MLP framework.  

 
 

                A service in the upper part of the service layer, may contain more than one message. e.g. SLIS 

(Standard Location Immediate Service) consists of SLIR (Standard Location Immediate Request), SLIA 

(Standard Location Immediate Answer) and SLIR  (Standard Location Immediate Report) messages. 

Messages for each service are listed in the table below. The Service Layer is divided into two sub-layers. 

The upper sub-layer defines the service, the lower sub-layer holds common elements which are specific 

for that group of services. If an element is common to more than one group of services, then that 

element is defined in the element layer. The present specification specifies no element sub-layer. Each 
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implementation of a location server can select which services it wants/needs to support. The services 

are described in the table below.  

                                Table 2.2: Upper layers services in MLP 
Service Description 

Standard 

Location 

Immediate 

Service  

This is a standard query service with support for a large set of parameters. This service is 
used when a (single) location response is required immediately (within a set time) or the 
request may be served by several asynchronous location responses (until a predefined 
timeout limit is reached).  

This service consists of the following messages:  

• Standard Location Immediate Request  
• Standard Location Immediate Answer  
• Standard Location Immediate Report  

 
Emergency 
Location 
Immediate 
Service  

This is a service used especially for querying of the location of a mobile subscriber that 
has initiated an emergency call. The response to this service is required immediately 
(within a set time).  

This service consists of the following messages:  

• Emergency Location Immediate Request  
• Emergency Location Immediate Answer  

 
Standard 
Location 
Reporting 
Service  

This is a service that is used when a mobile subscriber wants an LCS Client to receive 
the MS location. The position is sent to the LCS Client from the location server. Which 
application and its address are specified by MS or defined in the location server.  

This service consists of the following message:  

• Standard Location Report  
Emergency 
Location 
Reporting 
Service  

This is a service that is used when the wireless network automatically initiates the 
positioning at an emergency call. The position and related data is then sent to the 
emergency application from the location server. Which application and its address are 
defined in the location server.  

This service consists of the following message:  

• Emergency Location Report  
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Table 2.2 Continued 
                                
Triggered 
Location 
Reporting 
Service  

This is a service used when the mobile subscriber’s location should be reported at a 
specific time interval or on the occurrence of a specific event.  

This service consists of the following messages:  

• Triggered Location Reporting Request  
• Triggered Location Reporting Answer  
• Triggered Location Report  
• Triggered Location Reporting Stop Request  
• Triggered Location Reporting Stop Answer  
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Chapter 3 
 
 

Mobile Trajectories- The Objective 

So far, we know mobile services that are based on the present location of a mobile user (MU). The 

services are called Location Based Services (LBS) and were discussed in detail in Chapter 2. We 

introduce an idea of mobile services that are based on the mobility profile of an MU and propose a 

method to generate the mobility profile (trajectory) of an MU. We called such services, Mobile 

Trajectory Based Services (MTBS). The difference between LBS and MTBS from the underlying 

location structure  point of view is just what the names suggest, i.e., LBS are based on one location 

point or feasible  area whereas MTBS are based on the already known mobility traces (trajectories) of an  

MU. MTBS can make use of the present location of an MU to further enhance the effectiveness or to 

add another feature to the service.  

 

Mobility models used in location management and elsewhere would not suffice for the mobility 

profiling of an MU. They must be the actual mobility traces of the daily mobile activities. About 80% to 

90% of humans who move have a known destination. Most often, we do not move around aimlessly. 

Furthermore, being creatures of habit, and perhaps for maximum efficiency, we tend to follow routes 

we have previously followed. Therefore, it is a good assumption that we are able to predict correctly the 

route on which an MU travels.  However, this may not be true for all the MUs. We can divide all MUs 

into three categories: 1) predictable, 2) partially predictable, and 3) unpredictable. Most of the MUs with 

a regular job fall under category 1.  For providing MTBS, the profiled trajectories do not have to be 

strictly 100% predictable; it is analogous to LBS with MU location. As we explained in Chapter 2, the 

MU location does not have to be very accurate for most of the LBS. If an MU stays predictable for 

most of the trajectories of the day, it is a good basis for providing some MTBS. The mobility traces in 

addition to the profiled ones would not affect an MTBS.  The polled location points of the trajectory 

are time-stamped. So, the trajectory is a spatiotemporal distribution. All interpolated points on the 

curve are associated with time. 

 

In our mobility model, an MU traces a different trajectory for each day of the week. Most of the people 

(MUs) follow the same path for multiple days of the week. If an MU traverses the same trajectory for 
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different days of the week, this shall be a special case of our model. The model can accommodate 

arbitrary trajectory duplication during the week. This makes the model a generic one from this 

perspective.  

Let G  be the GIS road network database of the area, and D  be the days of a week, the mobility 

profile of a mobile user A: 

{ }| , , ;rA rAi rAi rAii= ∀ ∈ ∀ ∈ ≠∅T T D T G T   

.rA rx rA=T T T  Where, rxT is an occasional, not profiled trajectory. 

 

3.1   Examples of MTBS 
Several of the LBS can simply be translated into MTBS. Some of the LBS provided ahead of time also 

fall under MTBS, because to provide such service the service provider needs to know that an MU will 

be around this proximity around a particular time. The translation of a directory service, which is a 

category of LBS “Find nearest flower shop” into MTBS would be, “Find me a flower shop on my way 

back home.” This is the service an MU is asking for when he is in his office, and per routine of that 

particular day of the week, he needs to pick up his child from day care. His route back to home, with 

approximate time stamps, is known to his particular service provider through his mobility profile. A 

typical example of future service is vendor-initiated, where you get a promotional soft coupon in 

advance from a vendor (in Chapter 1 we used a Sears department store as an example) located on or 

near your profiled trajectory. Such a service could add another flavor by adding the known location of 

an MU. For example, taking the example of a soft coupon from Sears, the service provider can solicit 

you with the service when you are at home and have not yet started your routine travel. It could be few 

hours before or even the night before. This does not require the present location of the MU to render 

the service. On the other hand, the service provider may solicit the same service knowing your present 

location somewhere on the beginning of your profiled mobility store. With this flavor of service, the 

service provider knows your present location and knows the approximate time when you will be near 

the store and can craft the promotional coupon accordingly.  

Some other categories of MTBS examples are: 

• Roadwork alert/traffic information 
• Weather alert  
• Route advisory 
• Emergency 
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• Directory assistance 
• Trajectory-wise advertisement. 

 

3.2 Issues to Overcome in Trajectory Estimation  
According to the FCC E-911 mandate, an error up to 300m is permissible in a network-based solution. 

This is quite a large error to determine the trajectory of an MU, even if the location is polled with high 

frequency.  Figure 3.1 shows an error of 300m.  

 
                                     Figure 3.1: An error of 300 m on an actual map 
 
Since the location estimation for two consecutive points does not necessarily involve the same BSes 

and the path of signal travel is different, the error is not symmetrical. So, a trajectory formed by a high 

frequency polled location updates is not likely of the same pattern as the actual one. The curve shape so 

formed does not necessarily match the actual curve (trajectory). 

 

The error in location estimation is inevitable. There are several sources of location error as explained in 

the following sub sections. 

3.2.1 Hearability of Remote BSes 

In most techniques, non-serving BSes are involved. The hearability of signals to or from these BSes 

may cause some measurements to be impractical when the MS is close to its serving BS. Especially if 

the communications are power controlled, the Signal-to-Interference ratio SIR (for the remote signal) 

will be high. It may be impossible to collect the required measurements from the remote BSes in a 
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short enough time [85]. [86] supports this hypothesis with experiments. Motorola proposed a power-up 

function at the MS [87].  [88] proposes slotted transmission at the BS. Using a TOA approach, the 

author simulates location accuracies of 125m 80% of the time. These will have a significant effect on 

the capacity of the network but may be worth further study. Another important technique to consider 

is interference cancellation, whereby known signals that are present can be removed from the received 

signal, thus reducing the apparent SIR. 

3.2.2 Multipath Conditions 

Multipath effects are caused by the air interface and local scatterers (reflections off geographical 

features) which results in a received signal made of several different copies of the same transmitted 

signal at different time delays, magnitudes, and phases, Figure 3.2. In modern systems the 

communication channel is estimated and a RAKE receiver can be implemented to capture these rays. 

Multipathing will have an effect on AOA measurements (particularly at the MS) as a large angle spread 

may be observed at the receiver. Typical values are 360  for indoor, 20 for urban and 1  for rural 

environments [89]. 

 

 

 

 

 

 

 

 

 

 

                                        Figure 3.2: Multipath scenario  
 

3.2.3 Non–Line of Sight (NLOS) Conditions 

The problem of non–line of sight communication is fundamental. Timing, signal strength, and 

especially AOA information will be inaccurate, see Figure 3.3.   Results from a study [90] indicate that a 

change in propagation distances of 400–700m will be typical for an MS experiencing NLOS conditions. 

MS

BS

Multiple paths
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In TDOA, timing errors may cancel out to a certain degree, assuming similar NLOS properties to each 

BS. It seems feasible that the NLOS propagation errors may be predictable by analyzing measurement 

statistics as proposed in [91]. Certainly, to simulate a realistic scenario a dynamic LOS/NLOS channel 

must be modeled. 

 

 

 

 

 

 

 

 

 

 

 

 

                        Figure 3.3: Non-LOS causing erroneous time of travel  
 

3.2.4 Geometric Dilution of Precision (GDOP) Caused by Suboptimal 
BSes Layout 

In certain scenarios, the GDOP will have a significant effect on the accuracy of the system. Specifically 

Highway cells where the BS arrangement may be linear. [92][93] propose methods to measure the 

GDOP and demonstrate the effect on their simulated results. In theory it will be possible to reject 

certain measurements using GDOP analysis. 

MS

BS

LOS path
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               Figure 3.4: TOA: Instead of a point of intersection we get a probable region   
 

 

In time-based methods such as TOA, OTD, or TDOA, a point of intersection (the location point) of 

circles or hyperbolas is expected. However, because of the error conditions mentioned above, instead 

of a point of intersection we get a feasible area bounded by the circles or hyperbolas. Figure 3.4 shows 

this for TOA and Figure 3.5 for TDOA. 

                                        

                                               
 
       Figure 3.5: TDOA: Instead of a point of intersection we get a feasible region 
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Since the advent of civilian usage of GPS, location error has been an issue and concern. In 1980’s GPS 

was made publicly available but with S/A. This gave birth to Differential GPS. The idea was to find the 

position of an exact known location and then communicate the error to other neighboring GPS 

devices. This idea has been borrowed in the cellular world with the name of assisted-GPS, as explained 

in detail in Chapter 2. So far, A-GPS has provided the most accurate position. With this merit it has 
become a standard in GSM for location estimation. Table 3.1 compares other location estimation 

methods in use.  

                  Table 3.1: Location estimation technologies’ accuracy comparison 
Technology Handset impact Accuracy 
Cell ID          none Depends on the size of the cell 

100m-3km 
Cell ID + TA          none 500m 
TDOA          none 100-200m 
AOA          none 100-200m 
EOTD            yes 20-200m 
GPS/AGPS            yes 5-100m 

                
In rural areas a 100-200m error is not a major issue as it can be corrected to a great extent. However, 

100m error  in urban area is an issue to forming a trajectory of  an MU. 

3.3 Polling Frequency 
The second issue at hand is polling frequency. The more location points you have, the better the 

interpolating or approximating curve (trajectory) would be.  Even with highly accurate location points, 

one would need very frequent locations polls. This is overburdening on the air resources, location 

processors, location servers, and database, so this is not a useful approach. On the other hand, if you 

update the locations sparsely, i.e., low frequency polling, the curve so obtained would be very erroneous 

and ambiguous.  
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           Figure 3.6:  Location update from 1P  to 2P leaves ambiguous paths 
 
Figure 3.6 depicts this anomaly. If point, P2,  is polled after P1 

______

1 2P P

, the path from P1 to P2 is ambiguous if 

we use some map-matching technique, and is erroneous if we take , a cut through straight line, as 

the path. 

 The polling frequency cannot be pre determined. In extreme conditions, it might work in some areas 

but perform poorly or overload different components of the system.  The polling frequency for an 

accurate curve (mobile trajectory) is strictly tied to the map of that area, i.e., shape of the roads and 

number of turns, and the speed of the MU. In other words, the path an MU takes dictates the polling 

frequency. The optimal polling frequency may change during the course of the path, as well. So, there is 

a need for an adaptive polling scheme to cope with arbitrarily curving and turning roads. 

In our research work, we provide the basis for MTBS, the mobility profiles, for the mobile users. The 

mobility profile consists of the mobility traces (trajectory) of an MU for each day of the week. As 

discussed in detail in Chapter 2, the location points collected throughout mobility profiling are 

erroneous, and we cannot afford to poll for location updates at a high frequency. We need to devise an 

adaptive polling method and novel map-matching techniques, using digital maps and constraints on the 

roads from GIS to translate the raw, erroneous estimated location points to an MU trajectory.  
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Figure 3.7:  Raw location points, candidate for a trajectory leg. 

 

We introduced GIS briefly in Chapter 1 and shall discuss it in detail in Chapter 4. From GIS we can 

obtain constraints on the roads, such as posted speed limits and directions. Integrating the constraints 

with our location polling and map-matching technique, we have an intelligent adaptive method to 

capture the MU trajectory. Our map-matching technique is a 2-part method, the first is online matching 

and the second is off-line matching. The polling scheme is integrated with the online map-matching.  
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The mobility trace rAiT , for the whole day, i∈D , of a mobile user A,  is partitioned into trajectory legs, 

T j
rAi , where j=1,2,3,..L and L = Number of trajectory legs. 

            
 
Figure 3.8: Proposed algorithms on the raw points would yield mobile user’s trajectory 
 

 
Let ,i jP ∈R be all the raw location points, collected during the mobility profiling. We want to derive  
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the mapping, f : rA→R T   , T j
rA rAi

j Li D ∈∈
= ∑T  . 

 
For example, Figure 3.7 shows a distribution of raw estimated location pints, marked with blue X’s, 

from point A to point B of a trajectory leg T j
rAi . The estimated trajectory leg would look like the one 

shown in Figure 3.8. Please note this is just for manifesting a high-level approach, we have not applied 

our algorithms on the location points. 

We discuss how to determine the trajectories (mobile profile) in detail in Chapter 4. Once the mobility 

profiles of the MUs are determined, the service provider can build MTBS on them. We shall generate a 

GIS database of road networks from the map shown in Figures 29 and 30, following the standard 

vector-based data structure of lines. The bases of trajectory methods are derived and discussed in the 

framework of metric spaces. We shall apply our algorithms on location estimates of all the major 

location determination technologies given in table 3. Cell-ID and TA are not suitable for mobility 

profiling in urban area. We shall extend our mobility profiling simulation for rural areas that may use 

location estimation technologies with a larger error, such as 200-300 meters. 

 

3.4 Additional Benefits of Mobility profiling 
Mobile location in general, and mobility profiling in particular, can be used to improve the system 

performance in each horizontal layer. It can also provide applications across layers vertically. Some 

examples are given as follows: 

3.4.1 Smooth Handoff 
For an MU with a known mobility profiling, handoff would be smoother. The system knows the exact 

trajectory the MU is going to follow and therefore knows when the user is going to reach handoff 

locations. 

 

3.4.2 Optimized Cell Sectorization 
The system can optimize and arrange the number of users in each sector based on the trajectory traces 

passing through different sectors.  
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3.4.3 Early Channel Allocation 
The system detects current location of an MU and can determine the MU’s future locations for early 

channel allocations. The serving cell could request the core network to reserve channels in the target 

cell. Each MU may subscribe to different QoS levels and will be assigned to a different channel 

reservation priority accordingly. 

3.4.4 Code and Frequency Reuse in Micro Cell 
 When the MU is in the call, the traffic channel may assign the same code/frequency with different a 

zone in the micro-cell scheme. With known mobility profiling, the system can manage capacity robustly. 
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Chapter 4 
Mobility Profiling 

We shall start this Chapter with the building blocks of the mobility profiling algorithms. These are 

Geographical Information Systems (GIS), Map-matching and shape-matching. 

 

4 . 1  G I S  
A GIS is designed for the collection, storage, and analysis of objects and phenomena where 

geographic location is an important characteristic or critical to the analysis. A general architecture of 

a GIS system is given in Figure 4.1. 

 
                                                  Figure 4.1: GIS General Architecture  
 

 It is a map with a database behind it and is a virtual representation of the real world infrastructure. GIS 

is consistent “as-built” with the real world, which is queried to support on-going operations. The 

components Transformation and Analysis, display and reporting are very important parts of a GIS, but 

the core is the database. The various physical aspects of the map, political boundaries, roads, railroads, 

waterways, and so forth, are assigned to layers according to their common spatial data values, as shown 

in Figure 4.2.  Each layer represents a common feature.  Layers are integrated using explicit locations 

on the Earth’s surface, thus the geographic location is the organizing principal. 
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                                                         Figure 4.2: GIS data layers 
 

A GIS application involves several domains of knowledge. Examples are [5]: urban planning, route 

optimization, public utility network management, demography, cartography, agriculture, natural resources 

administration, coastal monitoring, fire, telecommunication, and epidemics control. Each type of 

application deals with different features, scales, and spatiotemporal properties.  

 
The layers are comprised of two data types. 1) spatial data, which describes location and attribute data 

specifying, what, how much, and when; and 2) metadata, which is essentially data, of the data. These layers 

may be represented in two ways: raster, as an image format, and vector format, as points, lines, and 

polygons. 

 
Raster data are consistent, organized arrays of data. Data are composed of grid cells or intersections of 

the grid lines. An example of a grid cell is the values recorded for a cell (picture element, or pixel) in a 

satellite image or an orthophoto. Vector data consist of familiar points, lines, and areas. Data points are 

just that—they represent a position to which further information can be attached. Because the position, 

such as longitude and latitude, is stored as an attribute to the point, it is often referred to as a zero-

dimension element. Lines connect two end points, commonly referred to as nodes. The connection, of 

course, can be a straight line or a curve. Curved lines have inflection points within, marking changes in 

direction. All lines can be measured in terms of length, but not area. Therefore, they are referred to as 

one-dimensional elements. Areas (also called polygons) are enclosed two-dimensional regions that may 

contain or be intersected by points and lines. Areas, while obviously representing some sort of 

boundary, can have attributes further assigning a value to the entire region [6]. Figure 4.3 compares the 

difference of vector and raster representation of point and line. 
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       Figure 4.3: Representation of a point and a line in vector and raster format 

4.1.1 GIS Data Standards and Architecture 

The number of formats available for GIS data is almost as large as the number of GIS packages on 

the market. This makes the sharing of data difficult and means that data created on one system is not 

always easily read by another system. This problem has been addressed in the past by including data 

conversion functions in GIS software. These conversion functions adopt commonly used exchange  

 

 
                                                 Figure 4.4: ArcGIS Architecture  
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formats, such as DXF and E00. As the range of data sources for GIS has increased, the need for 

widely applicable data standards to facilitate exchange of data has been recognized. Despite the 

efforts of the Open GIS consortium, there are still different methods to code data and GIS 

implementations. ArcGIS from ESRI is among the industry’s most popular GIS. It is composed of a 

suite of different applications, as shown in Figure 4.4. All of its applications, namely, ArcInfo, 

ArcEditor, ArcView, ArcExplorer, and Browser, depend on the same database. 

 

Such GIS packages are very expensive and are typically owned by an enterprise. For our research we 

shall make our own GIS that fulfills our objective. From the operational point of view, our GIS would 

work the same as a commercial package such as ArcGIS,   but would contain the only database that we 

require in mobility profiling, namely the road network layer only. Our database would contain the road 

network of a small area of a user’s mobility. We shall build a thin application to read the database, to 

perform pre-matching, and to store the candidate profiles in a different database.  

4.1.2 

Building LBS applications starts with the collection of road data. The United States alone contains 

millions of individual road segments. Map database vendors collect and convert raw geographic content 

into digital formats. The map data are captured in many ways, ranging from satellite imagery to scanned 

maps to manually digitizing paper maps. Some vendors physically drive each road segment in GPS-

equipped cars, recording every change of direction and photographing road signs to keep track of 

specific road conditions, such as turn restrictions and height/weight restrictions. 

Digital Road Databases 

 

Each vendor's data are different, which accounts for some of the discrepancy in the maps and routes 

generated. Some data are extremely accurate but have only partial coverage. Some vendors provide 

complete coverage but have data with positioning errors and geometry problems. 

 

Map data are stored in polylines. A polyline, ( )p il p= , where 2i ≥ ,  is an n-tuple. Intrinsically it is 

composed of 1is − line segments representing the roads and connecting points representing 

intersections or other road features.  Each link has a start and an end point, called nodes, and may 

also incorporate shape points to model the curvature of the road. Figure 4.5 shows a PEER diagram 

for a digital road map. In a digital road map, vertices define the shape of a road segment. Two 



 

72 
 

consecutive vertices make an edge, intersecting edges make a road junction or intersection. 

Sometimes labels (e.g., name) and weights (e.g., miles or travel time) are attached to each vertex and 

edge to encode additional information. A road segment is modeled with (a range of) street addresses, 

which is commonly used in geocoding (i.e., assigning a coordinate to a given address such as "511 

Washington Ave") and reverse geocoding (i.e., finding the address when given a coordinate), as 

suggested in [11 ].  The street addresses are divided into left-side addresses and right-side addresses. 

Each side keeps two end addresses: from and to. The zip code information of a street address is used 

for searching a map when the exact address is unknown. The left-side and right-side zip codes are 

also attached to the road segments. Two edges are adjacent if they share a common node. A 

sequence of adjacent edges constitutes a path.

 

 At the conceptual level, a path is modeled as a street. 

This diagram also includes Point of Interest (POI) and Gazetteer entities for supporting the directory 

service of the OpenLS (Open GIS Location Service) standard. 

 
Figure 4.5: A logical model of a road 

 
In addition to geometry, the data contain feature attributes such as one-way streets, exit signage, 

prohibited turns and maneuvers, vehicle-height restrictions, bridges, tunnels, and street addresses.  

 
Furthermore, polylines can have different precision as shown in Figure 4.6. The more precision, the 

larger the data file.   

In vector format, the main attributes of a road network are:  line ID, starting node, ending node, 

vertices, connection nodes, direction, and posted speed. There could be many other attributes, but 

these are the basic attributes, used in all GIS databases. We shall use this format in our GIS database. 
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Figure 4.6:  Vector modeling of a road network 
 

 
Approximating and interpolating Splines are emerging as the best potential candidates to represent road 

networks efficiently [6][116].  If the outline is smoothly curved, then representing it as a curve is much 

more compact. Note that the cost of storing a large database rises in steps as the database size 

exceeds the available space on the current medium. Secondly, the data that require more space also 

require more time to read and process. Many computers with fast processors are, in practice, limited 

by the speed of the I/O. The appropriate number of points depends on the scale, but a curve is 

smooth at any resolution. There are two main candidates for curve representation: B-Spline and 

Catmull-Rom Spline. B-Splines are approximating Splines whereas Catmull-Rom Splines are 

interpolating splines [117][118]. Each has its own merits; however B-Splines are more compact and 

are used extensively in computer graphics and pattern-matching. There is a lot of literature on curve- 

matching in B-Splines [119-122]  

 
 

4.1.3  Mobile GIS 

A Mobile GIS, an emerging area, is a GIS for users who are on the move, such as emergency response 

teams, truck drivers, real estate agents, sale representatives, services and delivery personnel. [123] 

describes the future Mobile Information System that can be used for travel advisory, fleet management, 

traffic management, mobile office, occupant activities, and vehicle and driver monitoring. The Mobile 
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Information Systems are usually considered to include all of those in-vehicle systems. The primary 

functions are to provide: a street map display, information on the travel conditions and road side 

services, vehicle and cargo position tracking and security, route guidance and emergency response 

etcetera. All users can access accurate, up-to-date road and other information relevant to their needs at 

any time. A mobile GIS adds the geographic dimension to this kind of system. There are different 

scenarios on how a Mobile GIS organizes: 1) The GIS is completely mobile, i.e., it is standalone for 

each user. 2) The GIS is completely centralized, i.e., users access it through a network. 3) Some of the 

components of the GIS are at a central site and the rest of the GIS is mobile. The objects that  a Mobile 

GIS maintains are spatially related. The access and response time required for information query and 

display must be acceptable to those using the system, whether traveling on the road or from an office. 

This will have a major impact on the storage and distribution of Mobile GIS data. 

4.1.4 Creating A GIS Database 
 
Data would normally be entered into a GIS before being structured and used in analysis. There are 

different sources for data both in digital and on paper. Figure 4.7 shows the creation of a GIS database  

from different procedures. Map data, aerial photographs, satellite imagery, data from databases and 

automatic data collection devices (such as data loggers and GPS) are all available in digital form. If data 

were all of the same type, format, scale and resolution, then data encoding and integration would be 

simple. However, since the characteristics of spatial data are as varied as their sources, the task is 

complex. This variety has implications for the way data are encoded and manipulated to develop an 

integrated GIS database. After editing and cleaning, the data must go through the following processes: 

 

Reprojection 

Where projects involve data for large areas – say Europe, or in other parts of the world – data may 

have been collected using different projections and referencing systems. If different projections have 

been used, then data may not plot in their correct relative locations when overlaid. Fortunately, most 

GIS and digital mapping software products include a wide range of reprojection functions 

 

This may be necessary to reduce the level of detail on large-scale maps to make them compatible 

with smaller-scale maps. GIS applications contain algorithms to facilitate the ‘weeding out’ of 

unnecessary information from digital data, whilst preserving the general trends in the data. 

Generalization  
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Figure 4.7: GIS database creation from different sources 

 

Edge matching  
This is necessary when digital versions of two map sheets, or two air photos, need to be joined to 

create a seamless image. At some time or another, most people have attempted to line up two or 

more paper maps only to find that there are some discrepancies at the join. Edge matching 

algorithms will help to remove these discrepancies, by finding an acceptable ‘middle way’. 

 
Rubber sheeting  
This is a technique that can be used for the correction of internal errors in a map sheet, such as those 

created by differing camera angles and distances across an aerial photograph. The method involves 
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‘fixing down’ known locations, them stretching the map in various directions as if it were drawn on a 

rubber sheet, to return features back to their correct relative positions. 

 

Much effort has been made in recent years to develop universal GIS data standards and common data 

exchange formats.  

 

We shall use manual digitization since it does not involve any cost but the labor. The following 

section describes manual digitizing methodology in details.  

4.1.5 Manual Digitization 

The most common method of encoding spatial features from paper maps is manual digitizing. It is an 

appropriate technique when selected features are required from a paper map [99]. Manual digitizing is 

also used for map encoding where it is important to reflect the topology of features, since information 

about the direction of line features can be included. It is also used for digitizing features of interest 

from hard-copy aerial photographs (for example, snow cover on a particular date could be encoded 

from aerial photographs). 

 

Manual digitizing using a digitizing tablet has been widely used. With this method, the operator 

manually traces all of the lines from his hardcopy map using a pointer device and creates an identical 

digital map on his computer. A line is digitized by collecting a series of points along the line.  Although 

this method is straight forward, it requires an experienced operator and is very time consuming. For a 

complex contour map, it can take a person 10 to 20 days to fully digitize the map.  

 

The accuracy of manual digitizing merely depends on how accurately the hardcopy map is duplicated 

on a computer by hand. The spatial accuracy level that the human hand can resolve is about 40 DPI 

(dots per inch) in the best case and will be lower if the operator is tired or bored after working on it for 

a period of time. Manual digitizing is supported by most GIS packages with a direct link to a digitizing 

tablet through a computer I/O port. 

 

Most manual digitizers may be used in one of two modes: point mode or stream mode, Figure 4.8. In 

point mode the user begins digitizing each line segment with a start node, records each change in 

direction of the line with a digitized point, and finishes the segment with an end node. Thus, a straight 

line can be digitized with just two points, the start and end nodes. For more complex lines, a greater 
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number of points are required between the start and end nodes. Smooth curves are problematic since 

they require an infinitely large number of points to record their true shape. In practice, the user must 

choose a sensible number of points to represent the curve (a form of user generalization). In stream 

mode, the digitizer is set up to record points according to a set time interval or on a distance basis. 

Once the user has recorded the start of a line the digitizer might be set to record a point automatically 

every 0.5 seconds and the user must move the cursor along the line to record its shape. An end node is 

required to stop the digitizer from recording further points. The speed at which the cursor is moved 

along the line determines the number of points recorded. Thus, where the line is more complex and the 

cursor needs to be moved more slowly and with more care, a greater number of points will be 

recorded. Conversely, where the line is straight, the cursor can be moved more quickly and fewer points 

are recorded. The choice between point mode and stream mode digitizing is largely a matter of personal 

preference. Stream mode digitizing requires more skill than point mode digitizing, and for an 

experienced user may be a faster method. Stream mode will usually generate more points, and hence 

larger files, than point mode. 

 
              Figure 4.8: Two modes of manual digitization, point and stream modes 
 
We shall digitize the following maps shown in Figures 4.9(a & b) to generate a GIS data. Figure 4.9(a) 

is a paper map of an urban area; Figure 4.9(b) is that of a suburban area. The complexity of mobile 

trajectory estimation is very much related to the topology and layout of the road network, on which 

the MU is travelling. The map layout, or more importantly the road density of urban and suburban 

areas is different. The urban areas have dense roads, while in rural and suburban areas the roads are  

. 



 

78 
 

 
Figure 4.9(a): Paper map of urban area to be digitized for GIS database 

 
sparse. We shall study mobile trajectory estimation in both such scenarios. The data shall be 

formatted as mentioned in section 4.9.2. This database would be accessed by a location estimation 

simulator and a location processor.  
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Figure 4.9(b): Paper map of suburban area to be digitized for GIS database 

 
 

4.2 Map-matching 
Mobile users are, in general, restricted to travel on roads, but location estimation systems used to 

estimate their position do not inherently have the ability to locate the MUs on the roads. The various 
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noise sources that affect the signals and the instrumentation used by the positioning system result in 

the measured position not necessarily lying on the road network, as discussed in Chapter 3. Another 

assumption here is that an MU is moving in a vehicle. Apart from the beginning and end of a 

journey, an MU is highly unlikely to be in the middle of a building or a river, as possibly reported by 

a positioning system, and therefore the position estimate needs to be refined to make use of the 

knowledge regarding the restrictions placed on the vehicle by the road network [72].  

 
Map-matching is a robust and generally computationally non-intensive algorithm for determining, 

what position on the map the current position of the mobile user most likely corresponds to. Map-

matching is well established as a means of utilizing map information in positioning systems[113][114]. 

The effectiveness of the technique by the significant proportion of IVHS (Intelligent 

Vehicle/Highway System) navigation systems that utilize map-matching is described in details in 

[115]. Increasingly, GPS is being integrated into these systems to further enhance the navigation 

accuracy. Despite the prevalence of systems using map-matching techniques, the method appears to 

lack a mathematical framework that will ensure the optimal use of the various information sources. The 

main map-matching approaches are as follows in the following sub sections. 

 

4.2.1 Geometric Point-to-Point Matching 

One natural way is to match a point to the closest node or vertex point in the network. Of course, 

the question then arises of how to define “close” and the most natural way to proceed is to use the 

Euclidean metric (though other metrics can also be used). In a point-to-point matching algorithm, 

one need only determine the distance between 1 1 1( , )P x y , the raw location point, and each point, 

( , ),i i iP x y in the network sequentially, storing the closest point found along the way. The matched or 

corrected point is  

( , )c c cP x y = 2 2
1 1min ( ) ( ) , ( , )i i i i ix x y y P x y − + − ∈  

V , where V is vertices vector.          (4.1) 

Of course, in practice, it is not necessary to determine the distance between each point and every 

node and shape point in the network. Instead, one can first identify those node and shape points that 

are within a “reasonable” distance of the point, and then calculate the distance only to “reasonable” 

points. While this approach is both reasonably easy to implement and fast, it has many problems in 

practice. Perhaps most importantly, it depends critically on the way in which shape points are used in 

the network. To see this, consider the example shown in Figure 4.10.  
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                                       Figure 4.10: Geometric Point-to-Point matching 

 
Here,  P Point is much closer to B 2  then it is to either A 1  or A 3

4.2.2 Geometric Point-to-Curve Matching 

, hence it will be matched to arc B 

even though it is intuitively clear that it should be matched to arc A. Hence, this kind of algorithm is 

very sensitive to the way in which the network was digitized. That is, if other parameters are equal, 

arcs with more shape points are more likely to be matched to. One might argue that this problem 

could be overcome simply by including more shape points for every arc. Unfortunately, this 

dramatically increases the size of the network and is not guaranteed to correct the problem. 

The next most natural way to proceed is to attempt to identify the arc closest to point P, rather than 

the point that is closest to it. Again, we must ask how to define “close” and the most common 

approach is to use the minimum distance from the point to the curve. Since we are dealing with 

piecewise linear curves, to find the minimum distance from a point P to the curve,  we must find the 

minimum distance from the  point P  to each of the line segments that comprises the arc and select 

the smallest. The minimum distance between a point ( , )P x y  and a line passing through 1 1 1( , )P x y  

and 2 2 2( , )P x y  is: 

( ) [ ]21 2 1 2 1 2 1 2
1 2 2 2

1 2 2 1

( ) ( ) ( )
,

( ) ( )
y y y x x x x x y y

d P P P
y y x x

− + − + −
=

− + −
                                         (4.2) 

which is the distance along the “perpendicular” from P  to the line 1 2P P . Calculating the minimum 

distance between a point and a line segment is slightly more complicated than calculating the 

minimum distance between a point and a line in some cases. When we calculate the distance between 

P and an arbitrary line through  1 1 1( , )P x y  and 2 2 2( , )P x y the “perpendicular” may intersect the line 

outside of the line segment. Hence, we must also calculate the distance between P and both 

1 1 1( , )P x y  and 2 2 2( , )P x y and choose the smallest. Thus, calculating the minimum distance between 

a point, P, and an arc A, involves finding the minimum distance between P and the line segments 
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1 2P P , 2 3P P ,…… 1n nP P− , where 1 2, ,...... NP P P  are vertices of the arc,  and choosing the smallest. This 

approach may seem perfectly appropriate at first glance; it does have several shortcomings that make 

it inappropriate in practice. Secondly, point-to-curve matching does not make use of “historical” 

information. 

 

One problem that arises as a result, is illustrated in Figure 4.11. The estimated position 2P  is equally 

close to arcs A and B. However, given 0P and  1 ,P  it seems clear that 2P  should be matched to arc 

A.  

 
Figure 4.11: Point to Curve matching issue (1) 

 

Another problem with point-to-curve matching is that it can be quite “unstable”. This is illustrated in 

Figure 4.12.  

 
                                       Figure 4.12: Point to Curve matching issue(2) 
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The points, 0 ,P 1P and 2 ,P  are all equidistant from arcs A and B respectively such that 0P  and 2P

are slightly closer to A and 1P  is slightly closer to B. Hence, the matching oscillates back and forth 

between the two. 

 

4.2.3 Geometric Curve-to-Curve Matching 

A better way to proceed is to consider m positions simultaneously by matching to the arc that is 

closest to the piecewise linear curve, P, defined by the points 0 1, ,...., mP P P . Of course, this requires 

that we have some measure of the distance between curves and there are many ways to define the 

distance between two curves in 2R .One definition of the distance between two curves A and B is: 

min ,
|| || min || || .

a A b B
A B a b

∈ ∈
− = −  

 

While this definition is quite appropriate in some circumstances, it does not work well for this type of 

map-matching as it is quite sensitive to outliers. This is illustrated in Figure 4.13 where, using this 

definition, the curve P is much “closer” to arc A than it is to arc B.  

 

 
                                     Figure 4.13: Problem with Curve-to-Curve matching 
 
Instead, it seems more appropriate to use some measure of the average distance between the curves. 

Such a measure can be defined relatively easily if we parameterize the curves that we need to 

compare. We shall cover this in more details in shape matching.  
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4.3 Geometric and Topological Information 
The performance of all of the algorithms discussed above can be improved if topological information 

is also used. In particular, given a known initial point, the topology of the network makes it possible 

to reduce the set of candidate arcs dramatically. 

 

Consider the example as shown in Figure 4.14, to understand how topological information can be used 

to improve the point to curve matching algorithm discussed above. Suppose we know that the mobile 

user was initially at P 0 . We then know that P 1  can only be on A, B, C, or D. In fact, given a 

sufficiently small amount of time between measurements, we might also know that P 3

 

 can only be 

matched to A, B, C, or D. This kind of information could prevent us from mistakenly matching P3 to, say 

E. 

 
                                         Figure 4.14: Improving Point-to-Curve matching 
 
 
4.4 Shape Matching 

Shape matching is the problem of evaluating how much two given shapes resemble with each other. 

Sometimes one of the shapes undergoes certain transformations, like rotations, translations or 

scaling, in order to match the other. The shape matching problem is important in various domains 

such as computer vision, computational biology, pattern recognition, computational geometry, and 

robotics. The challenges of the problem are to define shape representations (also called shape 

descriptors) and similarity measures that are relevant for the intended application and can be 

computed efficiently. 
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Formally, a similarity measure, d, on a set of shapes S is a non-negative valued function,  

:d S S R× = , evaluating the resemblance of any pair of shapes in R . Notice that dissimilarity 

measure would mean more intuitive name for most of the similarity measures used, since usually a 

small value of the function d means small dissimilarity, thus large similarity between shapes. 

However, the term dissimilarity measure is rarely used in literature. 

 

The shape matching problem can be formulated in various forms [94]. Given two shapes A and 

B, and a similarity measure d, one can, for example: 

 

• Compute d(A,B), 

• For a given threshold ", decide whether ( , )d A B ε< ", 

• Find the transformation g (from a specific class of transformations G, like rotations,   

translations, scaling) that minimizes d(g(A),B). 

 

Although the term shape is very general, and includes point sets and 3-D models, for our purpose we 

restrict our attention to 2-D contours.  The representations and similarity measures described in this 

chapter are applicable to more general shapes. A detailed survey of shape representation and 

matching methods is beyond the scope of this dissertation; we present here only a few techniques 

relevant to the rest of the thesis. More information on shape representation can be found in [95], 

while [96] surveys various shape matching techniques. 

4.4.1 Shape Descriptors 

The first problem in shape matching is defining a shape descriptor. A straightforward mathematical 

form in which contours can be expressed is by indicating the position of each point of the contour in 

Cartesian or polar coordinates. From these easy representations of the contours, more involved 

shape descriptors can be extracted that satisfy various properties, depending on the intended 

application. In some applications, the shape descriptor is required to be invariant under various 

transformations, i.e., by applying to the shape an arbitrary transformation from a specific class of 

transformations (such as translations, rotations, scaling or affine transformations) the shape 

representation does not change. Robustness under partial occlusion and insensitivity to noise are also 

important properties. 
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4.4.2 Turning Function 

The turning function ( )A sΘ of a curve, A, measures the angle of the counterclockwise tangent as a 

function of the arc-length s, measured from some reference point on A. Let A(0) be a reference point 

on the boundary of a curve A. For a closed curve, A(0) could be any point of A, for an open curve, 

A(0) is an endpoint of A. Let A(s) be the point that is reached when walking a distance s from A(0) in 

counterclockwise direction along A. The turning function AΘ of A, measures the angle of the tangent 

at any point A(s) as a function of s. The value of (0)AΘ  is the angle formed by the tangent at A(0) 

with some reference orientation (the x-axis, for example). The value of ( )A sΘ  is given by 

( ) (0)A As αΘ = Θ + , where α  is the total turn accumulated when walking a distance of s from A(0), 

counterclockwise along A. For polygonal curves (or polylines) the turning function is piece-wise 

constant, with jump points corresponding to the vertices of A, increasing with left-hand turns and 

decreasing with right-hand turns. For a simple, closed curve the turning function is periodic:

( ) ( ) 2 ,A As l s πΘ + = Θ +  where l  is the perimeter length of A. 

 

By definition, ( )A sΘ is invariant under translation, and for closed curves invariance under scaling can 

be achieved by normalizing the curves to perimeter length 1. Rotation of A by θ  degree corresponds 

to a shift of ( )A sΘ with θ in the vertical direction. For a closed curve, a change with (0, ]t l∈ along 

A of the location of the reference point, O, corresponds to a horizontal shift, ( ),A sΘ with t. 

 

4.5 Similarity Measures 
Having decided on a shape representation, the next problem is to define a similarity measure for 

comparing two shapes. In this section we focus on shape matching methods developed in the field of 

computational geometry. Computational geometry is a sub area of algorithms design that deals with 

the design and analysis of algorithms for geometric problems. These are problems that involve 

objects like points, lines, polygons or polyhedra. In computational geometry, the emphasis is on 

provably correct and efficient algorithms. 

4.5.1 A similarity Measure Based on the Turning Function 

A method for comparing two polygons, using a distance metric between their turning functions, 

minimized with respect to vertical and horizontal shifts (in other words, minimized with respect to 
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rotation and choice of reference points) is detailed in [100]. More precisely, if A and B are two 

polygons of perimeter length 1, the distance between their corresponding turning functions AΘ and 

BΘ is given by: 

1
1 2

2

, [0,1) 0
min ( ( ) ( ) )A BR t

s t s ds
θ

θ
∈ ∈

 
Θ + −Θ + 

 
∫                                                                                 (4.3) 

4.5.2 Hausdorff Distance 

The Hausdorff distance is one of the most studied similarity measures, and it is defined on a large 

class of shapes. In its most general setting, the Hausdorff distance is defined between compact sets in 

a metric space. Given two such sets, we consider for each point in one set the closest point in the 

other set, and the Hausdorff distance is the maximum over all these values. More formally, the 

Hausdorff distance between two compact sets P and Q in a metric space (X; d) is given by  

( , ) max ( , ), ( , )h P Q h P Q h Q P
→ → =  
 

                                                                         (4.4) 

where,    

                       ( , )h P Q
→

= supinf ( , )
y Qx P

d x y
∈∈

 

 
is the directed Hausdorff distance from P to Q. The Hausdorff distance between two convex 

polygons can be computed in linear time [101]. The Hausdorff distance between two sets A, B ∈ R2

 

 

consisting of n and m pair-wise, not properly intersecting line segments, can be found in time 

O((m+n) log(m+n)) [102]. The minimal Hausdorff distance under translation between two polygons 

can be obtained in O((mn)2 log3(mn)) [103], while matching under rigid motions can be achieved in 

O((mn)3 log2(mn)) [104]. 

The computation of the Hausdorff distance for more general shapes is considered in [105]. They 

consider curves given by rational parameterizations and arrive at an O(nmlog m) time algorithm for 

computing the directed Hausdorff distance from a shape made of n curves to a shape made of m 

curves, when the degrees of the curves are bounded. 

 

One disadvantage of the Hausdorff distance is that it has sometimes unintuitive results, giving a small 

score for curves that do not look similar. The reason for this is that the Hausdorff distance treats the 
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two shapes as sets of points, not taking into account the course of the curves in the shape. One 

similarity measure that takes into account the course of the matched curves is the Fréchet distance. 

4.5.3  Fréchet Distance 

Formally, the Fréchet distance between two curves A and B is given by 
 

( )
, [0,1]

f ( , ) inf max ( ( )), ( ( )) ,d t
A B d A t B t

α β
α β

∈
=                                                                                       (4.5) 

 
where, the parameterizations α  and β : [0, 1]  [0, 1] range over all continuous, and monotone 

increasing functions from [0, 1] onto [0,1], and d denotes the underlying metric in the plane (usually 

the Euclidean metric). 

 

For polygonal curves in the 2-dimensional Euclidean space,   [106] showed that the Fréchet distance 

can be computed in time O(mnlog(mn)), where m and n are the number of vertices of the two 

polylines. A simpler algorithm, which runs in time O(mn(m + n) log(mn)) is given in [107]. The 

algorithm in [106] is based on parametric search [108], a rather complicated optimization technique, 

which makes its implementation challenging. The first implementation of the algorithm in [106] is 

described in [109]. For closed polygonal curves, the Fréchet distance can be computed in 

O(mnlog2(mn)) [106]. The partial matching of two polygonal curves (i.e., identifying the part of one 

curve such that the other curve has the smallest Fréchet distance to it) can also be done in 

O(mnlog2(mn)). Matching two polygonal curves under translation with respect to the Fréchet 

distance is studied in [110]; they give an exact algorithm that runs in O((mn)3(m+n)2 log(m+n)), and 

an (1 + ε )-approximation algorithm that runs in O( 2mnε − ). The only result so far on computing the 

Fréchet distance between more general curves can be found in [111]. It considers curves that are 

given as a sequence of smooth curve pieces, where each piece is a smooth piece of an algebraic curve 

whose degree is bounded by a fixed constant. For such curves, the Fréchet distance can be computed 

in O(mnlog(mn)), where m and n are the number of smooth pieces of the two curves. 

 

A comparison between the Fréchet distance and the Hausdorff distance is provided in [112]. For 

closed convex curves it is shown that the Fréchet distance equals the Hausdorff distance. Moreover, 

for k-straight curves (curves where the arc length between any two points on the curve is at most k 

times their Euclidean distance), the Fréchet distance of two such curves is bounded by k + 1 times 

their Hausdorff distance. 
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Consider a man and a dog, positioned at the start of two curves, one for the man and the other for the 

dog.  The man holds the retractable leash of the dog as shown in Figure 4.15. At time, 0t , the man and 

the dog start walking on their respective curves towards the respective endpoints. Neither of them can 

teleport, i.e., jump from one point to the next, and in most settings both the man and dog are 

constrained to move (monotonically) forward along the curves, although they can move at arbitrary 

speeds relative to each other. The distance between the two curves is now defined as a function of the 

leash length (or the leash vector itself), typically minimized over all legal motions. The Fréchet distance 

is the minimum (over all trajectories) of the maximum leash length needed for the man and the dog to 

stay in their respective trajectories. The general intuition behind the dog-man measures is that since they 

are defined over continuous parameterization, they preserve the notion of continuity along the curve 

and thus are well suited to measuring curve similarity. 

 

                  
                          Figure 4.15: Fréchet distance famous man dog example 
 

4.5.4 Bounded Area  

Another simple yet very effective metric to measure dissimilarity between two curves or trajectory is the 

area bounded by them. If start and end points of actual and estimated trajectories are the same, they 

shall enclose an area, which is a good index of error. If ( )f x is the true trajectory and ( )g x is the 

estimated one, the error area is: 

2

1

( ) ( )
x

Error
x

A f x g x dx= −∫ , where, 1x is the x-coordinate of the start point and 2x is that of the end  
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point. We can use parts of trajectories where they depart from each other instead of using the whole 

trajectory.  

4.6 Mobility Profiling and MTBS Provisioning System 
Architecture 

A high level end-to-end proposed architecture for MTBS is depicted in Figure 4.16. It could be 

partitioned into two sub systems:  

a) Mobility profiling system 

b) Service provisioning system 

Mobility Profiler, Location Polling Agent, GIS, mobility profile database and Location Estimation 

network comprise the mobility profiling system, whereas the mobility profile database, Application 

Server and radio provisioning network make up a MTBS provisioning system. Location Profiling 

Agent triggers Location Estimation network using MLP to estimate location of the mobile user. The 

decision when to poll for location is based on the geographical layout of the road network and 

previous location. The basic idea is to visit the corners (turns) in the course of trajectory. The detail is 

provided in the following sections.  Mobility Profiler estimates the trajectory of the mobile users and 

sends it to Subscribers’ Mobility Profiles database, from where an application server uses the profiles 

to accomplish MTBS. The Service provisioning of MTBS using proposed MTBS provisioning 

protocols with this architecture is described at the end of this chapter 

 

 
              Figure 4.16: Mobile Trajectory Based Services Architecture 
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4 . 7  Mobility Profiling Theoretical Framework 
We are interested in the mobility profiling of a mobile user who traverses on roads. This leaves us with 

road network as the natural container of a mobile user. A theoretical framework for the mobility 

profiling is closely tied to road network’s representation.  A variety of road network representation 

schemes have been proposed, each discussed in a different framework. In order of increasing number 

of parameters in the model, they are: by steering direction; by linear road segments; by circular arc road 

segments; by flat road segments with locally parallel edges; and by three dimensional roads constrained 

to have constant width and no banking. 

 

1). Steering direction summarizes the segmentation data by a steering direction, independent of the 

actual road geometry. This is the approach taken in the ALVINN (Autonomous Land Vehicle in a 

Neural Network), a neural net road follower [127]. In principle, ALVINN could learn appropriate 

steering commands for roads which change slope, bank, etc. In practice, images are backprojected onto 

a flat ground plane and re-projected from different points of view to expand the range of training 

images. This may prove to be a limiting factor on hilly roads. 

 

2). Linear on a locally flat ground plane road model has three parameters, the road width and two 

parameters describing the orientation and offset of the vehicle with respect to the centerline of the 

road. LaneLok and Scarf algorithms take this approach [128]. The main limit of this type of scheme is 

the need to move a sufficiently small distance between road parameter estimates so that the straight 

path being driven along does not diverge too much from the actual road. 

 

3). Modeling the road as a cross-section swept along a circular arc explicitly models road curvature but 

retains the flat earth assumption used in linear models. VaMoRs (Universität der Bunderwehr 

München's autonomous road vehicle) [130], YARF (Yet Another Road Follower) [126], and the U. 

Bristol system use this approach. The equations describing feature locations can be linearized to allow 

closed from least squares solutions for the road heading offset, and curvature, as well as the relative 

feature offsets. 

 

4). A more general model of road geometry retains the flat earth assumption, but requires only that 

road edges be locally parallel, allowing the road to bend arbitrarily. This can be done by projection onto 

the ground plane ,VITS (Vision system for autonomous land vehicle navigation) system [129], or in the 
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image plane. The lack of higher order constraint on the road shape can lead to serious errors in the 

recovered road shape when there are errors in the results of the underlying image segmentation 

techniques. 

 

Several algorithms have been developed to recover three dimensional variations in road shape under 

the assumption that the road does not bank. These current algorithms use information from a left and 

right road edge, which precludes integrating information from multiple road markings. Such algorithms 

may be very sensitive to errors in feature location by the segmentation processes. This is due to the 

assumption of constant road width, which leads to errors in road edge location being interpreted as the 

result of changes in the terrain shape. 

 

Circular arc models would appear to be the technique of choices in the absence of algorithms for the 

recovery of three dimensional road structures which are robust in the presence of noise in the 

segmentation data. They have a small number of parameters, they impose reasonable constraints on the 

overall road shape, and statistical methods can be used for estimating the shape parameters, with all the 

statistical theory and tools that use of such methods allows the system to apply to the problem. 

 

We are most interested in road network representation as described in GIS database. This road network 

representation scheme is similar to 2), mentioned above. Our road representation, also referred as road 

network element in our work, is described below.  

4.7.1 Road Network Element 

We represent a road as piece-wise linear curve also known as polyline. The curve is intersected by other 

road segments to realize intersections of different shapes: cross, Y, T etc. The other parameters 

associated with roads, we are interested in  our work, are: direction and posted speed limits.  Our road 

representation is depicted in Figure 4.17  

 

Figure 4.17: Road network element model 
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The above model is a generic representation of roads of all shapes. A road, ρ ,  starts from point StartN
and terminates at EndN . These points are referred to as start node and end node respectively. A road 
may be intersected by other roads, j,αL , βj,L , j=1,2,3….N. at iN , i=1,2,3,….N. In most of the cases,

β≡j,α j,L L , i.e., both the segments are part of the same intersecting road network element for which 

ρ  is an intersecting road element. The intersecting roads intersect with ρ  at  iN i=1,2,3,….N making 
angles ,i i′θ θ with j,αL and βj,L  respectively. In most of the cases, for which, β≡j,α j,L L , implies 

i i′≡θ θ . The number of intermediate nodes (intersections) is arbitrary, i.e., 0N ≥ . 
 

4.7.2 Road Network Representation 

As mentioned in the section above, our road network representation has the elements as described in 

tables 4.1 and 4.2. We store the roads in database (GIS database) in this format. Road ID is a distinct 

number assigned to different roads. The whole segment of the polyline representing that particular road 

has a starting point and end point. The order of the starting and end points codes the direction of 

traffic on the road. The two way roads are flagged in the database as bi-directional.  

      
 
 
    Table 4.1: Parameters of a road element 

ROAD ID START POINT  END POINT  INTERSECTIONS POSTED  

N 0 0( , )StartN x y  ( , )End p pN x y  
1 1( , )...( , )N Nx y x y  Speed  

 

The intersections are represented as Cartesian coordinates of a road segment where it intersects or 

meets another road element. For mobility profiling technique we propose, these points are pivotal 

in determining rather calibrating the exact shape of the mobile user’s trajectory. The posted speed 

which is a very important weight of the road network, also plays a very important role in 

determining the mobile trajectory. This is the speed associated with the road segment as posted by 

department of transportation. All digital representation of a road carries this weight as one of the 

most important parameter. We shall discuss the usage of both the speed and intersection in details 

in mobility profiling section.  
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     Table 4.2: Definition of the road from end to end 
ID POINTS COORDINATES DIRECTIONAL 

N 
1 1 2 2 3 3( , ),( , ),( , )...................( , )n nx y x y x y x y  False/True 

 
The detailed geographical definition of a road is simply represented as ordered pairs of shape 

determining points. For example a straight road may be represented just by two points whereas a 

curved road might take numerous points to represent it reasonably.  The precision is choice at the 

time of digitization of the map. The biggest cost of precision is the database memory. We shall 

discuss digitization in details in Chapter 5. An example of road parameters and road definition is 

given in tables 4.3 and 4.4. The examples of the road ID: 0,1,118, are taken from the actual 

database used in the simulation.   

      Table 4.3: Example of the road parameters from database to be used in simulation 
ID START POINT     END POINT      IDS OF LINE JOINED  SPEED 

  0       (367,197)      (1,140)          1,21,20,10,8,11,12 35 

  1            (505,214) (367,197)          151,0,21 35 

118                 (957,996) (819,578)          139 65 

 
Table 4.4: Example of the road definition from database to be used in simulation  

ID POINTS COORDINATES DIRECTIONAL 

0 (367,197),(288,178),(239,170),(197,166),(174,157),(150,148),(134,142),(
121,141),(108,140),(82,140),(50,139),(1,140) 

False 

1 (505,214),(458,213),(422,194),(367,197) False 

118 (957,996),(953,991),(930,917),(897,814),(878,753),(869,725),(858,692),(

851,671),(845,655),(844,649),(843,642),(843,636),(836,623),(834,617),(8

30,609),(825,594),(819,578) 

True 

 

4.7.3 Metric Spaces Framework 

From graph theory perspective, a road network can be modeled as a weighted graph G = (V,E).  Let 

|V|= n be the number of nodes in G and |E| = m be the number of edges in G (i.e., roads), and 
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W(e) be the weight of an edge e∈E ,i.e., length of a road:

0 ,1 ,
0

, : ,
N

End Start i Start N End N
i

N N L where L L L L
=

− = = =∑ .                                                             (4.6) 

The distance, 1 2( , ), , { , , ,........ }Start Endd u v u v N N N N∀ ∈ from node u to v is defined as the length of 

the minimum weighted path from u to v . We assume that for arbitrary nodes, u , v and w of G may be  

directed, i.e., ( , ) ( , )d u v d v u= is not always true and W(e) is defined such that the triangular inequality 

holds: ( , ) ( , ) ( , )d u v d u w d w v≤ + .Therefore, the set of nodes in G with the distance function d  

generates a non-symmetric metric space ( , )V d . In this space, d is non-negative and obeys triangular 

inequality. 

So, essentially a road network is stored as Cartesian coordinate points, ordered pairs. These points are 

finite and have a notion of distance, Euclidean or otherwise, (metric) between them, as depicted in 

figure 4.18. Since mobile location is represented by a point or a collection of potential location points 

(in an erroneous environment) and it is associated to a mobile user traveling on road network that in 

turn is also represented by a collection of ordered points and these points, both for location 

representation and road network representation, have a notion of distance, ruling over the points,  a 

metric space  is a natural framework for the theory and analyses of mobile trajectory formation. It has 

been established in literature that the language in which a large body of ideas and results of functional 

analysis are expressed is that of metric spaces [125]. 

 

In road networks the distance between any two points ( , ), ( , )i i i j j jP x y P x y is not necessarily Euclidian. 

The distance is Euclidian only if the points are connected on the same polyline. The metric (distance) 

for road network is the length of the polyline line from ( , )i i iP x y  to ( , )j j jP x y as shown in Figure 
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Figure 4.18: A logical representation of topology of metric space. Metric (distance) is 

defined between any two points. The distance is through the connected points. 

4.18. Before we discuss and analyze this topology, definitions of some important terms are due for 

better understanding of the analysis. 

Definition 1: Metric space 

A set V together with a real-valued function, d: V × V → R is called a metric space if the function d 

satisfies the following conditions for every , ,x y z∈V :  

1. d(x, y) ≥ 0     (non-negativity) 

2. d(x, y) = 0   if and only if   x = y     (identity) 

3. d(x, y) = d(y, x)     (symmetry) 

4. d(x, z) ≤ d(x, y) + d(y, z)    (triangle inequality)   

It is written as a 2-tupple, (V,d). The metric d is referred to as the distance also.  For example, 

the Euclidean space nR  equipped with the metric, 2

1
( , ) | | ( ) ,( , ),

n
n

j j
j

d x y d
=

= − ≡ −∑x y x y R  

is a metric space, where 

  

1 2 1 2( , ,..... ), ( , ,..... )n nx x x y y y= =x y .  
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Definition 1.1: Pseudo Metric space 

A set V together with a real-valued function, d: V × V → R is called a pseudo metric space if the 

function d satisfies conditions 1 and 2 but does not satisfy condition 3 and 4, for every , , .x y z∈V  

 

Definition 1.2: Non-symmetric Metric space 

A set V together with a real-valued function, d: V × V → R is called a Non-symmetric metric space if 

the function d satisfies conditions 1 ,2  and 4 for every , ,x y z∈V . A large proportion of the metrics in 

nature are non-symmetric. 

 

Definition 2: Open and Closed Ball 

Let (X,d) be a metric space, 0 Xx ∈ and µ be positive real number, the set: 

is called closed ball created at 0x with radius µ . 

is called  open ball created at 0x with radius µ . In Euclidean 

space open ball is referred as ball.  

 

Definition 3: Geodesic 

For a metric space ( , )dX ,  a geodesic path joining Xx∈ to Xy∈  (or more briefly, a  geodesic from 

x  to y ) is a map c  from a closed interval [0, ] Rl ⊂ to X such that (0)c x= , ( )c l y= and 

( ( ), ( )) | |d c t c t t t′ ′= −  , [0, ]t t l′∀ ∈ (in particular, ( , )l d x y= ). The image α of c  is called a geodesic 

segment with end points x and y . 

 

Definition 4: Geodesic Space 

 A geodesic space is a metric space wherein any two points are joined by a geodesic. 
 

Definition 5: Length Space 

A metric space ( , )dX  is a length space if for every ,x y∈X , ( )( , ) inf ,d x y L
γ

λ=  where λ  is 

rectifiable curve between x and y .   

0 0( ) { X:d( , ) },µ µ≡ ∈ ≤B x x x x

0 0( ) { X:d( , ) }µ µ≡ ∈ <B x x x x
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4.7.4 Road Network in Topological Space 

A metric space is a topological space where we discuss and analyze a set of points under a metric, 

referred to as distance. Roads are essentially a set of connected and intersecting curves. A road curve is 

approximated by a polyline, which in turns are represented by points. So, essentially a road network is 

represented by vertices (points) along with the information, how they are connected  is mentioned as in 

Table 4 and Table 5. The main characteristics of a road network and hence it representation, is that, 

there is a path from an arbitrary point (vertex) to another arbitrary point on the map. Figures 4.20, 

represents the actual road network representation of the maps shown in Figure 4.9(a). The road 

network is reconstructed from GIS database of the maps. Roads, i.e., polylines are depicted in different 

colors so that the definition and boundary of each polyline is distinctly visible.  

 

Let 0 0 0 1 1 1( , ), ( , ),......, ( , )L n n nP v x y v x y v x y≡ defines a polyline with n+1 vertices.  The polyline, 

1 0 0 1 0 1 1 0 0 1

2 1 1 2 1 2 2 1 1 2

1 1 1 1 1 1

[( ) ( )] / ( ) :
[( ) ( )] / ( ) :

[( ) ( )] / ( ) : ;

L

n n n n n n n n n n i i

y y x y x x y x x x x x
y y x y x x y x x x x x

P

y y x y x x y x x x x x x x− − − − − +

− + − − ≤ ≤
 − + − − ≤ ≤=

 − + − − ≤ ≤ ≠


                          

has n edges of the specified polyline. Please note 1i ix x+ = is a special case where the segment is, 

{ }1 1( , ) | ;k k i k i k i ix y y y y x x x+ +≤ ≤ = = . It is customary to use parametric representation of polylines: 

The parametric representation of LP is:  

1 0 0 1
0 1

1 0

2 1 1 2
1 2

2 1

1 1
1

1

( ) ( ) :

( ) ( ) :

( ) ( ) :

L

n n n n
n n

n n

t t v t t v t t t
t t

t t v t t v t t t
t tP

t t v t t v t t t
t t
− −

−
−

− + − ≤ ≤ −
− + − ≤ ≤ −= 


 − + − ≤ ≤

−


                                                         (4.7) 

where, 1| | 0i it t −− ≠ ,corresponds to 1| |i iv v −− , i∀ as shown in Figure 4.19. 
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Let : [ , ]c a b V→ represents the polyline in interval [a,b] and  0 1 2 ....... nt a t t t b= < < < < = , the 

polygonal length of the polyline curve or the distance covered in 0| |nt t−  is: 

0 1 1
0

( ,{ , ,... }) ( ( ), ( ))
n

L n i i
i

P c t t t d c t c t −
=

= ∑ .                                                                                   (4.8) 

Please note the polyline representation of a road is an approximation of a smooth curve which does not 

necessarily have these edges. The edges are referred as geodesics of the road representation. A road 

network, e.g., shown in Figure 4.20 is a set, { : 1,2,... }LjP j N= =M that represents a network of  

 
Figure 4.19: A parametric representation of a road element in topological space 

 
 

N polylines. Since our road element is a 2-dimentional model, the information of intersections of the 

roads is not necessarily inclusive. The road may pass over another road without any intersection. 

Therefore connectivity matrix must accompany the set, ,M  for complete representation of a road 

network 

Let ( , )i i iv x y and 1 1 1( , )i i iv x y+ + + be the end points on a geodesic and, 

1 1 1
1 1 1

1 1

( ) ( )( , ) ; ; ;i i i i i i i i
i i i i i i i

i i i i

y y y x x x y yp x y y x x x x y y y x x
x x x x
+ + +

+ + +
+ +

 − − + −
= = + ≤ ≤ ≤ ≤ ≠ − − 

G .  

In other words iG contains all the points of a geodesic between two arbitrary vertices of a digital map, 

i.e., GIS database of the road network, as shown in Figure 4.20. 1i ix x+ = is a special case as mentioned 

before. From this point on this special case shall be implied whenever we state iG  
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Figure 4.20: Topological representation of road map of an urban area. Roads are 
represented by connected and intersecting polylines. Polylines are expressed in vertices 
shown as squares.  

 

Let N be the total number of geodesics in a digital map.
1

N

i
i=

= ⊂ 2G G R  is set of all permissible points 

on a road network map. Let d  be a metric of distance between two locations 1P  and 2P  on the road 

network map. For all ,x y∈G , ( )( , ) inf ,d x y L
γ

λ=  where λ  is rectifiable curve between x and y .   
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We are interested in the analysis of ( , )dG from metric space point of view. We shall call ( , )dG a 

Mobile User space (MU space). 

 

Lemma 1: A Mobile User space, ( , )dG , is a non-symmetric metric space. 

Proof: Let, ,x y∈G ,  for ( , )d x y , let ;1 ,iv i n≤ ≤  be the vertices between [ , ]x y  such that the 

points { 1 2, , ,........, ,nx v v v y }constitute the polyline from x to y. Let’s call, 0x v= and, 1ny v += , then  

1
0

( , ) || , ||
n

i i
i

d x y v v+
=

= ∑ , since 1|| , || 0,i iv v i+ ≥ ∀  

1
0
|| , || ( , ) 0

n

i i
i

v v d x y+
=

⇒ = ≥∑  (non-negativity) 

Since, 1
0

( , ) || , ||
n

i i
i

d x y v v+
=

= ∑ ,  and || , || 0a bv v = , iff a bv v=  

 

Figure 4.21: The triangle inequality scenario 2, when the three locations are not 
        necessarily on the same road. 
 

( , ) 0d x y∴ = , iff ;x y= (identity) 

To prove the triangle inequality, let us look at the two possible scenarios: 

1. , , kx y z PL∈ , where kPL is any arbitrary road 
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2. ; ; ,l m qx PL y PL z PL∈ ∈ ∈  
where  l m q≠ ≠ . 

For scenario 1: Let the order of the three locations x,y,z  on the road  be  x y z→ → : Let z=v3 in 

Figure  4.21. Then, ( , ) || , 1 || || 1, || || , 2 || || 2, ||d x z x v v y y v v z= + + + ⇒ ( , ) ( , ) ( , )d x z d x y d y z= + . 

Now let the order be,  x z y→ → . In the figure above, put 1v z= ; 

( , ) || , ||, ( , ) || , || || , ||d x z x z d x y x z z y= = + , || , || 0 ( , ) ( , ) ( , )z y d x z d x y d y z> ⇒ < + , 

( , ) ( , ) ( , )d x z d x y d y z⇒ ≤ +  

Therefore for any arbitrary order of x,y,z the triangle inequality holds for scenario 1.   

For scenario 2, it is trivial to establish, 

( , ) ( , ) ( , )d x z d x y d y z= + , if we traverse x z→ through y (vertex v4). 

If we traverse x z→ through some other available path, i.e., through the dotted line, then  

( , ) ( , ) ( , )d x z d x y d y z> +  or ( , ) ( , ) ( , )d x z d x y d y z= + or ( , ) ( , ) ( , )d x z d x y d y z< + , 

By definition of our metric, d, the last option, i.e., ( , ) ( , ) ( , )d x z d x y d y z< +  would not hold. 

( , ) ( , ), ( , )d x z d x y d y z⇒ ≤  

To prove non-symmetry, refer to Figure 4.21 ( , ) || , 1 || || 1, ||d x y x v v y= +  and  

( , ) || , 8 ||d y x y v D= + , where D is the distance from 8v to point x . Both, | , 8 |y v and D are 

independent of ( , )d x y . 

 ( , ) ( , )d x y d y x∴ ≠ .  Under certain conditions, ( , ) ( , )d x y d y x= . For example, if x and y are two 

points on a directional circle (round about on a road network), the equality works only if the points x 

and y are on the diameter of the circle. 
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Lemma 2: A Mobile User space, ( , )dG , is not a geodesic  space. 

Proof: Let, ,x y∈G , ( , ) || , ||d x y x y=  iff x is adjacent to y . But ,x y are arbitrary points,  

( , ) || , ||d x y x y∴ ≠  for any arbitrary points ,x y∈G . 

Hence ( , )dG  is not a geodesic space. 

4.7.5 Road Network’s Length Structure 

Loosely speaking, a length structure consists of a class of admissible paths for which we can measure 

their length and the length itself, which is a correspondence assigning a nonnegative number to every 

path from the class. Both the class and the correspondence have to possess several natural properties; 

in all reasonable examples these requirements are automatically satisfied. 

 

From now on we would use the word path for maps of intervals: a path γ  in a (topological) space  G  

is a (continuous) map :γ →I G , defined on an interval ⊂I  . By an interval we mean any 

connected subset of the real line; it may be open or closed, finite or infinite, and a single point is 

counted as an interval. Since a path is a map one can speak about its image, restrictions, etc. 

 

A length structure on an MU space X is a class A of admissible paths, which is a subset of all 

continuous paths in X, together with a map L: A { }+→ ∞   ; the map is called length of path. The 

class A has to satisfy the following assumptions: 

 

(1) The class A is closed under restrictions: if : [ , ]a bγ → G  is an admissible path and, a b c d≤ ≤ ≤

, then the restriction [ ],c dη  of γ  to [ , ]c d  is also admissible. A restriction of a function is the result of 

trimming its domain. 

 

(2) A is closed under concatenations (products) of paths. Namely, if a path : [ , ]a bγ → G  is such that 

its restrictions
1
γ ,

2
γ   to [ , ]a c a, c and [ , ]c b  are both admissible paths, then so isγ .  
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(3) A is closed under (at least) linear reparameterizations: for an admissible path: : [ , ]a bγ → G  and a 

homeomorphism [ ] [ ]: , ,c d a bϕ →  of the form ( )t atϕ β= + , the composition ( ))( tγ ϕ  is also 

an admissible path. 

General examples of such classes include: all continuous paths: piecewise smooth paths (on a smooth 

manifold): broken lines in n ; see other examples below. Length, L , possesses the following  

important properties: 

 

(1) Length of paths is additive: [ ]( ) [ ]( ) [ ]( ), , ,a b a c c bL L Lη η η= +  for any [ ],c a b∈ . 

(2) The length of a piece of a path continuously depends on the piece. More formally, for a path 

: [ , ]a bγ → G  of finite length, denote by ( ), ,L a tγ , the length of the restriction of  

: [ , ]a bγ → G  to the segment [ , ]a t . This leads to important property ( , , ) 0.L a aγ =  

(3) The length is invariant under reparameterizations:  ( ) ( )L Lγ ϕ γ=  for a linear 

homeomorphismϕ . 

(4) We require length structures to agree with the topology of  G  in the following sense: for a 

neighborhood xU  of a point .x , the length of paths connecting x  with points of the 

complement of  xU  is separated from zero:  ( ) ( ) ( ){ }inf : , \ 0.xL a x b Uγ γ γ= ∈ >G  

 

Lemma 3: A Mobile User space, ( , )dG , is a  Length  space. 

Proof:  The very definition of d in G dictates, ( )( , ) inf .d x y L
γ

λ=  Since, ( , )dG is a metric space 

(proven), ( , )dG is a Length space.  It is interesting to note that a Mobile User space is also a path 

space. 

 

4.7.6 Paths in a Road Network 

A path in a metric space V is a function V→]1,0[:α which is continuous with respect to the usual 

topology of the unit interval and the metric topology on V. The metric space V is said to be path-

connected if for any two elements 1v and 2v  of V there is a path α such that 1)0( v=α and
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2)1( v=α . For a pathα , its inverse 1−α is a path such that )1()( 1 tt −= −αα for every ]1,0[∈t . 

The product of two paths α and β in the road network is the path  





−
=⋅

)12(
)2(

)(
t
t

t
β
α

βα
 12
1

2
10

≤≤

≤≤

t

t

.                                                                                                     

Observe that 

(4.9)
 

βα ⋅ is a path (that is, a continuous function) if and only if )0()1( βα = . The basic 

property of this product or concatenation is ( ) ( ) ( ). .L L Lα β α β= +  

 

An ordered set },...,,{ 21 Nαααγ = of paths is said to connect two points Vvv ∈21 , if for some

}1,1{,...,, 21 −∈Nεεε , there is a path )()( 21
21 tt N

N
εεε αααγ ⋅⋅⋅⋅= such that 1)0( v=γ and,

2)1( v=γ . Similarly, one can define an ordered set of paths },...,,{ 21 Nαααγ =  as connecting two 

sets if it connects two points—one in each set. 

 

 Further, one can easily visualize that such a road network may be directed—for a given road segment

α , one can designate either α or 1−α as the preferred orientation. Such a choice of orientation ofα
indicates a one-way road. Thus, in a typical road network, some of the road segments may be oriented 

and others not—symbolizing one-way streets and both way streets, respectively. Also, each road 

segment can be assigned a number, called its speed limit.  

 

4.7.7 Path Length on a Road Network  

The length of a path [ ]: ,a b Xγ → is the quantity,  ( ) ( ) ( ) ( )
1

1
0

sup ,
n

X i i
i

L L t tγ γ γ γ
−

+
=

= = −∑  

Where the supremum is taken over the set of subdivisions ( ) 0,.....,n
tι ι

σ
=

=  of [ ],a b . A path is said to 

be rectifiable if its length is finite. 

 

We have, in the general case, ( )0 L γ≤ ≤ ∞ . By considering the subdivision, { },a bσ = , of [ ],a b , 

we obtain immediately the inequality   ( ) ,x y L γ− ≤  Where ( )x aγ=  and ( )y bγ=  are the 
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endpoints of γ . Thus, the length of a path is bounded below by the distance between its endpoints, 

please see Figure 4.21. 

  

Let [ ]: ,a b Xγ →  be a path in X and let ( ) 0,.....,n
tι ι

σ
=

=  be a subdivision of[ ],a b . The total 

variation of γ  with respect to σ  is defined as 

                             ( )Vσ γ = ( ) ( )
1

1
0

n

t tι ι
ι

γ γ
−

+
=

−∑ .                                                                        (4.10) 

For the length of an arbitrary path [ ]: ,a b Xγ → : ( ) ( )sup ,L Vσ
σ

γ γ=             

Where, the supremum is taken over the set of supremum taken over the set of subdivision σ  of[ ],a b

. 

 
Path Length Proposition: Let [ ]: ,a bγ → G  be a path and let [ ]' : ,a bγ → G  be its 

derivative. Then the length, ( ) ( )'b

a
L t dtγ γ= ∫ . 

 

Proof:   Let 1,......, nγ γ be the components of γ in this basis. Then we can write  
 

( ) ( )2' '

1

n

j
j

t tγ γ
=

= ∑      

                   
For all t in[ , ]a b , we set, [ , ]t a tγ γ= , we consider the map : [ , ]s a b →   defined by ( ) ( )ts t L γ=  and 

we show that this map is differentiable and that its derivative is equal to ( )' tγ .  Proving the above 

combined with the fact that ( ) 0s a = , will prove this proposition. 

 

Let t  and 't be two real numbers satisfying 'a t t b≤ ≤ ≤ . We have ( ) ( ) ( )[ , ]t ts t s t L γ ′′ − = . 

Let us fix a real number ε >0. For all 1,....,j n= , the map : [ , ]j a bγ ′ →  is uniformly continuous. 

Therefore, there exists 0η >  such that for all t  and 't  satisfying a t t b′≤ ≤ ≤  and  t t η′ − < , we 

have, for all 1,....,j n=  and for all τ  in[ , ]t t′ ,   ( ) ( )2 2
j j tγ τ γ ε′ ′≤ + .    
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Now, let us take t and 't  satisfying  'a t t b≤ ≤ ≤  and 't t η− < and let ( ) 0,....,i i k
tσ

=
=  be an 

arbitrary subdivision of   [ , ]t t′ . We have 

( ) ( ) ( )'

1

1[ , ]
0

k

i it t
i

V t tσ γ γ γ
−

+
=

= − =∑ ( ) ( )( )
1 2

1
0 1

k n

j i j i
i j

t tγ γ
−

+
= =

−∑ ∑ .       

By the mean value theorem, for all 0, ..,  i k= … and for all j=1,….,n, we can find [ ], 1,i j i it tτ +∈  such 

that ( ) ( ) ( )'
1 , 1( )j i j i j i j i it t t tγ γ γ τ+ +− = −  

⇒   ( ) ( )( ) ( )2 2' 2
1 , 1( ) .j i j i j i j i it t t tγ γ γ τ+ +− = −  

 Whence,           ( ) ( )( ) ( )2 2 2
1 1

1 1

( )( )
n n

j i j i j i i
j j

t t t t tγ γ γ ε+ +
= =

′− ≤ + −∑ ∑  

                                                                   ( )2' 2
1

1

( )( )
n

j i i
j

n t t tε γ +
=

= + −∑                                          

                                                                   ( ) 2' 2
1( )( )i in t t tε γ += + − . 

Thus, we obtain 
 

                ( ) ( ) ( ) ( )'

1 2 2' ' '
1[ , ]

0

( )
k

i it t
i

V n t t t n t t tσ γ ε γ ε γ
−

+
=

≤ + − = + −∑  

 
The right hand side in the last expression does not depend on the choice of σ . 
Thus, we have: 
 

      ( ) ( ) ( )'

2' '
[ , ]

.
t t

L n t t tγ ε γ≤ + −           
( ) ( )

( )
'

2'
' .

s t s t
n t

t t
ε γ

−
⇒ ≤ +

−
 

 
     ( ) ( ) ( ) ( ) .t t s t s tγ γ′ ′− ≤ −   Since s  is increasing, we obtain 

 

 ( ) ( ) ( ) ( )' '

' ' .
t t s t s t
t t t t

γ γ− −
≤

− −
  Or, equivalently,   ( ) ( ) ( ) ( )' '

' ' .
t t s t s t
t t t t

γ γ− −
≤

− −
 

 
What we proved for 'a t t b≤ ≤ ≤  and 't t η− < , are valid for all t and 't in [a, b] satisfying 't t≠  

and 't t η− < (to see this, use the fact that s is increasing). 

We have, ( ) ( )
( )

'

'
'

'0
lim .

t t

t t
t

t t
γ γ

γ
− →

−
=

−
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Therefore, three exists ' 0η >  such that for all  ( ) ( ) ( )'
'

' .
s t s t

t
t t

γ ε
−

− ≤
−

 

The last inequality and previous expressions, imply that for all 0∈>  and for all t and 't  in [a, b] 

satisfying 't t≠  and { }' 'inf ,t t η η− < , we have 

( ) ( ) ( )
( )

'
2' '

' .
s t s t

t n t
t t

γ ε ε γ
−

− ≤ ≤ +
−

 Letting ∈  tend to 0, we obtain ( ) ( )' 's t tγ= , which 

completes the proof of the Proposition.  

 

4.7.8 Closed Ball Embedded in Mobile User Space 

In all mobile location technologies, described in details in Chapter 2, the estimated location is not an 

exact point. If an exact location coordinates are claimed there is always an error associated with it. It 

was explained in details in Chapter 3. There are many factors contributing the errors. No single 

technology can provide a pin point location of the mobile user using the existing infrastructure of 

mobile systems. Instead of an exact location of a mobile user we know the feasible location area of the 

mobile user.  One cannot come up with the exact shape of the feasible area; however there is always an 

upper bound on the exact area of the region where a mobile user is located. In our research we model 

this feasible area with a circle. The location probability density is constant throughout the circle.  In 

some research work, a model with Gaussian distribution around the center of the circle has been used.  

In real world scenario such model would lead to erroneous results if dealing with picking one of the 

several roads a mobile user is on that pass through the feasible area.  

 

Different location estimation technologies have different accuracy associated with it. Assisted-GPS 

technique is the most accurate among all, TOA and Time Advance being the least ones. We shall 

represent them with circles of corresponding radius. When a circular feasible area is considered on a 

road map (mobile user space), this leads to a topology, where a ball is embedded in a mobile user space. 

We shall discuss and analyze this topological space in details and derive some results to be used later in 

mobility profiling scheme. 

 

Let ( , )dG a mobile user space and a ball 0 0( ) { : ( , ) }x X d xµ µ= ∈ ≤B x x  be embedded in this metric 
space. Here X is a universal set. The ball, 0( )xµB , is essentially the feasible circular location area  with 
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center at 0x  and radius equal to µ ,  estimated by a mobile wireless system. When a request for location 
estimation is made to the cellular system it shall return the location as, 0x .  
 
Location Error Proposition: The embedding ball, 0( )xµB intersects or contains at least one geodesic 
of G , i.e., 0( )xµ ≠ ∅B G . 
 

Proof:   Let G  contain N geodesics.  ⇒
1

N

i
i=

=G G . Where, 

1 1{ ( , ) | ;u u ;v v }i i i i i k i k k i kp x y y mx b x y+ += = + ≤ ≤ ≤ ≤G  

Let 
1

l

l i
i=

=G G be the geodesic that surround the ball, 0 0( ) { : ( , ) }x X d xµ µ= ∈ ≤B x x . If l lx ∈G , by 

definition of the location error, 0( , )ld x x µ≤ , l lx⇒ ∈G  

l ⊆G G , 0( )lx xµ∈B G  

Hence 0( ) .xµ ≠ ∅B G  
  
 
We are interested in conditions imposed on geodesics iG for them to pass through the ball. The reason 

of the investigation is to map the erroneous location to the nearby road, in other words, perform map-

matching. Map-matching corrects the location of a mobile user by projecting the estimated location to a 

road which user is most likely on. 

 

Let { : 1,2,..... 1}iv i N= = +V be the vertices of N polylines in G  and Let E


be the error in location 

estimation, the associated ball, let’s call it error ball from this point on, is 0 0( ) { : ( , ) }
E

x X d x E= ∈ ≤B x x



. 

We shall define two important categories of geodesics: 
 
 
Definition 6: Candidate Geodesic 
A geodesic,

1 1 1
1 1 1

1 1

( ) ( )( , ) ; ; ;i i i i i i i i
i i i i i i i

i i i i

y y y x x x y yp x y y x x x x y y y x x
x x x x
+ + +

+ + +
+ +

 − − + −
= = + ≤ ≤ ≤ ≤ ≠ − − 

G , 

of  any two vertices, ( , )i i iv x y , 1 1 1( , )i i iv x y+ + + , of a road, is said to be a candidate geodesic if it touches 
some point of the error ball, i.e., 0( ) .i

E
x ≠ ∅G B   

 
 
Definition 7: Pseudo Candidate Geodesic 
A geodesic,

1 1 1
1 1 1

1 1

( ) ( )( , ) ; ; ;i i i i i i i i
i i i i i i i

i i i i

y y y x x x y yp x y y x x x x y y y x x
x x x x
+ + +

+ + +
+ +

 − − + −
= = + ≤ ≤ ≤ ≤ ≠ − − 

G  
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, of any two vertices, ( , )i i iv x y , 1 1 1( , )i i iv x y+ + + , of a road, whose straight line extension,  

1 1 1
1

1 1

( ) ( )( , ) ;i i i i i i i i
i i i

i i i i

y y y x x x y yp x y y x x x
x x x x
+ + +

+
+ +

 − − + −
= = + ≠ − − 

L  touches any point of the error 

ball,  is said to be pseudo candidate geodesic, i.e., 0( )i
E

x ≠ ∅L B  . 

 
4.7.8.1 Geodesic Candidacy 
The characteristic of a geodesic associated with its position with respect to the error ball has been 

referred as geodesic candidacy throughout this section. We shall investigate into geodesic candidacies 

conditions.  

 
First Condition of Geodesic Candidacy:  A simple and trivial geodesic candidacy condition is: 

0 0( ) ( )
E E

x=W B x B  , where { }jv=W  for some j . Please note { }= ∅W is not a valid scenario. If 

a vertex lies within the error ball the corresponding geodesic shall be a candidate geodesic, however a 

geodesic may pass through the error ball but the vertices could lie outside the error ball. For the study 

of geodesic candidacy when the vertices are outside of the error ball we would need to study pseudo 

geodesic candidacy.   

 
 
Pseudo Geodesic Candidacy Theorem:  In a mobile user metric space, ( , )dG ,  the necessary 
and sufficient condition for pseudo geodesic candidacy  of  any arbitrary vertices: 

1 1 1 0( , ), ( , ) ( )i i i i i i
E

x y x yν ν + + + ′∈B x , for an error ball, 0 0( ) { : ( , ) }
E

x X d x E= ∈ ≤B x x



 is  

1 1 1 1
2 2

1 1

( ) ( )
( ) ( )

r i i r i i i i i i

i i i i

y x x x y y x y x y E
x x y y

+ + + +

+ +

− − − + −
≤

− + −



, where 0( , )r rx x y is the center of the circle, i.e., 

the estimated location of a mobile user and, 0( )
E

x′=W B  as shown in figure below. 

 
Proof:  Let ( , )i i iv x y≡ and 1 1 1( , )i i iv x y+ + +≡ be the vertices of a polyline such that 1,i iv v + ∈W

make a pseudo geodesic candidate. KL in Figure 4.22 is such an example. 
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Figure 4.22: Straight lines through some vertices outside the error ball may pass through 
it 

 

Let 1

1

i i

i i

y ym
x x
+

+

−
=

−
be the slope of KL , and 1 1

1

( ) ( )i i i i i i

i i

y x x x y yb
x x
+ +

+

− + −
=

−
.  

Let  { }( , ) |KL p x y y mx b≡ = = +L


and 
2

2 2{ ( , ) | ( ) ( ) }r rp x y x x y y E= − + − =C


 
⇒ C L ={ }1 2,l lc c , where  

2 2
2 2 2 22

1 2 22 2

[( ) / 1 ] [( ) / 1 ]
,

1 11 1
r r r rr r r r

l
E y mx b m m E y mx b mmy x mb m y mx bc

m mm m

 
 − − − + − − − ++ − + +

= + + 
+ ++ + 

 

 

 
2 2

2 2 2 22

2 2 22 2

[( ) / 1 ] [( ) / 1 ]
,

1 11 1
r r r rr r r r

l
E y mx b m m E y mx b mmy x mb m y mx bc

m mm m

 
 − − − + − − − ++ − + +

= − − 
+ ++ + 

 

 

                

The discriminant,  
2

2 2[( ) / 1 ] 0r rE y mx b m∆ ≡ − − − + =


,                                            
 for the pseudo geodesic candidate to be the tangent to the error circle, and  

2
2 2[( ) / 1 ] 0,r rE y mx b m∆ ≡ − − − + >



                                              

for the pseudo geodesic candidate  pass through the error circle Ε


.  
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If 
2

2 2[( ) / 1 ] 0,r rE y mx b m∆ ≡ − − − + <


                                               

 the pseudo geodesic candidate shall not pass through the error circle Ε


. 
 

Let’s further evaluate the discriminant 
22

2

[ ]
1

r ry mx bE
m

 − −
−  

+ 



by substituting the values of m and b . 

1 1

1

( ) ( )i i i i i i
i i

i i

y x x x y yb y mx
x x
+ +

+

− + −
= = −

−
   

1 1
2 2 2

1 1

[ ] ( )( ) ( )( )
1 ( ) ( )

r r r i i i i i i r

i i i i

y mx b y y x x y y x x
m y y x x

+ +

+ +

− − − − + − −
∴ =

+ − + −
 

 

1 1 1 1
2 2

1 1

( ) ( )
( ) ( )

r i i r i i i i i i

i i i i

y x x x y y x y x y
y y x x

− − − −

+ +

− + − + −
=

− + −
 

2
2 2

2 2 1 1 1 1
2 2

1 1

( ) ( )[( ) / 1 ]
( ) ( )

r i i r i i i i i i
r r

i i i i

y x x x y y x y x yE y mx b m E
x x y y

+ + + +

+ +

 − − − + −
− − − + = −  

− + −  

 

 

For KL to be a pseudo candidate, 
2

2
1 1 1 1

2 2
1 1

( ) ( ) 0
( ) ( )

r i i r i i i i i i

i i i i

y x x x y y x y x yE
x x y y

+ + + +

+ +

 − − − + −
− ≥ 

− + −  



 

1 1 1 1
2 2

1 1

( ) ( )
( ) ( )

r i i r i i i i i i

i i i i

y x x x y y x y x y E
x x y y

+ + + +

+ +

− − − + −
⇒ ≤

− + −



                                                (4.11) 

 
 

Corollary 1: For a vertical geodesic the pseudo candidacy requirement is i rx x E− ≤


. 
The corollary easily follows by putting the vertical condition: 1i ix x += in the above condition. 

Secondly, the pseudo candidacy condition 2( ) / 1r ry mx b m E− − + ≤


 also simplifies to 

i rx x E− ≤


.                                                                                                                  (4.12) 

2( ) / 1r ry mx b m− − +
2

( ) ( )
1

r i i ry y m x x
m

− + −
=

+
. For a vertical geodesic, m →∞ . 

2

( ) ( )lim .
1

r i i r
i rm

y y m x x x x
m→∞

− + −
= −

+
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Corollary 2: For a horizontal geodesic the pseudo candidacy requirement is r iy y E− ≤


. 

The corollary easily follows by putting the vertical condition: 1i iy y += in the above condition. 

Secondly, the pseudo candidacy condition, 2( ) / 1 ,r ry mx b m E− − + ≤


 also simplifies to 

r iy y E− ≤


.                                                                                                               (4.13) 

2( ) / 1r ry mx b m− − +
2

( ) ( )
1

r i i ry y m x x
m

− + −
=

+
. For a vertical geodesic,  0.m =  

20

( ) ( )lim
1

r i i r
r im

y y m x x y y
m→

− + −
⇒ = −

+  
 

4.7.8.2 Estimated Location Correction within an Error Ball 

The estimated location is presented as an error ball, 0 0( ) { : ( , ) }
E

x x X d E= ∈ ≤B x x



, with center at 

0( , )r rx x y  and a feasible area of 
2

Eπ


. The location coordinates are the center of the error circle, 0x . 

Since a mobile user traverses on road, the feasible areas transform to feasible locations on the candidate 

geodesic contained in the error ball. This mapping is referred as map-matching. This particular map-

matching is a function, 0: if x → L .  

{ }( , ) ,( ) ( ),( ) ( )i x x y yp x y y mx b A B x A B A B x A B= = + − ≤ ≤ + − ≤ ≤ +L
 

where, 1 1

1

( ) ( )i i i i i i

i i

y x x x y yb
x x
+ +

+

− + −
=

−
; ( , )i ix y and 1 1( , )i ix y+ +  are coordinates of the vertices of the 

candidate geodesic, 

2
2 22

2 2 2

[( ) / 1 ]
, ,

1 1 1
r rr r r r

x y
E y mx b mmy x mb m y mx bA A B

m m m

− − − ++ − + +
= = =

+ + +



 and 

1

1

i i

i i

y ym
x x
+

+

−
=

−
. 
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The feasible location now is bounded by the lines iL within the error circle. The feasible location is 

given by, 0
1 1

( )
l l

i i
Ei i= =

 =  
 

L B x L   , where 1,2,3,....i l= and l is the number of candidate geodesics 

of the error ball.  

 

If ( , )i i iv x y , 1 1 1 0( , ) ( )i i i
E

v x y+ + + ∉B x , we shall use the center of the line segment, iL as the corrected 

location on iL since that is the average of all the possible location points on the line segment, iL . The 

corrected location is essentially projection of the center of the error ball on the line segment, iL . 

  

To find the corrected location we solve the line, 1 1 1 1( ) ( ) 0,i i i i i i i iy y x x x y x y x y+ + + +− + − + − =  

passing through the vertices, ( , )i i iv x y and 1 1 1( , )i i iv x y+ + + and, the normal passing through the 

center of the error ball 0( , )r rx x y ,  1 1 1 1( ) ( ) ( ) ( ) 0i i i i r i i r i ix x x y y y x x x y y y+ + + +− + − + − + − = .  

The corrected location is: 

2 2
( ) ( )( , ) ,

1 1
r i i r i r i r

c c c
x m mx y y y m my x xP x y

m m
+ − + + − + =  + + 

 , 1

1

i i

i i

y ym
x x
+

+

−
=

−
.            (4.14) 

In case the vertices of the polyline lie within the error ball, i.e., 0( , ) ( )i i i
E

v x y ∈B x for 1,2,3,..i k= , 

then the corrected location is the vertex iv for which 0 ix v−  is minim. 
 
Lemma 4: In a mobile user metric space, ( , )dG , if  a geodesic of vertices lv ∈W  for an error ball, 

0 0( ) { : ( , ) },
E

X d E= ∈ ≤B x x x x



 satisfies pseudo geodesic candidacy, and 

2
1 10 ( )( ) ( )( )i i r i i i r ix x x x y y y y D+ +≤ − − + − − ≤ , where D is the Euclidean distance between the 

vertices,  the geodesic is a candidate geodesic. 
 
Proof: Let   ( , )i i iv x y≡ and 1 1 1( , )i i iv x y+ + +≡ be the vertices of a polyline such that 1,i iv v + ∈W make 

a geodesic candidate. AB , and EF in Figure 4.22 are such examples. Let 0( , )r rx x y be the center of 
the error ball. 
 
The corrected location of the estimated location, i.e., the projection of the center of the error ball onto 
the geodesic as mentioned above is: 
 
 

2 2
( ) ( )( , ) ,

1 1
r i i r k r i r

c c c
x m mx y y y m my x xP x y

m m
+ − + + − + =  + + 

 , 1

1

i i

i i

y ym
x x
+

+

−
=

−
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( , )c c cP x y  ( , )i i iv x y , and 1 1 1( , )i i iv x y+ + +  are collinear points. Let ( , )c c cP x y divides the geodesic with 

ratio :1Q
D

 as shown in Figure 4.23.  

 

 
 

Figure 4.23: The corrected location must lie between the two vertices for the geodesic to 
be candidate geodesic 
 
 

 
The coordinates of the corrected location are: 

1( ) i i
c

D Q x Qxx
D

+− +
= , 1( ) i i

c
D Q y Qyy

D
+− +

=  

1

c i

i i

x D DxQ
x x+

−
⇒ =

−
 or  

1

c i

i i

y D DyQ
y y+

−
=

−
 . 

 
For the geodesic to be the candidate geodesic Q must be positive and less than D. For Q D= or 

0Q = , the geodesic is tangent to the error circle. For negative value of Q , the geodesic shall be a 
pseudo candidate or may not intersect the error circle at all. So, for the geodesic to be a candidate 
geodesic, the following condition must meet: 
 
0 ,Q D≤ ≤  where 1| | .i iD x x+= −  
 

2

( )
1

r i i r
c

x m mx y yx
m

+ − +
=

+
  

and 2

( ) .
1

i r i r
c

y m my x xy
m

+ − +
=

+
 

The distance between the vertices, 
2

1
1

1

( ) 1i i
i i

i i

y yD x x
x x

+
+

+

 −
= − + − 

 

2
1( ) 1i iD x x m+⇒ = − +  

2
1 2

( )( ) 1
1

r i i r
c i i

x m mx y yx D x x m
m+

+ − + = − +  + 
1

2

( )[ ( )]
1

i i r i i rx x x m mx y y
m

+ − + − +
=

+
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2
1( ) 1i i i iDx x x x m+= − +  

21
12

[ ][ ( )] [ ] 1
1

i i r i i r
c i i i

x x x m mx y yx D x D x x x m
m

+
+

− + − +
⇒ − = − − +

+
 

2

2
1

( ) 1
1

c i r i i r
i

i i

x D x D x m mx y y x m
x x m+

− + − +
= − +

− +
 

2 1
r i r ix my my x

m
− + −

=
+

 

2

( ) ( )
1

r i r ix x m y y
m

− + −
=

+
 

 
∴ The candidacy condition is  

2

( ) ( )0
1

r i r ix x m y y D
m

− + −
≤ ≤

+
  

1

2

1

1

( ) ( )
0

1

i i
r i r i

r i

i i

i i

y yx x y y
x x

D
y y
x x

+

+

+

 −− + − − ⇒ ≤ ≤
 − + − 

 

2
1 10 ( )( ) ( )( )i i r i i i r ix x x x y y y y D+ +≤ − − + − − ≤  

The candidacy condition is proved using, 
1

c i

i i

x D Dx
Q

x x+

−
=

−
. We should get the same result using   

1

c i

i i

y D Dy
Q

y y+

−
=

−
. 

21
12

[ ][ ( )] [ ] 1
1

i i i r i r
c i i i i

x x y m my x xy D y D y x x m
m

+
+

− + − +
− = − − +

+
 

2

2
1

[ ( )] 1
1

c i i r i r i

i i

y D y D y m my x x y m
y y mm m+

− + − + +
⇒ = −

− +  

2

( ) ( )
1

r i r ix x m y y
m

− + −
=

+
 

As we saw above, for 
1

c i

i i

x D Dx
Q

x x+

−
=

−
, this leads to the condition, 

 
2

1 10 ( )( ) ( )( ) .i i r i i i r ix x x x y y y y D+ +≤ − − + − − ≤                                                         (4.15) 
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Corollary 3: For a vertical geodesic the candidacy requirement is, 
2

10 ( )( ) .i i r iy y y y D+≤ − − ≤                                                                                           (4.16) 

The corollary easily follows by putting the vertical condition: 1i ix x += in the above condition. 

 
Corollary 4: For a horizontal geodesic the candidacy requirement simplifies to, 

2
10 ( )( )i i r ix x x x D+≤ − − ≤ .            (4.17) 

The corollary easily follows by putting the horizontal condition: 1i ix x += in the above condition. 

 

There are several different approaches proposed in literature to identify the candidate road segments 

from the digital map against an estimated location. Most of them deal with GPS or GPS integrated with 

DR and hence are suitable only under those environments. One of the benefits of GPS from 

identifying a candidate road segment point of view, is its known feasible area.  Several methods are 

available to determine the feasible area. Variance-covariance associated with GPS receiver output has 

been used to define the feasible area as ellipse with known distribution function [131] [133]. Secondly, 

the error is small and symmetrical; therefore inherently it is less complex to identify the candidate road 

segments as compared to mobile network. In segment based methods where the heading of the vehicle 

from GPS points is compared with the road segments in the digital map for maximum parallelism, the 

road segments that are along the same direction as the line joining the GPS points, are marked as the 

candidate road segments. This method has been used along with other measures [81][131] [133][134] 

and as such[132]. Because of the small error and error symmetry this measure is considered quite 

reliable. However this is not suitable for mobile network where the error is relatively large and not 

symmetrical. For example consider Figure 4.24. A vehicle moves from estimated location L 1  to L2  in a 

mobile network. Clearly, the segment, s 2 ,   is the candidate road segment because s 2  passes through 

both the location feasible areas, however using direction similarity, road segment, s 1

 

, is picked 

wrongfully. Other disadvantage of this method in mobile system is that we need to have two locations 

polled very close to one another to identify the candidate road segments.  
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Figure 4.24: Vehicle heading from L 1  to L 2  wrongfully matches the road segment s 1

 
  

[135] identifies the candidate segment from projection of the estimated location on to the road 

segments in the digital map. Let S and E be the two vertices  (also referred to as shaping points) of a 

geodesic and G  be the estimated location point. Define  

2
.cos .SG SG SEK
SE SE

θ
= =
  

   

If 0 1K≤ ≤ , road segment SE is selected, if 0K < , the road segment preceding the node, ,S is 

selected, if 1K >  the road segment following the node, ,E is selected.  The drawback with this 

method is that it does not take into account the error region. Let’s consider a comparison in Figure 

4.25.  

 

Figure 4.25: In both the projection scenarios SE is selected as the candidate segment    
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It presents two scenarios. In scenario 1, the selected road segment is a valid one, whereas in scenario 2, 

the selected road segment is not a valid candidate segment contrary to the proposed condition. This 

method is only valid for identifying a candidate road segment among the road segments that are fully or 

partially contained within the GPS feasible area.  

 

[136], published in mid 2007,  identifies the above mentioned flaw in general in finding the candidate 

geodesic when the vertices of geodesic (or arc in GPS literature) are outside the feasible are. It proposes 

this problem as future research to address such issue. [137] proposes a method that is along the line of 

proposed research.   

 

    Figure 4.26: 1 2VV is a candidate geodesic in an error circle of radius r centered at (h,k)  

 

The proposed conditions to identify a candidate geodesic are as follow: 

First find the solution ( , )α β for the equation of the error circle, 2 2 2( ) ( )x h y k r− + − =  and the 

straight line, 1 2VV ,  Figure  4.26. Here, 

 

2 22

2 21 1
r gm k h mc

m m
α

−+ −
= ±

+ +
 

2 22

2 21 1
m r gm k mh c

m m
β

−+ +
= ±

+ +
, where 

ym
x

∆
=
∆

 , 1 2 1 2x y y xc
x
−

=
∆

 and 

2

( )
1

k mh cg
m

 − −
=  

+ 
 

According to the proposed method, if any of the following conditions are true, then 1 2VV is a candidate 

geodesic: 

• 1 2x xα≤ ≤  or 2 1x xα≤ ≤  
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• 1 2y yα≤ ≤  or 2 1y yα≤ ≤  

 

The second condition is not true always, very likely a typo. Regardless of the misprint, There are few 

flaws in these conditions.  

1. The conditions for candidacy are run online between polls. The calculations must be fast with 

as little run time as possible. Secondly, depending upon the size of the digital map and the 

search method, there could be very large number of comparisons required before the next poll. 

The author proposed for further research to identify candidate segments without solving for 

( , )α β for each comparison. Our proposed method accomplishes this target. 

2. The conditions do not specify which particular solution point, 1 1( , )α β or 2 2( , )α β  to be used 

for verification. The results would be different for different solution points. This is extremely 

important from implementation point of view. 

 

Let’s take an example. Consider Figure 4.27. This is a scenario where the proposed conditions would 

not hold true though it is a candidate geodesic evidently. 

 
Figure 4.27: An example of geodesic candidate selection 

 

Here ( , )α β ={ }(1,5),(9,5) , 1 1( , ) ( 10,5)x y = −  and 2 2( , ) (10,5)x y = . According to the 

proposed conditions: 

• 10 1 10≤ ≤     

•  5 1 5≤ ≤   

Clearly the conditions do not hold for the other solution of ( , )α β = (9,5) also.  

 

Our proposed method does not require solution for the error ball and the geodesic line segment for 

each set of vertices from the digital map, contrary to the above mentioned method. For the example 

above, corollary 4 of our proposed geodesic conditions checks for the candidacy in a fairly simple 
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calculation.  According to corollary 4, a horizontal geodesic with vertices ( , )i ix y and 1 1( , )i ix y+ + ,  

would be a candidate geodesic for an error ball with center at ( , )r rx y if 

2
10 ( )( )i i r ix x x x D+≤ − − ≤ , where D is the Euclidian distance between the two vertices. Let’s 

verify it with the above example by arbitrarily assigning ( , )i ix y and 1 1( , )i ix y+ +  as  ( 10,5)− and 

(10,5)  respectively. 

 

        With  ( , ) ( 10,5)i ix y ≡ −  and  1 1( , ) (10,5)i ix y+ + ≡  the condition is true, 0 300 400≤ ≤ . With  

1 1( , ) ( 10,5)i ix y+ + ≡ −  and  ( , ) (10,5)i ix y ≡  the condition is true  also, 0 100 400≤ ≤ . Arbitrary 

assignment of vertices is a great strength of our proposed geodesic conditions. It diminishes the 

dependency of choosing the order of the vertices during implementation.  

 

4.7.8.3 Discrete Error Balls 
The simplest way to form a trajectory is by interpolating the location points collected between the start 

point and the destination. If we have frequent locations and hence a large number of points to 

interpolate, we shall come up with a trajectory closer to the actual path. However this thesis is on 

forming a trajectory with optimal number of points. As a matter of fact, our trajectory stems from 

sequence of discrete error balls. How far apart and frequent the error balls are, corresponds to the 

polling frequency. This is the frequency with which the mobile user’s location is estimated in terms of 

error ball. The center of the error ball is the estimated location. The polling frequency is directly related 

to the topology and geometry of the road network the mobile user is traveling on. If a road network is 

dense and there are numerous intersections, we would need more embedding error balls to estimate the 

trajectory of a mobile user. On the other hand if roads are sparse with less intersection, for example 

rural areas, we need fewer error balls to form a trajectory.  

 

Let an error ball be located at iC at time iτ . The next location of the error ball, 1iC + , will be  estimated 

at time, 1iτ + , using a method, we called it  Intersection Polling Method (IPM). 

 

Intersection Polling Method:   Let ( ) { : ( , ) }i i
E

C X d C E= ∈ ≤B x x



 be the error ball located at 

( , )i r rC x y , at iτ . Let ( , )i i iv x y and 1 1 1( , )i i iv x y+ + +  be two points on a candidate geodesic of the error 

ball. The corrected location on the geodesic as mentioned above, is: 
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2 2
( ) ( )( , ) ,

1 1
r i i r i r i r

c c c
x m mx y y y m my x xP x y

m m
+ − + + − + =  + + 

 ,  where 1

1

i i

i i

y ym
x x
+

+

−
=

−
. For example, in 

Figure 4.28, the corrected locations on the candidate geodesics are, 1cP  and 2cP .  

 
Let { }1,i iI I +  be the nearest intersections of the road which the geodesic is part of, and si be posted 

speed of the road segment. The next position of the error ball is estimated at:  

{ }
( )1 , 1

1min ,i c kk i i
i

d P I
s

τ + ∈ +
= ,      (4.18) 

where, d is the metric distance of MU space. 

In scenarios where we have multiple candidate geodesics, as shown in Figure 4.28, the next position of 

the error ball is estimated at 

{ }
( )

{ }
( )1 1 2, 1 , 1

1 1min min , , min ,i c k c kk i i k j j
i j

d P I d P I
s s

τ + ∈ + ∈ +

  =  
  

, where is and js  are posted speeds on road  

 

 
Figure 4.28: The next position of the error ball is estimated at the nearest intersection from 
the corrected locations. 
 

segments, iL and jL respectively. If the roads segments are directional (one-way) then the candidate 

intersections are limited to the ones that are towards the directions of the road. In figure below if the 

road segments are, 1i iI I +


, and 1j jI I+


, the candidate intersection are { }1,i jI I+ .  In case there is only 

one geodesic passing through the error circle, the direction of motion and hence the candidate 

intersection assumed is towards the opposite end of the geodesic from the corrected points. It will help 

in eliminating the intersection that has been a candidate in previous estimation.  
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Let’s consider the segment, iL .The probability of the mobile user is the same on all points of AB . For 

the estimation of 1iτ + towards iI , if 1cP  is taken as the start point for the estimation of 1iτ + but the 

mobile user is closer to point A , the time 1iτ +  would  be longer than the required  one. To fix this 

problem we need to refine our approach of intersection polling method. 

 

In the modified approach instead of assuming the present location of the mobile user, i.e., the location 

of mobile user at iτ , we assume the present location as of the intersection of the geodesic and the error 

circle. We shall call this intersection point shifted projection point.  Since there are two such shifted 

projection points, for example A,B for geodesic iL  and C,D for geodesic jL  in the figure above,  we 

choose the shifted projection point that is closer to the road intersection.  

 
Let ( , )i i iv x y≡ and 1 1 1( , )i i iv x y+ + +≡  be two vertices of a geodesic. The shifted projection points of 
the geodesic,  

1 1 1
1 1 1

1 1

( ) ( )( , ) ; ; ;i i i i i i i i
i i i i i i i

i i i i

y y y x x x y yp x y y x x x x y y y x x
x x x x
+ + +

+ + +
+ +

 − − + −
= = + ≤ ≤ ≤ ≤ ≠ − − 

G  

with the error circle ( ) { : ( , ) }i i
E

C X d C E= ∈ =C x x



 are { }1 2( ) G ,i i
E

C w w=C  . Where, 

2
2 2

1 2 2

2
2 22

2 2

[( ) / 1 ]
,

1 1

[( ) / 1 ]
,

1 1

r rr r

r rr r

E y mx b mmy x mbw
m m

m E y mx b mm y mx b
m m


 − − − ++ −

= +
+ +



− − − ++ +

+ 
+ + 







          (4.19) 

2
2 2

2 2 2

2
2 22

2 2

[( ) / 1 ]
,

1 1

[( ) / 1 ]
,

1 1

r rr r

r rr r

E y mx b mmy x mbw
m m

m E y mx b mm y mx b
m m


 − − − ++ −

= −
+ +



− − − ++ +

− 
+ + 







        (4.20) 

and, 1

1

i i

i i

y ym
x x
+

+

−
=

−
. So, the intersection polling method dictates that, the location is updated at 

{ }
( )1 , 1

1min ,i i ik i i
i

d w I
s

τ + ∈ +
= ,  (4.21) 
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 we pick iw for which ( , )i id w I is minimum. 
 
 
In another scenario where one vertex of the intersecting geodesic, 1 ( )i i

E
v C+ ∈B  and the other, 

( )i i
E

v C∉B  , we have only solution of ( ) Gi i
E

CC   and hence only one shifted projection point. Let’s 

refer to this shifted projection point as true shifted projection point. The true shifted projection point is 
one of the two points from the set, { }1 2,S w w= , the other solution in S ,comes from the extrapolation 
of the geodesic and the error circle.  

 
 
Lemma 5: In a mobile user metric space, ( , )dG , if  one of the vertices, 1 1 1( , )i i iv x y+ + + ,of a  geodesic 

is inside the error ball and other, ( , )i i iv x y , outside, the true shifted projection point, 

{ }1 2( , ) ,s sx y S w w∈ =   must satisfy the conditions, 

(i) 
1

0 1s i

i i

x x
x x+

−
< <

−
  (4.22) 

(ii) 
1

0 1s i

i i

y x
x x+

−
< <

−
  (4.23) 

 
Proof: Let ( , )s sw x y be the true shifted projection point, 1 1 1( , ) ( )i i i i

E
v x y C+ + + ∈B  , and 

( , ) ( )i i i i
E

v x y C∉B   be the two vertices of the geodesic. Since, ( , )s s iw x y ∈G , ( , )i i iv x y , ( , )s s sw x y , 

and 1 1 1( , )i i iv x y+ + +  are collinear points. Let ( , )s s sw x y divides the geodesic with ratio,  :1Q
D

, then  

1( ) i i
s

D Q x Qxx
D

+− +
= , 1( ) i i

s
D Q y Qyy

D
+− +

=  

1

s i

i i

x D DxQ
x x+

−
⇒ =

−
 or  

1

s i

i i

y D DyQ
y y+

−
=

−
 

For the shifted projection point to lie within 1] , [i iv v+ , 0 Q D< < . 
 
 

1

0 s i

i i

x D Dx D
x x+

−
⇒ < <

−
 and 

1

0 s i

i i

y D Dy D
y y+

−
< <

−
 

 
0D > , the conditions (i) and (ii) easily follow. 

 
Let 1( )i

E
C +B  be the error ball of the ball image, i.e., the preceding error ball, ( )i

E
CB  , and 1cP′ be the 

next corrected point. Let’s assume iI  to be the nearer intersection of { }1,i iI I + . If 
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1 1( , ) ( , )c i c id P I d P I′ <  or alternatively 1 1 1 1( , ) ( , )c i c id P I d P I+ +′ >  and 1( )i i
E

I C +∈B   we snap (map-

match) this new polled point to iI . On the other hand if 1 1( , ) ( , )c i c id P I d P I′ >  or alternatively 

1 1 1 1( , ) ( , )c i c id P I d P I+ +′ < and 1 1( )i i
E

I C+ +∈B  , we snap the new polled point to 1iI + . If 

1 1( )i i
E

I C+ +∉B  , we poll again after 1 1( , )c i

i

d P I
s

+′
.  Since a mobile user does not necessarily travel at 

the posted speed at all the times, an adjustment to is may be needed under given circumstances for 

accurate matching to the intersection. Slow downs and moderate speeding during the course of travel 

does not affect the Intersection Polling method significantly.  We shall run simulation with variable 

speed during each single trip travel.    

 
Let’s briefly analyze the performance of Intersection Polling method in terms of number of polls. The 

performance of the polling method is directly tied to the topology of the map. Topological factors that 

directly affect the performance of this method are: the number of intersections during the course of a 

path, and direction of the roads. This polling method would perform the best on longs directional (one-

way) roads or the on the grid-like roads, directional or non-directional. Grid-like roads are directional in 

general. Assuming the start and destination points are arbitrarily anywhere on the roads but not on the 

intersection, the number of polls required for a path containing N intersections for a grid-like road 

network are 1N + . The advantage comes from the fact that after only one polling the next intersection 

is identified because all three next intersections are approximately same distance away. Figure 4.29 

depicts part of two-way grid-like road network. The next intersection from L is either A , B  or C . 

Since A, B and C are almost equidistance from L, the polling time for each of them is the same. At the 

next polling time any of the intersections, ,A B or C , that is contained in the error ball is map-

matched   as the next intersection of the path. Therefore for each intersection in the trajectory, only one 

polling is enough.  
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Figure 4.29: Selection of next intersection in a grid-like road network 

 

On directional roads of arbitrary layout, the highest number of polls for a path are 2 1N + . In this 

scenario going from one intersection to the other, would require two polls, one for the nearer 

intersection, the second one for remaining intersection, i.e., the farther one. Please see Figure 4.30. 

Going from the present intersection, L , to B, we need to poll once at *A  after time 1τ  required to 

reach intersection A , and second poll at .B  The number of polls could be reduced to 1N +  with a 

minor modification. The modification is; after polling for the nearer intersection, A , after time 1τ , 

pick the other intersection after time 2 1τ τ−  without polling, where 2τ is the travel time from L  to B . 

The drawback of this approach is that the destination would always be an intersection. To continue 

with performance analyses, we stick with our original approach.  The lowest number of polls in this 

scenario is 1N + . Here, for each polling, the nearer intersection is map-matched, for example 

intersection A in Figure 4.30.  So, the average number of polls on directional roads with arbitrary layout 

is 
3 1
2

N + .  For non-directional with arbitrary layout road network, going from one intersection to the 

next one, we would require maximum three polls. One for the nearest, the second, for the nearer of the 

remaining two, and the third one for the last intersection. This scenario is depicted in Figure 4.31. Here, 

LA LB LC< < . Selection of intersection C is the worst case scenario. Intersection A will be polled 

first, then B  and C respectively. So, we have to poll three times between each intersection in  
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Figure 4.30: Selection of next intersection in a directional road network 

 
this scenario. So, total number of highest possible polls for a non-directional arbitrary layout of road 

network is 3 1N + . The lowest number of polls on a path on this network would be 1N + , as already 

explained in previous scenarios. Therefore the average number of polls for a path on such road 

network would be 2 1N + . 

 

Since, GPS  location estimation does not cost any additional air resources, estimating the course of 

trajectory with least number of GPS location points has not been an area of interest. Furthermore most 

of the vehicles equipped with GPS have DR (Dead Reckoning) integrated also.  DR keeps tracks of the 

length and absolute heading of the displacement vector from previous known position. So, the present 

estimated location of the vehicle is known at almost all the times. Estimating the trajectory of a vehicle 

with numerous closely packed location points which have low symmetrical error is far easier than with 

those which are sparse with relatively larger error especially in urban areas.    

 

Let’s define an absolute ideal polling method that requires the least number of polling yet does not miss 

any turns. Most of the presently proposed methods in GPS world are arc-based  (segment based). Such 

an ideal method would need at least one location point for a directional arc and two location points for 

a non-directional arc. We assume that this polling method is robust and can handle all the possible 

topologies of the digital map.  An arc is defined as the road segments between two intersections. 
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Figure 4.31: Selection of next intersection in a two-way road network 

 

So, we can estimate the performance of such an ideal polling method in terms of number of polls. This 

ideal poller would require  
3 1
2

N +  polls for an arbitrary path. Let’s compare the performance of 

Intersection Polling method with this ideal poller. The mean of number of polls required for an 

arbitrary path in all the three scenarios mentioned above is: 

( ) ( )31 1 2 1
32 1

3 2

N N N
N

 + + + + + 
  = + ,  

 which is equal to the number of polls of an ideal poller using arc-based  map-matching methods as 

defined above.    

 

4.7.8.4 Error Ball’s Directional Orientation 
In this section we introduce the notion of error ball’s image. An image of an error ball is, simply, an 

instance of its previous embedding. The trajectory of a mobile user is essentially estimated from the 

interpolation of several images of the embedded error ball. So, at a given point during the trajectory 

formation we have an embedded error ball and several of its images. In the beginning, obviously, we 

just have the embedded ball; images are yet to be imprinted. 

 

The direction of transition of an error ball is the angle inscribed by the line joining its center and center 

of its previous image with a reference, x-axis. Let 1 1( ) { : ( , ) }
E

C X d C E= ∈ ≤B x x



 be the error ball 



 

129 
 

and 0 0( ) { : ( , ) }
E

C X d C E= ∈ ≤B x x



be its previous image. The angle,α , is the direction of motion of 

the error ball 1( )
E

CB  . Please see Figure 4.32. 

Angle is one of the most important metric for comparing direction. We are interested in comparing the 

directional orientation of the transition of the error ball with the actual path segments, in some case 

with geodesics. We call this angle, direction difference. This direction difference is inscribed between 

the line joining the center of the embedded error circle and its image and a geodesic. In case there are 

multiple geodesics in the polyline and we are interested in finding the direction difference of a particular 

path segment and the transition of error ball, we connect the start point (vertex) to the end point of the 

path segment. The angle it makes with the reference, x-axis we call it the actual direction of motion 

during that interval.   

Since the center of error ball, 1C , and that of its image, 0C , are not the actual locations of a mobile 

user at time 1iτ + and iτ , respectively, the direction difference will not be accurate. There is an offset in 

the direction difference. Refer to Figure 4.29 for rest of the discussion.  

 

 
Figure 4.32: Illustration of direction of transition of an error ball,α , the direction difference 
off set,θ ,and difference error, β .  
 
In the figure above 1( )

E
CB  is an error ball centered at 1C  and 0( )

E
CB  is its previous image with 

center at 0C . Let 1( )i
E

P C∈B  and 0( )i
E

Q C∈B  be the two actual locations of the mobile user 

( )0 1, i iC C Q P β∠ =  is the direction error. We define the maximum offset error of an error ball as, 
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( )
1 0

0 1( ) ( )
max max ,

E E

i jj C i C
C C Q Pθ

∈ ∈

 
= ∠ 

  B B 

.  As illustrated in the figure above the maximum offset error is 

transcribed by the extreme points on the diameters of the two circles that are diagonally opposite. For 

example C, B and A, D are such extreme points.  

Since AB  and CD  are diameters of the error circles, 2AB CD E= =


. Let d be the transition 

distance, or more technically displacement, of the error ball in time, 1i iτ τ+ − ,  then ,  

1 2tan E
d

θ −
 
 =
 
 



.  (4.24) 

Please note θ is symmetrical, i.e., ( ) ( )0 1 0 1, ,C C BC C C AD θ∠ = ∠ = and it can be easily seen that  

2 2
π πθ− < < . 

 

4.7.8.5 Direction Negativity 

Let 1 1 1: ,p qγ be a path segment with start point 1p and end point 1q  and 2 2 2: ,p qγ be another path 

segment with start and end points 2p and 2q , the angle between the two path 

( )1 2 1 1 2 2( , ) ,p q p qγ γ∠ = ∠ is called the direction difference between paths 1γ  and 2γ .A direction 

negativity exists between two paths 1γ , 2γ  if 1 2( , )
2 2
π πγ γ− < ∠ < .  Please note the range of 

1 2( , )γ γ∠ is [0, ]π  or [0, ]π− . The maximum negativity is reached when; 

1 2( , ) or
π

γ γ
π


∠ = 
−

 

This can be clearly visualized if you think one of paths along the y-axis, i.e., a vertical path, the other 

path along the positive or the negative side of the x-axis. On either sides of the second path, does not 

contain any y-component in their path. If the direction remains within first quadrant for the positive 

side of the path and remains within second quadrant for the negative side of the second path, they both 

have y-components that are positive. If the second path that is along the positive side of the x-axis 

moves towards fourth quadrant and the one along the negative side of the x-axis move towards the 
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third quadrant, we start getting the negative y-components in the paths, i.e., they move into direction 

negativity.  

 

If we need to find the angle between a path,γ , and the transition of the error ball, ( )1, ( )
E

Cγ∠ B 


 , we 

need to add the offset to ( )0 1,C Cγ∠ . In a worst case scenario the offset is, 1 2tan .E
d

θ −
 
 =
 
 



 

( ) ( ) 1
1 0 1

2max , ( ) , tan ,
E

EC C C
d

γ γ −
 
 ⇒ ∠ =∠ +
 
 

B 




 (4.25) 

where d is the displacement of the transition of the error ball. The condition for direction negativity 

between a path,γ , and transition of the error ball, using inner product property is: 

1 0 1 01

2 2 2 2
1 0 1 0

( )( ) ( )( )
cos .

2 2( ) ( ) ( ) ( )

j i j i

j i j i

x x x x y y y y

x x y y x x y y

π π−
 

− − + − − − < <    − + − − + −     

  (4.26) 

Where ( , )i ix y and ( , )j jx y are the end points of the path (or geodesic),γ , and 1 1( , )x y , 0 0( , )x y are 

the coordinates of the center of the error ball and the error ball image, respectively. Here 
2
π−

 is taken 

clockwise which is 
3
2
π

 counter clockwise. Please note a proper offset needs to be applied for accurate 

direction difference. 

 

4.7.8.6 Path between the Corrected Points 
As we mentioned in the previous sections the estimated location of a mobile is corrected to a point on 

geodesic. The different path between the corrected points in error ball and its previous image are 

extremely important entity in determining the trajectory of a mobile user. This set of paths is essentially 

the domain of the probable paths. There are numerous possible paths to connect a projected location 

from the error ball image to the error ball. We need to assert a constraint to limit the number of paths 

between the projected locations. The simplest, yet very pivotal constrain is the travel time. If the travel 

time of a path between the farthest shifted projection points is very larger than the transition time of 

the direction ball, that path is very unlikely to the part of trajectory. This is very much related to the  
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topology and geometry of the map. In most cases if the travel time of a path is more than the twice of 

transition time of the error ball that path could be eliminated. On directional road, Manhattan style for 

example, to traverse opposite to the direction of the road one has to travel three times the distance 

assuming  roads around the blocks make a square. If it is a rectangle, i.e., you have to travel 

perpendicularly away from the road more than the desired displacement, it shall be more than three 

times the actual distance (Euclidian distance). While we apply this constrain, we shall consult the map to 

choose the suitable time multiplier.  

 

4 . 8  Mobility Profiling Steps 
Location Points Collection:  Suppose a mobile user A, starts from home at location A,  travels to 

location B, C and D and then comes home at location A. Figure 4.33 depicts logical parts of this travel 

trajectory.  The points of rest B, C and D, during the whole day of mobility partition the trajectory into 

trajectory legs, in this example four trajectory legs.  

 

 
Fig. 4.33:  Logical partitioning of trajectory 

We shall describe the mobility profiling method for one leg. For rest of the legs the steps are the same. 

Step 1: Poll the mobile user for his location. Find the candidate geodesics as described in section 4.7.8.1 

Step 2: Repeat step 1 after determining polling time as described in sections 4.7.8.2 and 4.7.8.3 

Continue polling until destination of the leg is reached. 

 Step 3: Apply the condition for directional negativity to eliminate multiple geodesics in the error ball as 

explained in section 4.7.8.5  

Step 4: Apply the path constrain as explained in section 4.7.8.5. Figure 4.34 shows the scenarios of 

constrains assertion of step 3 and 4. 
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Fig. 4.34:  Direction negativity and path constrains on error ball and its image 

 
Step 5:  Map-match the so obtained curve or set of curves with the digital map to obtain the closest to 

shape trajectory of the travel leg as explained in Section 4.4. Figure 4.35 gives the pictorial overview. 

 
 

                        
    Figure 4.35: Map-matching of pre-matched curve with the set from GIS database 
 
 
A flow chart of the detailed algorithm is shown in Figure 4.36. We developed a Window based 

application to implement the algorithm. 
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                                       Figure 4.36: Trajectory estimation flow chart 
 



 

135 
 

4 . 9  MTBS Provisioning 
We conclude this chapter with the provisioning and protocol of the MTBS. The key of the whole 

system is the mobility profile database. Once a mobile user is profiled, i.e., his mobility pattern is 

learned using Mobility Profiler, the Polling Agent and digital maps, it is saved in the mobility profile 

database from where the application server can access it to provision an MTBS to the mobile user as 

requested. MTBS provisioning flow is depicted in Figure 4.37. The flow is governed by MTBS 

protocols shown in Figure 4.38.  

 

 

Figure 4.37: MTBS provisioning  
 

In the above example a mobile user requests an MTBS using WAP. The mobile IP RAN (Radio Access 

Network) and core IP network is part of the mobile network cloud shown above. The application 

server has a WAP gateway where the request is translated into HTTP. The mobile user is authenticated 

by a radius server. After a mobile user is authenticated the MTBS service handler is invoked. Per the 

content of the MTBS request, the appropriate application with required contents is sent back to the 

MTBS service handler. The MTBS service handler provides the service through the application server 

where it is translated back to WAP and is sent to the network cloud. The mobile user receives his or her 

requested services through his or her serving BS. 
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Figure 4.38: MTBS protocol flow  
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Chapter 5 

Trajectory Estimation Simulation 

5.1 Road Network MAP digitization 
Our mobility profiling system is essentially a GIS embedded with a cellular system, as shown in Figure 

4.16.   The cellular part of the system estimates the mobile location; the GIS part corrects the estimated 

location and provides all necessary references for trajectory estimation. The database is the backbone of 

a GIS. The database we deal with for trajectory estimation is a digital database of a road network. We 

have paper road maps, Figures 4.9(a) (scale 1:10,000) and, 4.9(b) (scale 1:50,000), which need to be 

digitized to make a digital database. We planned to use vector format data for a road network.  Manual 

digitization is one of the widely used methods to digitize a paper map to vector data.  It uses a digitizing 

table, as shown in Figure 5.1. A digitizing table is essentially an input device that interfaces with a 

computer, to store the coded data in the form of co-ordinate points  

                                                        

                        Figure 5.1: Digitizing table acts as an input source to a computer 
 
We developed a Microsoft Windows based application that emulates a digitizing table. The digitizing 

application, called Digitizer from this point on, is not hard-coded to exclusively digitize the maps 

shown in Figures 4.9(a), and 4.9(b) but it can load any map that needs to be digitized using the user 
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interfaces depicted in Figure 5.2. The whole digitization process is a little labor-intensive. We used 

point-mode digitization as explained in section 4.3.1. 

 
Figure 5.2: Digitizer’s GUI 

 
The map image could be in JIFF, BMP, or JPEG format. Once the image is loaded, the digitization 

starts by naming the road segment, i.e., polyline, and selecting the posted speed, and direction attribute.  
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Figure 5.3: Map image loading into Digitizer 

 

of the road segment, as depicted in Figure 5.3. The segments are digitized by mouse clicks at important 

points using the point-mode method. The most effective feature in the Digitizer is zooming, Figure. 

5.4(a). This is where the Digitizer adds value in accuracy. The main source in digitization error is 

introduced by the operator who is doing the digitization [138][139]. One of the main reasons for 

operator error in digitizing roads is that some roads are not thick enough on the map, and it is difficult 

to stay on the center line of the road. The operator is supposed to stay within a band centered on the 

road center line. In cartography this is referred to as the epsilon band [141]. The zoom feature will help 

the operator to stay within the epsilon band and closer to the center line. The zoom window features a 

very fine pointer for further accuracy. On thin or closely packed roads as shown in the zoom window, 
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Figure 5.4(a): Zoom feature of the  Digitizer 
 

the accuracy is about four times that of a digitizing table. Since an operator concentrates on only one 

screen, as compared to the digitizing table where the operator’s attention is divided between two places, 

the monitor screen and the map, digitizing with a software version of the digitizing table is more 

efficient. Once a map is digitized using a digitizing table, its digitized version is verified with the zoom 

feature on the computer. So, zoom is already a reliable feature in cartography world. The process of 

manual digitization is a psychophysical process that depends on a harmony between human 

perception, adjustment of mental impression, and physical balance of arm muscles [140]. So, the 
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accuracy of manual digitations varies from operator to operator. Manual digitization errors on a 

1:24,000 map ranges from 20-55 feet. Using a feature like zoom would reduce the error significantly. 

 

 The intersecting roads have a common point which must be selected as one of the points of the road 

segments during their digitization. One issue while marking this common point is that, one may be a  

 
Figure 5.4(b): Digitized roads and application of unification 

 

few pixels off while marking this point during the definition (digitization) of each road segment. This 

issue is remedied with one of the features of Digitizer; we called it the “Unification Threshold”, Figure 

5.4(b). To combine points on different road segments into one intersecting point, we right click the 
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mouse around the points; a unifying routine combines all the points in the threshold area. The 

threshold area is configurable as seen in the top right side of the above figure. After all roads are 

digitized and the database is saved, the ASCII database is converted to binary for faster access. The 

format conversion option is available in the File menu. We can convert ASCII data to binary and binary 

to ASCII. To verify the accuracy of the resulting digitized database, we constructed the road network 

from the data as shown in Figure 5.5.  

 
          Figure 5.5: Reconstruction of road network map of Figure 4.9(a) from database 
 
Along with an urban map, we digitized the suburban area map as shown in Figure 4.9(b) using the 

Digitizer. Figure 5.6 depicts the digitized map and Figure 5.7 shows the same road network 

reconstructed from the database generated by Digitizer. 
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                          Figure 5.6: Map of Figure 4.9(b) digitized using Digitizer 

 

                            
                 Figure 5.7: Map of Figure 4.9(b) reconstructed from database 
 
The database schema as an example is given in section 4.7.2. The database representation of map 4.9(a) 

is depicted in Figure 4.20. The similar representation of database points of map 4.9(b) is given in Figure 

5.8. 
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                         Figure 5.8: Database points are represented with squares 

5.2 Location Estimation Simulation 
In trajectory estimation, the location estimation is simulated with a random error, as shown in Figure 

5.9. Let P  be the actual location of a mobile user on a road segment, ρ . The simulated location 

estimate P′ , of P  is at ( , )r θ , where ( , )r θ are polar coordinates with respect to the pole P and the 

polar axis. 

Here, r and θ  are random numbers with constraints, 0 r E< ≤


 and 0 2θ π< ≤ .The center of the 

error circle, ( , )P r θ′ , may randomly lie anywhere on or within the reference circle centered at (0,0)P  

and radius of E


,i.e., P P E′− ≤


. In our simulation model we assume that if the MU is not moving, 

we get a similar error on each poll. 
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The location probability within the error ball is uniform. It is extremely hard to model probability 

distribution, within the error ball, primarily because of the randomness of the error source. If somehow 

or other location probability distribution in the error ball can be modeled, it shall be very useful in 

eliminating unlikely roads from the error circle during map-matching. This would be a very good future 

research topic.   

 
Figure 5.9: Location estimation simulation model 

From a digital database point of view, the location error is an imaginary circle in the database, through 

which at least one road must pass through. Any road that passes through the circle is a candidate road 

of the MU trajectory, i.e., the probability of the correct location on the unoccupied area of the circle is 

zero. Figure 5.10 depicts an error of 150m at different locations, in the actual digital database of map 

4.9(a). 

 
                                         Figure 5.10: Error simulation in digital map 
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5.3 Mobility Profiler 
To simulate, the MU’s mobility and the mobility profiler, we developed another Windows-based 

application, Mobility Profiler Simulator. The application has two major parts: one simulates the mobility 

of the MU via traversing of a dinky car on the road network of a map; the other is an implementation 

of the mobility profiling method described in section 4.9.9. Figure 5.11 depicts the mobility simulation 

window of the application.  

The first step after invoking the application is to load the reference map image on which the dinky car 

traverses. Then digital map (GIS database) is loaded into the application. Both the steps are 

accomplished through the File menu. The dinky car traverses the path provided by the so called “path 

file.” The path file is a text file containing the points and line segment information that defines a 

particular path for the MU. The path file is loaded using the Path menu. After the path is loaded, the 

simulation is started from another window invoked from “Window” menu. The dinky car, shown in 

the circle in the figure below, travels along the specified path.   

 
Figure 5.11: Mobility Profiling simulator’s GUI, the mobility simulation window 

The animation speed of the dinky car can be increased or decreased for demonstration purposes using 

the control “Animation Speed”. The dinky car travels on the road segments according to the posted 

speed on them. A variation on the speed can be adjusted as shown Figure 5.12.  The polling agent in 

mobility profiler polls for the location of the car according to an implementation of the Intersection 
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Polling method, described in details in section 4.7.8.3. The location is estimated with a random error, as 

explained in section 5.2. The process of location polling has been animated in the application to depict 

how it would occur in the actual deployment in the field.  In this process, the polling agent queries the 

exact location of the dinky car, the location is returned to the profiler with a radiating signal (animation) 

from the car, adding a random error. The error has been modeled with a circle of radius equal to the 

error associated with the underlying location estimation technology and centered at the returned 

estimated location. Please see section 5.2 for details. 

The second window of the application, the mobility profiler, is invoked from the Window menu. This 

part of the simulator provides the interface for input variables: the location estimation error of the 

underlying location estimation technology and the posted speed variations. We can define lower and 

upper bounds for the speed variation in the posted speed of the GIS database. These input variables are 

entered in the counters shown in red rectangles in Figure 5.12. This window plots the trajectory per 

algorithm given in flow chart in Figure 4.29. During the first parsing of the simulation, candidate points 

are determined.  In the second parsing, direction and distance constraints are applied. After these 

constraints are applied, the estimated trajectory is plotted as show in the figure below. If this trajectory  
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Figure 5.12: Mobility profiling simulator’s GUI, the trajectory estimation window 

does not match exactly with a trajectory from the digital map, we map-match it with our digital map. In 

most cases, the constraints rectify the shape of the trajectory. The actual path (from the path file) and 

the estimated trajectory are both plotted in the simulator window. The Offset XY translates the 

reference trajectory right and down according to the set values in these counters (please refer to the 

figure below) for easy viewing and comparing of the two trajectories.   For reference to the actual map, 

the map image can be loaded in this window using the Form option, please see Figure 5.12.  This gives 

a better understanding of the error in the estimated trajectory. It shows the exact locations on the map, 

where the estimated trajectory deviates from the actual one (Figure. 5.13) 
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Figure 5.13: Mobility profiling simulator window with reference map 

All of the simulation results are presented with the reference path and reference map as shown in the 

figure above. The green curve depicts the actual path, whereas the blue curve is the estimated trajectory. 

We ran the simulation in both urban and suburban areas. The main variables in the simulation are the 

location error and the speed variation, which we could vary during the simulation also, if needed. After 

a simulation finishes, the mobility profiler prints important statistics pertaining to the simulation. It 

prints the following statistics: 

• Percentage of segments identified correctly 

• Average Along Track Error 

• Average Cross Track Error 
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• Average Error along X-axis 

• Average Error along Y-axis 

• Total number of location polls 

• Linear Error ( defined in next chapter) 

• Areal Error (defined in next chapter) 

  The simulation details and results are presented in the next chapter.  
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Chapter 6 
Results and Conclusion 

6.1 Trajectory Estimation  
Location points are the building blocks of a trajectory. The estimated location of an MU does not 

necessarily map onto a road because of the error in location estimation methods. Among the vertices 

defining roads, the points corresponding to roads intersections play a pivotal role. In an urban area, the 

roads are densely populated, hence a large number of road intersections. This results in a potentially 

high number of turns, leading to a high polling frequency. Secondly, because of the high road density, 

an error area (estimated location) encloses a large number of roads. On the other hand, in rural or 

suburban areas the road density is smaller compared to urban areas; therefore, the estimated location 

corresponds to fewer roads as candidates for the trajectory of an MU. Therefore, the suburban areas 

should provide a more accurate trajectory for an MU. In this chapter we investigate both scenarios and 

provide the results of our simulations. We shall demonstrate how the estimated location error affects 

the accuracy of the MU’s trajectory. We shall correlate the error with the underlying location estimation 

technologies and present the suitability of the location technology for different road topologies.    

6.2 Trajectory Error Index 
Our estimated trajectory is represented as a sequence of points, so essentially as a set. The error 

associated with the estimated trajectory is a measure of the dissimilarity between the actual and 

estimated trajectories. The actual trajectory is also a sequence of points. Hausdorff distance would seem 

to be a natural choice as an error index. However, the problem with the Hausdorff distance is that, it 

gives the shortest distance between two points in the sets and it does not cover the course of the 

distance traveled. Therefore, using the Hausdorff distance to measure the dissimilarity would lead to 

wrong findings, as shown in Figure 4.13. The issue with the Hausdorff distance is covered in the 

Fréchet distance; it takes the course of distance into account. It is explained by the man-dog example, 

as detailed in Chapter 4. The Fréchet distance is widely used to find the distance (dissimilarity) 

between two curves. The curves are approximated as polygonal figures, as is done in the case of 

roads. However, the Fréchet distance shows an anomaly when comparing the two trajectories as 
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depicted in Figure 6.1. According to the Fréchet distance the dissimilarity between two paths A and 

B and the two paths A and C, is the same, which is misleading.  

 
                                         Figure 6.1: Anomaly in Fréchet distance 

 

The Fréchet distance between A and B is 8, which is also the case with A and C. Clearly A and C are 

more dissimilar than A and B. Therefore we need to define a meaningful index of error for an 

estimated trajectory. 

6.2.1 Linear Error 

Linear error demonstrates the length of the actual trajectory that is missing in the estimated 

trajectory. It is the ratio of the path length that is erroneous, eλ , to the total path length tλ . 

e
L

t
E λ

λ
=                                   (6.1)     

6.2.2 Areal Error 

The areal error demonstrates the dissimilarity between two trajectories (curve): the actual trajectory and 

the estimated trajectory by the area bounded by them, as shown in Figure 6.1. According to the Fréchet 

distance, the two sets of curves, A,B and A,C are equally dissimilar. However, their areal error 

portrays a better error index. For a better comparison of areal error, the bounded area per unit length 

of trajectory would be a better index of error.  The areal error per unit length is: 

,AE
L
α

=                            (6.2) 

where,α is the error area,  and L is the total length of the actual trajectory.  
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We have used linear error along with areal error to get a better degree of comparison between the actual 

and the estimated trajectories.  

6.3 Trajectory Estimation Simulation Results 
The trajectory estimation simulation was performed using the two digital maps shown in Chapter 5, one 

for an urban area and the other for a suburban area. A range of error corresponding to different 

location estimation technologies was used for the simulation. Figures 6.2a-6.2h show the simulation 

results for an urban area. The green trajectory is the actual trajectory whereas the blue trajectory is the  

 

 
Figure 6.2 (a): Result with location error of 25m  

 
Figure 6.2(b): Result with location error of 50 m   
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Figure 6.2 (c): Result with location error of 75 m    

 
Figure 6.2(d): Result with location error of 100 m   

 

 
Figure 6.2 (e): Result with location error of 125m  

 
Figure 6.2(f): Result with location error of 150 m   
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Figure 6.2 (g): Result with location error of 175 m    

 
Figure 6.2(h): Result with location error of 200 m   

estimated one. Both the areal and linear errors in the trajectory estimation, stem from the location 

estimation error, and are also intrinsic to the map topology and path.  For example, if we choose a 

different path, the same parameters used in Figure 6.2(h) would yield a different result, as shown in  

Figure 6.3. 
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Figure 6.3: En error of 200m yields higher trajectory error using dense part of the map   
 

The relationship of the Trajectory Estimation Error (TEE) to the location estimation error (LEE) can 

be easily interpreted from the results above.  Figure 6.4(a) depicts the LEE-TEE relationship for LEE 

of 0-200m with a step of 25m. For an urban area, after a 200m LEE, the trajectories are no longer 

reliable for profiling. The TEEs depicted in the graph are the average values for ten simulations for 

each LEE. For smaller errors of 0m, 25m, and 50m of LEEs,  each simulation run for that particular 

LEE gave a similar trajectory. The error mainly comes from the two parallel roads about thirty meters 

apart.  For 75m and 100m of LEE, there was some difference in the shape of the trajectory for each 

run.  After around 125m of LEE, the trajectory curve (shape) varies significantly for each run with the 

same LEE, because the error circle was large enough to start inscribing multiple road segments and 

road intersections. The ranges of trajectory errors are given in Figure 6.4(b). The three rectangles in 

Figure 6.49(b) provide a reference of known accuracy of different location estimation technologies, 

namely Assisted-GPS, TDOA technologies such as E-OTD and U-TDOA (Uplink-TDOA), and 

AOA. It is evident from Figure 6.4(a) which location estimation technologies are suitable for mobile 

trajectory estimation.  It is important to note that the dependence of TEE on LEE is very much tied to 
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the map topology and the trajectory of the MU. Within the same map, two trajectories of the same 

length under the same LEE would lead to different sets of linear and areal errors, as observed in 

Figures 6.2(h) and 6.3. 

 

                      Figure 6.4(a): Trajectory estimation error vs. Location estimation error of different technologies 

 

Figure 6.4(b): Linear and Areal Error Ranges 
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Figures 6.5(a-c) show the simulation results for the suburban area shown in the map in Figure 4.9(b), 

for error of 100m, 200m, and 400m respectively 

 
                                           Figure 6.5 (a): Suburban Trajectory estimation with 100 m error   

 
                                               Figure 6.5 (b): Suburban Trajectory estimation with 200 m error   
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Figure 6.5 (c): Suburban Trajectory estimation with 400 m error 

 

6.4 Simulation Conclusion 

We applied the proposed trajectory estimation algorithm in two field scenarios: an urban area and a 

suburban area. The objective was to determine how existing location estimation technologies would 

perform with the algorithm in urban and suburban areas. In an urban area, where the road network is 

dense and consequently there are a large number of potential turns for an MU, the trajectory error 

increases sharply with the error of the undertaking location estimation technology. Even within the 

urban area, the topological and geographical differences between different parts of the same road 

network bring about substantial difference in the accuracy of the estimated trajectory. As shown in 

Figures 6.2a-h and 6.3.  The right half of the road network in Figures 6.2a-h has fewer turns. There are 

fewer inlets and outlet points per unit area on that side of the network. That is why; increasing the 

location estimation error did not affect that part of the road network as much as it did on the other 

side. When the same error was applied to a different path going through a higher number of potential 

turns (Figure 6.3), the error almost doubled.  With the increase of the LEE, both the TEE and the 

number of required location polls increase. Even under topological and geographical constraints, with a 

larger error, it requires a larger number of polls to get out of the cluster of roads. These roads are 

enclosed within the error circle. The larger the error, more road segments as potential part of the 

estimated trajectory shall be enclosed in the error circle. Therefore, in an urban area, relatively precise 
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location estimation methods like Assisted-GPS or accurate time-based methods such as EOTD are best 

suited for trajectory estimation. However, in a suburban or rural area, almost all technologies that fulfill 

the E-911 mandate qualify to estimate the trajectory with good accuracy. 

6.5 Comparison 

Most of the literature that lends itself to comparison is for GPS. Though the generic topic is similar, 

some of the challenges regarding location and trajectory estimation in a mobile network are much more 

severe than GPS. Our focus is on the location error and the polling time. In GPS the error is small and 

symmetric. There are several proposed methods to determine the error distribution for GPS data. On 

the other hand, it is very difficult to determine such a distribution for mobile phones; so, we have to 

deal with a larger non-symmetrical error. In GPS, locations are calculated locally as frequently as 

needed, depending upon the receiver. There is no research thrust to investigate into the GPS data that 

is sparse. Dead reckoning adds more to the accuracy of the navigation provided by GPS. It keeps tracks 

of the length and absolute heading of the displacement vector from a previous known position. Since 

the GPS data error is small and symmetrical, trajectory estimation from GPS data is not very difficult. 

There are challenges for trajectory estimation in general, but topological information of the map and 

matching techniques mitigate most of it in the GPS world.  For GPS, map-matching is mostly a point- 

to-point or point-to-curve matching because, the objective is to correct the location. Since the sequence 

of GPS data is tightly packed, the corrected points on the roads form a trajectory without any 

ambiguity.  

For trajectory estimation in a mobile network the location data is sparse and erroneous. Since there is 

no published work for trajectory estimation within a mobile network to the best of our knowledge, we 

compare the map-matching and trajectory estimation in GPS that is closest in nature to our work. We 

provide two comparisons. 

Comparison 1: [142] proposes map-matching schemes suitable for trajectory estimation with location 

polling. The proposed scheme map-matches the whole location data (GPS points) to a trajectory in the 

digital map. Two main methods are proposed: one deals with segment-by-segment matching, the other 

deals with matching the whole pattern of GPS data with the digital map to extract the closest trajectory. 

The latter method, called Global Map-matching, performs better than the segment by segment map-

matching method. We compare our trajectory estimation method with Global Map-matching. Global 

Map-matching deals with map topology, error, and polling. These are the main trajectory estimation 
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parameters in any environment. We wrote the algorithm as referred in [142] and compared it with our 

method. The comparison was made for fifteen different trajectories from our urban map. The number 

of polls (location data) was kept the same for both of the experiments, for a fair comparison. For 

Global Map-matching, the dinky car in the simulator traverses the actual trajectory and keeps the 

location data periodically. The profiler part of the simulator collects those points and applies the Global 

Map-Matching algorithm on the data. For our trajectory estimation method, the simulation is 

performed as usual but the TEE is given in the Fréchet distance and in the average Fréchet distance. 

The Fréchet distance is the maximum over a set of distances; hence it is affected tremendously by 

outliers. Therefore, instead of taking the maximum distance, an average over a certain length of the 

trajectory is more reasonable to achieve a similarity measure between two trajectories. Such an 

average is called the average Fréchet distance. There are two separate programs for each simulation. 

The map-matched trajectory is compared with the actual trajectory in term of the Fréchet and average 

distances, as proposed in the comparison work. We ran the comparison with 100m LEE, which is an 

average error for location estimation methods in mobile networks and is the upper end error for 

Assisted-GPS in particular. Some of the fifteen estimated trajectories with the Global Map-Matching 

algorithm and their comparison with our method are given in figures below: 

 
Figure 6.6(a): Example 1 of Global Map-Matching accuracy in mobile network 
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Figure 6.6 (b): Comparison run of example 1 in Figure 6.6(a), using our proposed method.  

 
Figure 6.7(a): Example 2 of Global Map-Matching accuracy in mobile network 
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Figure 6.7 (b): Comparison of example 2 in Figure 6.7(a), using our proposed method. 

 

 
Figure 6.8(a): Example 3 of Global Map-Matching accuracy in mobile network 



 

164 
 

 
Figure 6.8 (b): Comparison of example 3 in Figure 6.8(a), using our proposed method. 

 

The accuracy comparison for all fifteen trajectories is given in Figures 6.9(a-b) and Figures 6.10(a-b).  

Figures 6.9(a-b) depict the error comparison of all fifteen simulations in Fréchet distance and average 

Fréchet distance, whereas Figures 6.10(a)-(b) give the statistical overview of the comparison.  
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Figure 6.9(a): Error comparison in terms of Fréchet distance 

 
Figure 6.9(b): Error comparison in terms of Average Fréchet distance 
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                                       Figure 6.10(a): Statistics of the comparison simulations (Fréchet distance)  

 
                             Figure 6.10(b): Statistics of the comparison simulations (Average distance)

The Global Map-Matching is one of the best geometrical methods to determine the trajectories of 

location data for GPS data. It did not perform well in mobile environment because of the large error. 

We ran a baseline experiment on the Global Map-Matching algorithm with a small error of 10m. Its 

error was minimal, and in most cases there was a perfect match, similar to our proposed method.  

Comparison 2: [143] proposes a map matching method that is suitable for long polling of GPS data. 

Most of the map matching studies deal with very small polling interval (about 1 sec.). Shorter the 

polling time intervals better the performance of a map matching algorithm. This is essentially a three-

stage algorithm, which sequentially matches the three conditions.  In the first attempt the location 

point, iP , which is within the node buffer of a particular radius is matched to the node. In this paper 
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author refers node as the intersection. In this map matching the approach is similar to our Intersection 

Polling Method; however we make use of the map topology and approximate travel time to make the 

decision as compared to just the distance. If it does not find a match, it compares the distance of the 

location point with the two nearby road segments. If the distance of the location point form a road 

segment, A, is half or less than half of as compared to its distance from another road segment, B, the  

location point is matched to  the segment A. If both of the matching method do not match with a road 

segment or a node, the map matching is deferred and the next location point, 1iP+ from the location 

data is attempted for the matching. When 1iP+ is matched, the result of shortest path search using 1iP− , 

iP  and 1iP+ is utilized to map match iP . This method covers most of the scenarios in GPS map 

matching.  Since it does not cover trajectory estimation part, we compare the map matching method 

proposed in this paper with our map matching scheme.  We modified our simulator implementing this 

three-step map matching algorithm. We ran the comparison with three different sets of data one from 

each trajectory. The dinky car of our simulator traverses on the path and the location data is captured. 

The captured location points are then map matched and the correct matches are counted and printed in 

the simulation window. The performance is measured with the number of correct matches.  In our 

simulation program we keep track of number of correct map matched points and instead of plotting 

the trajectory, we print total number of polls and the correct number of matches.  The number of polls 

are kept the same for both comparison simulations for a valid comparison.. The error used in both 

simulations was 100m. The radii of the node buffers used were 0, 10, 20 and 50 m. The trajectories 

used and the corresponding number of matched location points using the compared method are given 

in the figures below: 
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Figure 6.11: Trajectory1: Trajectory used to collect location data set  1  and corresponding matching result   

 
Figure 6.12: Trajectory2: Trajectory used to collect location data set 2 and corresponding matching result   
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Figure 6.13: Trajectory3: Trajectory used to collect location data set 2 and corresponding matching result   

The performance of our proposed method is compared with the method proposed in [143] in tables 

6.1-6.4. We ran the simulations changing the node buffer sizes from 0 to other values as mentioned 

above. The idea of node buffer is to facilitate point to point matching in low location error, so that the 

matching takes place even if the points are farther than calculated in the method. For higher error node 

buffers are inclusive in the matching. For performance baseline we set the error to 10m, the compared 

method performed as suggested in the paper. Since in this comparison we used an error of 100 m, the 

node buffering does not play any important role as suggested in the paper; instead it further deteriorates 

the performance. As the node buffer is increased, the reachability of the node from the location point 

increases and hence the point is map matched wrongfully. The compared map matching scheme does 

not work efficiently because the error is large and random within the feasible area. If multiple nodes lie 

within the circle the choice of the map matching would be random. Secondly in a dense road network, 

the second part of the algorithm would not map match correctly because: 1) The constraint on the 

distances from the location point to the road segment,  2)The point could be randomly anywhere 

within the feasible area. After reaching a buffer node of 50, the only correct matching is when there is 
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only one node or only one road candidate segment for the possible matches. This method like many 

other methods is suitable only for GPS.   
 
 

Table 6.1: Performance Comparison with no Node Buffer  
   Total Points Matched Points 

(Compared Method) 
Matched Points 

(Proposed Method) 

Trajectory 1: 28 9 24 

Trajectory 2: 32 9 28 

Trajectory 3: 30 8 26 

 
Table 6.2: Performance Comparison with 10m Node Buffer  

Total Points Matched Points 
(Compared Method) 

Matched Points 
(Proposed Method) 

Trajectory 1: 28 9 24 

Trajectory 2: 32 8 28 

Trajectory 3: 30 7 26 

 
 

Table 6.3: Performance Comparison with 20m Node Buffer  
Total Points Matched Points 

(Compared Method) 
Matched Points 

(Proposed Method) 

Trajectory 1: 28 8 24 

Trajectory 2: 32 7 28 

Trajectory 3: 30 7 26 
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Table 6.4: Performance Comparison with 50m Node Buffer  

Total Points Matched Points 
(Compared Method) 

Matched Points 
(Proposed Method) 

Trajectory 1: 28 7 24 

Trajectory 2: 32 7 28 

Trajectory 3: 30 7 26 
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Chapter 7 
    Future Research 

During the course of research on mobile trajectory estimation, we encountered several issues and 

resolved most of them. However, the issues we could not spend more time on for a conclusive work, 

and some other ideas pertaining to the topic of present research, are interesting topics to investigate 

further. We suggest these topics for future research. The topics are described in the following sections. 

7.1 Road Network Data Representation as Splines  

Representing road network data close to its actual shape with scattered points occupies a lot of memory 

space. The retrieval and manipulation of data also becomes very cumbersome, especially for mobile 

trajectory estimation. Splines have the intrinsic property to represent a curve very compactly with just 

the control points. The resulting curves are continuous and their manipulation can be handled 

effectively with differential calculus and linear algebra. We agree this would be a very large effort, to 

convert GIS scattered data into Spline format, but the resulting data format could be extremely useful 

in many spatial applications including trajectory formation. For research purposes, we propose to 

convert small GIS data for new and existing applications. 

7.2 Trajectory Legs Partitions 

The mobility profile of an MU is a collection of mobility traces of the MU for each day of the week.  

The day-long mobility of the MU may have several rest spots, which partition the mobility trace into 

trajectory legs. One simple way to partition the mobility trace into trajectory legs, is to identify the rest 

spots where mobile locations remains the same after several polls. After a certain period of time, the 

system stops polling but the question remains, when to start polling again. Investigation into new, 

robust and effective partitioning techniques, is extremely important for the actual deployment of any 

mobile trajectory estimation method.  
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7.3 Travel Path Constraint 

There are numerous possible paths from one location to another location within a road network. When 

there are multiple corrected locations in an error circle, we need to find the most feasible path among 

all the possible paths from the previous location. One of the criteria to eliminate a candidate location 

point is, to compare the path length traversed from the previous location to that candidate point, with 

the displacement of the error ball between polling times. The interesting question is, what is the 

threshold path length?  Should it be double the length of the displacement, three times, or by another 

different factor? Since paths are directly related to the geometry of the map, such a constraint cannot be 

generalized. It is a complex and interesting issue to look into. 

7.4 Location Error Modeling 

There are several factors such as NLOS, hearability of the remote BTS, multipath and GDOP, etcetera. 

On top of that, there are several location estimation technologies as discussed in Chapter 2. Given all of 

these factors and conditions, modeling location error is a complex problem. The simplest model is to 

assume the circular error with uniform probability density throughout the circular area. However using 

such a simple model makes the location application, such as mobile trajectory estimation, very complex. 

Furnishing a more accurate model would help in many areas where estimated location is a building 

block. 

7.5 Trajectory Estimation Algorithm Refinement  

The mobile location trajectory estimation algorithm can be further fine-tuned and refined. One 

particular area with quite some room for improvement is how to predict the next cross-section from 

the present location. With the refined and presumably more robust method we would need fewer 

location polls to estimate the trajectory. Another advantage of such a robust and accurate algorithm is 

that we would not have to map-match the raw trajectory with the digital map. If all the corners (turns) 

of a road can be successfully identified and connected, it shall result in an accurate trajectory.  
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