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ABSTRACT 

This document presents the work done on the Amazon-on-Earth Indoor Navigation project. Amazon-on-

Earth (AoE) is an attempt to develop improved methods that enable us to implement an indoor navigation 

system without needing to instrument a space with special purpose technologies that are brittle and need 

constant and expensive maintenance, while at the same time offering a set of location based services via 

regular and un-augmented smartphones.  

In the first project (AoE Library Navigator) we explored the use of discrete tag-based localization with a map 

of one of the libraries at the Hebrew University. Although we implemented the system in a library, it was 

designed to work in any commercial location that has a stock of items to present to customers. Thus the 

system as designed would work in an identical fashion in a large commercial store or warehouse. The AoE 

Library Navigator allows a user to search for information about an object (in this case a book), to view 

information about the book from publicly available web based services (Amazon.com and Google books), to 

place that book into the user’s book list, and then when the user arrives to the library, presents a personal 

map to the book within the library (including a visual map with a walking path drawn on it as well as a set of 

textual instructions). If the user gets lost while searching for the book, they can get a new map generated for 

them by pointing their phone at one of a number of visual tags placed inside the library or by doing the same 

with any of the thousands of books on the shelves in the library. Because the system works with the library 

book database, our middleware mapping system can use the known location of any book in the library as a 

navigational beacon and can generate a new map to the sought after book from that location. The visual tags 

we have placed in the library work in a similar fashion. By placing a unique tag at a known location, the 

barcode scanner module of the AoE Library Navigator Application decodes the tag and generates a mapping 

query using that information. Lastly, the service enables a user to check a book out by using their phone as 

their identity card and updating an online check out server with the book. A physical self service check out 

station scans the book barcode and checks it against the online list of checked out books. If the book has been 

found to have been checked out the station demagnetizes the book, otherwise the station asks the user to go 

to the librarian check out station. 
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In order to ascertain the utility of the service, we ran a study that compared it to the regular methods for 

searching for and finding a book in the library: the catalog program and navigating the library using the 

available signage and Dewey codes. In the study, 10 subjects used our system to search for information about 

a book and then used our Android application to physically navigate to the book in the library. A control 

group of 10 other subjects had to do the same thing using the existing library services. Our results show that 

the experimental group using our service was able to find information about the book 35% faster and was 

able to navigate to the book 52% faster. We found that the control group made four times as many 

navigational errors and had to ask for help fives times more than the experimental group. We also measured 

a number of qualitative variables and found that while both groups rated the ease of searching for 

information about a book as “Easy”, and the experimental group rated the ease of actually finding the book in 

the library as “easy”, the control group rated it only as “neutral”. We found that the experimental group felt 

more positive towards our system than the control group who, again, felt  “neutral” towards the existing 

library system for finding the book. The results make it clear that the use of such a service can substantially 

help a user find an object inside a space in a faster, easier and more pleasant fashion.  We end the first study 

by pointing out a number of shortcomings and how they might be dealt with. 

The second study deals with how a user can see where they are within an indoor space in real time on their 

phone. In essence, we strive to present the user with a working indoor GPS system that updates in real time. 

The AoE Dead Reckoning (DR) Navigator does this by using the built-in magnetometer to measure the 

direction in which the user is walking and the accelerometer to measure how many steps they have taken in 

that direction. This uses the age-old DR navigation method. In an initial study we showed that we could 

sense a user’s strides when they walk with more than 97% accuracy when counting 50 steps. When counting 

the strides it took the users to walk 200 meters, the accuracy rose to 99.5%. When using this method to 

measure the distance walked we found that our system could compute it with more than 90% accuracy.  

Having shown that we could count steps and measure distance the study moved on to test actual dead 

reckoning navigation. In order to test this we added the indoor map of the Ross Computer Science building 

into the application. After setting the geographic coordinates of the North West and South East corners of the 

building to the mapping database we were able to sense the change in the location of the of the user relative 
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to a starting point in the building. Running a series of tests we found that the system was able to show an 

accurate location for the user while they walked up to a distance of about 100 meters (with a precision of 

about 1 meter). If the walk lengthened past the 100 meter point, the location of the user started drifting away 

from the actual location in a visibly substantial amount. We also found that local electromagnetic changes 

can interfere with the accuracy of the built-in magnetometer on the iPhone. 

The next stage of the study explored ways to minimize the drift that inadvertently exists in the system. We 

identified five ways of doing this: manual localization (where the user manually moves a location pin inside 

the application and places it in the location that they think they are), visual tag localization (where the user 

points the phone at a visual tag that encodes a location within the building), angle from landmark 

localization (where the location of the user is computed by having them point the phone at two existing 

landmarks in the vicinity of the user), visual localization (where the application analyzes the visual field in 

front of the phone in order to try and identify the location) and lastly, RF localization (where a WIFI 

infrastructure is used in order to compute location from the received signal strength (RSSI) of the WIFI 

access points). We tested all but the visual localization version since it was too power hungry and therefore 

not pragmatic. Results show that the best localization is achieved by using the visual tag method (20-40 cm 

accuracy), followed by the angle from landmark method (60 cm accuracy). The WIFI based localization was 

much less precise, reaching an accuracy of 2-3 meters. We found that the angle to landmarks tool we added 

to the application was used most (61% of cases) by the testers followed by Visual Tag method (39%) of cases. 

Since the WIFI method worked in the background it was not used in this case. We explain the larger 

popularity in use of the LocateMe tool to the fact that it was available at all times during the walk, whereas 

the Visual Tag method, although it provides the best precision, was only available where a tag was placed, 

and thus testers opted to use it less. Irrespective of method, our study shows that the use of location drift 

reduction can in fact help bring the dead reckoning position back into place and enables the DR navigator to 

serve as a successful indoor navigation technology. The chapter ends with a discussion of some system 

shortcoming and how they could be fixed. 
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The last study explores the use of the ubiquitous WIFI wireless networking technology as the basis for indoor 

localization using received signal strength indication (RSSI) measurements. We developed a test-bed using 

commercial off the shelf WIFI routers that were placed in known locations inside the Ross Computer Science 

Building. Initial tests were run to ascertain if our computational methods can in fact determine the distance 

of the measurement device (initially the HTC G1 Android phone, and later the Nexus 1 Android phone) from 

the transmitter (one of the WIFI routers). After testing we added a smoothing algorithm to the RSSI reading 

that enabled us to filter out noise and momentary RSSI changes. Using our algorithm we were able to 

ascertain distance to within 2 meters (on average) when walking towards the WIFI router and to within 1 

meter when walking away from the router.  

Having shown the capability of ascertaining distance from a WIFI router we moved on to the next stage: 

localizing the position of the measurement device (the phone) by the method of tri-lateration from three 

known WIFI routers. The method works by computing the distance from each of the WIFI routers and then 

computing the most likely location within the resulting overlap area between the three routers at the 

distances found previously. Using this method we were able to localize the position of the phone to within 1.5 

meters on average in a quiet lab like setting late at night. When doing the same measurements during the day 

with people walking around and working in the same environment, the system localization precision dropped 

to 2-3 meters on average. This is within the state of the art shown in today’s commercial and research based 

WIFI localization systems that work without any special purpose hardware. Our data does not show any 

improvements in localization as the result of the Continuous Calibration method we developed. 

The last part of this study explores the use of WIFI localization as a potential system for Drift Reduction in 

Dead Reckoning Navigation systems. Initial results did not look promising since our DR navigator showed 

better precision during the first 100 meters of a walk (unless it went through an area of larger than normal 

electromagnetic interference). But we quickly noticed that a DR navigation system will always show a 

growing drift tendency as the walk continues. WIFI localization systems do not exhibit this problem (they 

exhibit other problems, but their precision is not affected by how long the path being walked is). Comparing 

our measurements for a 100 meter walk we were able to show that our WIFI localization system is in fact 

able to reduce drift substantially once the DR navigation crosses a drift threshold of about 2-3 meters. When 
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that happens, we showed that the WIFI system can work in the background in tandem with our DR navigator 

and reduce drift noticeably and in the background. We end this study with an argument for continued work 

on the Continuous Calibration method we developed since we believe that with today’s WIFI localization 

systems stuck at the 2-3 meter precision level, future improvements without special purpose hardware will 

only come from algorithmic improvements.  

The work ends with a summary of our work and findings, including a description of the potential new 

services and use cases that can be enacted using the technologies and services we developed.  
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FOREWARD 

 

In late 2003 I heard that Prof. Neil Gershenfeld from the MIT Media Lab was going to be giving a talk at Tel-

Aviv University about his work on the democratization of fabrication technologies- he was going to talk about 

the interesting work they were doing at MIT with new 3D printers and devices that will help people anywhere 

in the world plan and build new objects- objects that were designed specifically for their own needs- and in 

the process freeing them from trying to fit the generic devices which they had to buy from big multinational 

companies to solve their everyday problems. I was excited since I had read a lot about Prof Gershenfeld and 

he was a sort of a techno star for me. 

Then instead of Neil someone else got up and took the microphone. The speaker explained that Neil was 

stuck in a snow storm in India (!) and he had been asked to speak in his stead. The speaker went on to tell a 

story about the commoditization of electronics and how this was going to revolutionize a lot of the world in 

the next few decades. The speaker was Prof. Scott Kirkpatrick and I went to talk to him after to the lecture. I 

immediately felt that I was speaking to someone who was a mixture of kindred spirit (in his love for 

Technology and Media) and a possible Mentor (as a professor and respected researcher).  We decided to 

continue our conversations and I soon found myself going back to school as his PhD Student. Mind you – 

this was not a simple decision. I was deeply entrenched in the commercial world of digital media having 

developed some pioneering web products in the mid nineties and having just come out of my first startup as 

a co-founder. But with every conversation with Prof. Kirkpatrick I felt that it was possible that I could find a 

place that will allow me to explore some of my ideas and actually make them happen at the School of 

Engineering and Computer Science. And thus, with his leading hand, I started a wonderful journey. 

As with many projects and products, what I set out to do when I started (the design and development of 

Smart Objects and Spaces) went through many changes and dead ends. But after some false starts I found 

the place I wanted to be in- first and foremost, was the mobile phone, which had matured and grown into a 

powerful beast that could do much of what a strong desktop computer could do in 2001. I was interested in 

seeing how this powerful device, that had become the most ubiquitous computer of all, could partake in 

helping us make our way through the world in a better fashion. To this effect I developed and published 

projects with my students in the areas of gesture based music creation with a Nokia N95 in 2006 (before the 

iPhone!) and in the use of Machine Learning to make the mobile phone less disruptive.  But the main focus of 

my PhD research came into focus when I decided to explore how the mobile phone could be used to help a 

person find information about objects in the real world, then help that person navigate to that object in the 

physical world, and lastly, pick that object up and do a number of things relating to that object using web 

based services – for example to buy that object and take it home with them. This brought the second focal 

point of my work into focus: Indoor Navigation.  I knew that the problem of helping people Navigate in the 
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outside world using a Smartphone with embedded GPS was a relatively solved problem. But the indoor world 

was a whole new and mostly uncharted frontier, except for some brave souls who were willing to build 

sophisticated laboratory setups to enable it. I understood very quickly that I was not interested in building a 

special purpose laboratory so that I could allow people and robots to find their way inside a building- I 

wanted to allow people with just their smartphones in hand, and almost no special purpose setups, to be able 

to find their way inside a building. This became my mantra, to enable indoor navigation and web based 

services inside minimally-instrumented indoor spaces with un-augmented smartphones. 

So, with Scott’s untiring supervision and insight and with the help of my students, Niv Noach ,Barak Schiller, 

Elad Schiller, Omer Cohen, Dan Mordechai and Adam Shitrit I was able to turn ideas into actions and 

develop a system I am proud of. 

This document presents this work in the following fashion. First I start with a general introduction about the 

state of Mobile circa 2010. I then spend some time looking at the history of navigation technologies from 

thousands of years ago and until today. I then focus on the new area of Location Based Services, how they are 

defined, what functionality they enable and the value they offer. With the preliminaries over I go on to 

describe the three projects I did under the Amazon on Earth (AoE) umbrella. First is the AoE Library 

Navigator- a system that enables a person to search for information about a book as well as presenting a 

personal navigation map to that book in the library. This is followed by the AoE Dead Reckoning Navigator, a 

system that shows a person their location within a building in real time. Next is the AoE Wimaps WIFI 

localization system that strives to find a device’s location inside a building using the signal strength 

measurements done at the phone from a number of WIFI access points. The document ends with a summary 

and discussion about what I have done and how it might be improved in future work as well as the potential 

that the technologies we developed have in helping people find the location of things as well as their own 

location in the indoor world. 
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1. MOBILE COMPUTING CIRCA 2010 

INTRODUCTION:   

The mobile world is in flux. In 2007 the leading platforms for mobile computing were Nokia’s Symbian, 

Qualcomm’s Brew, RIM’s Blackberry and Microsoft’s Windows Mobile (CE). Then everything started 

unraveling:  Apple came out with its iPhone. From a company that had no stake in the mobile space, it has 

risen to become one of the strongest players in the smartphone space, while revolutionizing the field of 

mobile commerce and content distribution. In 2008 Google came out with its competing platform, Android 

Mobile Technology Platform, which is quickly gaining ground, and will probably be the only platform that 

can seriously challenge the iPhone in the near future. 

The last three years (2007 – 2010) have seen a slew of developments that have rendered the mobile 

computing field as the main focal point for the future of end user computing. If the desktop computer once 

reigned supreme, 2009 saw the mobile phone becoming a serious, relevant and powerful computing 

platform. Not any more relegated to weak operating systems sitting above weak hardware, the mobile phone 

of 2010 is an extremely capable general-purpose computer, media player and gaming station. This device has 

the computing power of a powerful desktop computer from 2001 (see table 1). It comes with onboard 

hardware 3D engines, highly capable browsers using desktop based WebKit, high resolution screens (up to 

960x640), and a slew of sensors including GPS, Accelerometers, Digital Compass, Proximity and 

Temperature, and multiple Mega-Pixel (5-13 Mega-Pixels) cameras that can shoot 720x480 video at 30 

frames per second) all in a package that can fit in your pocket. 

In 2010 Apple introduced its 10 inch iPad tablet computer. Once again Apple entered a space that its 

competitors have been trying to succeed in for over 10 years, and once again Apple was able to create the 

right combination of sexy industrial design, user experience and functionality and has caused this to be a 

rapidly growing niche that is estimated to be a $40B market in 20131. The iPad has shown the fastest 

adoption rates of any non-phone device in history- even faster than the DVD2.  The 2010 sales of Netbook 

computers and laptops have been severely hit and all players in the field are now scrambling to come out 

with a competing product as soon as possible. 

                                                                                                                                                                                     

1 http://techcrunch.com/2010/09/27/hp-exec-bradley-tablets-will-be-a-40-billion-market/ 
2Three Million iPads were sold in the 80 days after launch. It took DVD more than a year to reach this milestone. 
http://www.cnbc.com/id/39501308/ 
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Figure 1-1: PC versus Mobile Phone Processor Speeds 

THE FASTEST GROWING BUSINESS OF ALL TIME 

Mobile Phones, as the main representative of the field of Mobile Computing have shown unprecedented user 

acceptance of historical proportions: This is the fastest growing business in the history of humanity. Since 

the creation of the first mobile phone in 1973, it has grown to become a more than $1 Trillion business. The 

only other businesses in the world at this scale are transportation, military, food, construction and education 

and Health. The other businesses in this club took many centuries to become so large.  

THE MOBILE PHONE MARKET 

In 2009 over 1.1 Billion mobile phones were sold and the total world market is now 3.9 Billion phones – 

meaning a mobile phone for every 1.8 people.  

 

Figure 1-2: Sales in Units for the top consumer electronics devices in 2009 
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As a gadget, the mobile phone has become the leading device in many areas: 

• The most widely used clock (and alarm clock) 

• The most sold camera ever (three times as much as all cameras ever sold before) 

• The most widely used music player 

• The most widely used video player 

MOBILE PHONE CHARACTERISTICS 

The mobile phone has been gaining new capabilities while at the same time becoming smaller. Although the 

average weight of mobile phones has stayed at about 110 grams over the last decade, the amount of 

functionality built into the phone has exploded, while its thickness has dropped (from 22 mm to 13 mm) and 

its average screen size has doubled (from 1.5 in to 3in).3 During this period a major change has occurred in 

the form factor preferred by users. If in 2000 the candy bar phone was the clear form factor leader (~70% 

market share), the intervening years have seen the new leader gain a clear advantage: Touch screen phones 

now account for about 75% of new phones. Camera phones were introduced in 2001, and have quickly risen 

to be installed on practically every phone sold in 2010. Sensors have grown from 320x240 to today’s leading 

12MP camera on the Samsung Pixon 12. 

 

 

Figure 1-3: Changes in Mobile Phone Weight 

    

                                                                                                                                                                                     

3 http://www.gsmarena.com/mobile_phone_evolution-review-493p6.php 
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Figure 1-4; Changes in Mobile Phone Thickness 

 

Figure 1-5: Changes in Mobile Phone Display Size 

 

Figure 1-6: Percent of Candy bar form factor mobile phones 
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Figure 1-7: Percent of Touch Screen Mobile Phones 

 

Figure 1-8: Percent of Cameraphones 

 

INTERNET ACCESS AND STREAMING RICH MEDIA 

All smartphones and a growing percentage of feature phones come with broadband level Internet capabilities 

(either via 3G or WIFI networking). This means that they have the capability to render and show fully 

functional modern web pages as well as the capability to play streaming rich media for 

music and for Video. The importance of these capabilities has had a major effect on some 

of the streaming media companies of the last few years. A key example is the Pandora 

Music streaming service. Until the iPhone came out, Pandora was struggling, but since 
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then their iPhone app has been downloaded and installed over 30 million times and they now generate over 

$50,000,000 in annual revenue (from subscriptions and referral fees to iTunes).  

Business issues have caused Apple to not support the leading web based rich media player (the Flash Player 

from Adobe) one the iPhone, but the success of the iPhone has increased the pace in which the new HTML 5 

standard with its built-in rich media capabilities is being implemented.  

With such a large number of devices being used it is not a surprise that as of May 2010 the Mobile phone has 

become the device with which most people access the Internet.  Statistics show that during that month 

whereas 800,000,000 people accessed the internet via a mixture of PC and Phone, 400,000,000 additional 

people accessed the internet via the PC only (for a total of 1.2 Billion people), but another 500,000,000 

people accessed the internet via their phones only (for a total of 1.3 Billion people). This is a historical 

landmark. This trend will only get stronger as phones become more and more user friendly and internet 

capable and because the new evolving markets in Asia and Africa are being built with cellular phone 

networks rather than physical landlines. 

 

Figure 1-9: Internet Access in May 2010 

 

MOBILE PHONE MARKET REVENUE 

As stated above, the mobile phone market is a $1+ Trillion dollar business. This is broken up into Service and 

Hardware revenue streams. The Total Service revenue for 2009 was $855 Billion dollars, of which the main 

income generator was Voice calls ($615 Billion). Mobile data was much smaller at $90 Billion, but this will 

change as new products will move voice calls onto the Data stream using Voice over IP services such as 

Skype, Fring and Google Voice. At the end of the day all services will be Data oriented and the operators will 

need to devise new products to enable them to keep their revenues high. At this point they are scared of 

becoming “Data Pipes” only, but unless they find new products that is exactly what they will become. 
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Table 2: Mobile Revenue: 2009 revenue surpassed $1 Trillion 

Table 1-1: Mobile Revenue in 2009 surpassed $1 Trillion 

Service Revenue in $Billions 
Voice 615 
Mobile Messaging - SMS 113 
Mobile Messaging - MMS 29 
Mobile Data 98 

TOTAL 855 
   

Hardware Revenue in $Billions 
Handsets 160 
Network infrastructure 45 

TOTAL 205 
    

Grand TOTAL (in Billion $) 1,060 

 

Note that the total Data revenue over mobile (messaging and non-messaging) is larger at $240 Billion dollars 

than all internet-related revenues including advertising, content revenues, and access fees (broadband 

and dial-up) added together.4 

 

TECHNOLOGY ENABLERS 

The road to this phenomenal success is built of building blocks that have been refined and honed through the 

years to enable the current ecosystem to thrive. These building blocks are: 

• Fast Networks 

• Sensors 

• Touch Interfaces  

• Low footprint Gigahertz Processors 

                                                                                                                                                                                     

4 Ahonen, (2010)The Big Picture "All the Stats” , Total View to Mobile Industry, 2010 Edition 
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FAST NETWORKS 

The phenomenal growth of users could not have been achieved without faster and smarter networks to keep 

up with demand. Demand in this case is in two areas: a. larger amounts of concurrent users on the network 

and b. larger bandwidth needed for today’s location based and rich media services. The current 3G 

specification (2 Mb/s ) has been incrementally improved into the stepping stone HSPA+ spec  (7 Mb/s) with 

the eventual migration to what is loosely called 4G or LTE (Long Tem Evolution) networks (100-1000Mb/s).  

SENSORS 

Today’s smartphones are sensor packages5 containing 3D accelerometers, a magnetometer (digital compass), 

proximity sensor, an ambient light sensor, one or two cameras, one or more microphones, a touch screen,   

and in some cases a gyroscope for enhanced motion detection and even a moisture sensor for damage 

detection. Additionally, the phone carries a wide variety of antennas: Tri/Quad band radios, Bluetooth, WIFI, 

GPS, and in some cases an FM receiver/transmitter and a TV receiver.  

 

TOUCH INTERFACES 

Until 2007 phones were mostly physical button based, with a lot of effort spent on ways to create simple and 

easy to remember button click flows.  Because of the small size of the devices and their buttons, the flows 

were less than optimal from a user interface perspective, and enabled the creation of innovative shortcuts 

such as the T-9 library which used statistics to offer possible letter combinations when writing text. 

  

 

Figure 1-10: Button Based Phones circa 2006 

                                                                                                                                                                                     

5 http://www.youtube.com/watch?v=DjdXupstwNU 
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Figure 1-11: Touch interfaces over the last 40 years 

 

Although touch interaction is not new (it has been worked on since the early 

1970’s – see figure 1-11), Apple’s iPhone brought it into the mainstream, and 

since then, all smartphones use it as its basic form of interaction. This model 

enables an easier to understand and more intuitive user interface, as well as 

direct manipulation of objects on the screen. This enables a wide variety of new 

applications such as musical instruments, painting apps, and games. 

Additional innovations enabled the implementation of real world Augmented 

Reality aplications using the camera, the GPS and the magnetometer. 

 

 

Figure 1-12: Touch Based Applications 
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LOW FOOTPRINT GIGAHERTZ PROCESSORS 

 

Figure 1-13: Leading Mobile Processing Units 

The functionality expected of today’s mobile devices is huge, and in order to enable it, a powerful processor is 

needed. The last few years have seen such power put into small low power processing chipsets from 

QUALCOMM (Snapdragon), Samsung (Hummingbird), Apple (A4) , Texas Instruments (OMAP3, 4), Nvidia 

(Tegra)  and ST-Ericsson (U8500). All these use the ARM-CORTEX-A8 or A9 System on Chip (SOC) 

architecture that includes single or multi-core designs with exceptional power and low power consumption. 

As an example- the U8500 is rated to enable 12 hours of full HD video playback on a single charge of a 

standard 1000mAh battery.6 Future development will enable multiple screen support, 1080p video recording 

and even stereoscopic video recording. 

Table 1-2: Representative 2009 Mobile Phones and Processors 

 

 

                                                                                                                                                                                     

6 http://www.phonearena.com/htmls/Snapdragon-vs.-Hummingbird-vs.-OMAP---the-mobile-CPU-war-beyond-1GHz-
article-a_12546-p_2.html 
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THE SOFTWARE MARKET REVOLUTION 

Another revolution instigated by Apple’s iPhone is the “Appstore”, an online store that enables easy browsing 

and single click download and installation of 3rd party software. This simple system has brought about a 

revolution in the way that people buy software. Until the Appstore, all software on phones were controlled by 

the cellular phone carrier companies themselves, not leaving much freedom for end users to download and 

add software unless they were technically very sophisticated. The Apple Appstore broke this monopoly and 

leaves the control at two ends- Apple (the equipment manufacturer) at one end and the end user at the other 

end. The carriers in this case have been taken out of the equation. 

 

Using a simple and friendly Appstore application, users can browse, buy and download software to their 

hearts contents. Apps pricing starts at free and rises up to about $99 (most paid apps costs between $1-5). 

The model has been so successful that in 2 years since launching over 300,000 applications have been 

published, over 7 BILLION apps have been downloaded7 and over $2 BILLION in revenue has been created 

for software publishers8.  

 
Figure 1-14: Left: iPhone Appstore App. Center: ITunes Authentication. Right: Android Market Application 

The Android ecosystem also has a store (the Android Marketplace) that is also successful (over 100,000 apps 

published), although a slow rollout of a worldwide payment system has delayed its financial success.  

Apple had this solved from the get go since every iPhone needs the iTunes software to be installed on a 

desktop computer for initial phone activation. Since iTunes has been the leading online marketplace for 

                                                                                                                                                                                     

7 http://en.wikipedia.org/wiki/App_Store 
8 http://arstechnica.com/apple/news/2010/01/apple-responsible-for-994-of-mobile-app-sales-in-2009.ars 
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music coupled with its iPod music devices, the iPhone was simply interfaced into this existing infrastructure 

which has over 150 Million subscribers with credit card information. The same infrastructure now allows 

these users to buy software using their iTunes identities.  

The other contenders, Nokia, Samsung, Microsoft, as well as some of the carriers are developing their own 

appstores with various degrees of success. But no matter who does, how they do it or how successful they are 

in it, the model is here to stay- smartphone owners expect to have access to a large library of easily installable 

applications. 

MOBILE ECOMMERCE 

As mobile phones became regular citizens on the web, so they became relevant as ecommerce enabling 

devices. Premium SMS has enabled mobile based micropayments for many years, but with the advent of high 

bandwidth applications using either the fully capable onboard webkit based browser or via native apps, 

mobile phones have become an important part of the ecommerce ecosystem, some estimating that it will be 

responsible for over 13% of the ecommerce market in 20139. Japan, which has seen the quickest rollout of 

mobile based ecommerce shows 19% of all ecommerce being transacted from mobile phones in 200910. 

Mobile ecommerce includes such niches as Mobile ticketing, Banking, Voucher’s, Coupons, Loyalty cards, 

Brokerage, Auctions, On Site Purchasing and of course, mobile Marketing and Advertising11.  

Mobile ecommerce is enabled by a number of things: 

• Interfacing with web based services in the cloud 

• Strong cryptology to enable safe transactions across public cell networks 

• A change in user behaviors brought about by web based ecommerce on computers 

• Location based services 

INTERFACING WITH WEB BASED SERVICES IN THE CLOUD 

Although web based services are ubiquitous these days, they stand upon a haphazard array of technologies 

and techniques that suffer from weak standardization. This should make it difficult to create a generic 

method for interfacing mobile phones with such services. But because today’s smartphones carry a fully 

functional web browser, these limitations are solvable. The limitations are less in the capabilities of the 

devices to present full-featured functionality to their users and more with the small screen sizes and power 

management. A good solution is in the creation of hybrid native / web apps which allow the designers to 

                                                                                                                                                                                     

9 http://www.banktech.com/showArticle.jhtml?articleID=227500280 

10 http://fonegigsblog.com/2010/04/23/mobiles-percentage-share-of-total-ecommerce/ 

11 http://en.wikipedia.org/wiki/Mobile_commerce 
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maximize the native capabilities and user experiences on the phone, while interfacing with online services. 

Because of the large numbers, online services are working hard to create easily accessible Application 

Programming Interfaces (API’s) to enable just that. 

STRONG CRYPTOGRAPHY  

With the power of today’s processors and memory footprint, the capability to enable safe transactions across 

public cell networks via strong cryptology has been mostly solved. It is clear that if this was still an issue, all 

development of business models using sensitive information (financial or otherwise) would be at a standstill. 

We still hear of law breaking hackers (“Crackers”) being able to access sensitive information- but that is 

mostly at the edges and is solved via insurance and law enforcement. 

A CHANGE IN USER BEHAVIORS BROUGHT ABOUT BY WEB BASED ECOMMERCE  

Ecommerce is almost as old as the web. As soon as web browsers became capable of securely transferring 

data from client to server, the race was on to create successful online stores. Players like Amazon and Ebay 

have been doing this for 15 years and have shown users that it is safe to buy things online. With this behavior 

change having succeeded on web browsers on desktop computers, the move to mobile ecommerce is obvious. 

There are still obstacles to cross, but the path is clear. 

MOBILE LOCATION BASED SERVICES 

Early pre-GPS Location Based Services (LBS) were created in Japan by NTT-DOCOMO using cell tower 

triangulation methods in the last decade of the twentieth century. This technique enables an application to 

establish the location of the handset to within the resolution of cell towers in the vicinity. Thus, inside a city 

where cell towers are plentiful and nearby, the location can be established to within 80 – 300 meters. In the 

countryside this resolution goes down and can reach 30 Km levels. This problem has been solved by the use 

of GPS receivers inside phones. Practically every smartphone since sold since 2008 has default built in GPS 

capabilities. This is usually implemented using an Assisted-GPS (A-GPS) infrastructure which uses the 

known cell tower locations and data networking with back end location servers to lock in the first location of 

the handset. Once an initial location has been established, localization via GPS continues smoothly as long as 

enough satellites are visible. The A-GPS system enables a lock to be established in seconds making the 

service relevant for ad-hoc incidental usage. This is important since phone based end users are not especially 

motivated to use such services, and unless the services are available very quickly after launching an 

application, the user will lose interest. 

Using these capabilities a slew of businesses have been created. The obvious and earliest GPS based LBS was 

the GPS navigation service that was ported into cell phones in 2001 by KKDI in Japan. From then on we have 
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seen a steady evolution of the field, culminating with the advent of iPhone 3GS and Google Nexus phones 

that enabled real time high quality Location Based Augmented Reality Applications.  

 

Figure 1-15: Mobile GPS Navigation Application 

 

 

Figure 1-16: Mobile Augmented Reality Applications 

 

LOCATION BASED SOCIAL NETWORKING 

A development in the last two years has been the addition of location based 

Social Networking services. These companies (i.e. Yelp, Urbanspoon, 

Foursquare, etc) merge the social web with a person’s location and allow a 

person to see where their friends are in real time, to “check in” to locations 

for coupons or for social glory.  

 

 

 

Figure 1-17: Foursquare Mobile Geo-

Social Network 



Chapter 1: Introduction  Page 17 

 

 

LOCATION BASED SHOPPING  

 

Figure 1-18: Location Based Shopping Application 

Location Based Shopping is an important LBS niche, where one can receive information and directions to 

restaurants, shops, clubs and more nearby. An offshoot of this is comparison-shopping, where the 

identification of an object by decoding its barcode enables a user to see prices for the object in additional 

places. 

 

INDOOR NAVIGATION 

The GPS revolution has indeed enabled a wide variety of business to grow around it, but this location based 

technology lacks one key area of performance: navigation inside buildings. Since people in the western world 

spend most of their time indoors12, this limitation is severe. In most cases, the GPS signal indoors is too weak 

to be useful and therefore indoor LBS needs different solutions. This is a well-known problem and many 

projects have revolved on localizing the position of a device indoors. The best results have been obtained by 

instrumenting an indoor space with localization beacons of various forms (i.e. Balakrishnan et al., 2003) that 

enable circuitry on the device to measure the time of flight between its location and the beacons. This method 

has indeed shown excellent localization performance (up to sub-centimeter accuracy), but is problematic 

since it necessitates the instrumentation of the space with non-trivial beacons and their management and 

maintenance (see chapter 2). 

This is where my work starts: The question I ask is how we can enable users with un-augmented 

smartphones to be able to use them to Navigate to an object inside a minimally instrumented indoor space. 

By Un-augmented smartphone I mean any standard smartphone sold since 2009. By “minimally 

instrumented” I mean a space that contains existing wireless networking equipment with the smallest 

                                                                                                                                                                                     
12 http://www.qubulus.com/2010/11/02/market-reality-time-spent-indoors-80-90/ 
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amount of additional devices to help in the localization of the user in the space. The ultimate goal is to enable 

usable services without needing to install ANY additional devices in the space.  

My wider goal is to merge two important areas of mobile computing: indoor navigation and mobile 

ecommerce. The argument is that when we are able to localize a person inside a minimally instrumented 

indoor space, a wide variety of additional ecommerce use cases are enabled and become economically 

feasible.  

The next chapter presents a survey of historical navigation technologies and is followed by a description of 

the systems we have built, the research we have done with these systems, and the results we have obtained. 

The work ends with a summary and discussion of the results and possible future work to enhance it. 
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2. KNOWING OUR PLACE IN THE WORLD 

 

INTRODUCTION 

Ever since humanity started wandering away from home to a distance farther than the horizon, people have 

had to find ways to make their way back home. Initially they could rely on their memory since home was not 

very far away and they could remember the general direction as well as physical objects that pointed the way. 

But as humanity began journeying farther and farther away, memory was not enough. As the distance grew, 

so arose the need to rely on external points of reference, preferably such that were fixed and unchanging, to 

help people know where they were, and by that fact, which direction to take in order to arrive at their needed 

destination.  

Human navigation technology accelerated as soon as people started traveling the seas for the purposes of 

discovery and migration. Suddenly travellers could not rely on well know landmarks since their travels took 

them to places they had never seen before. As this occurred, navigators had a number of choices: The first 

and simplest method was to hug the coastline as close as possible (which was easy to navigate because it was 

always clear where you had come from, but which was also dangerous at times since the coast contained 

hidden dangers as the countless submerged boats and ships over history can attest). A second method was to 

know the winds intimately and thereby know to an extent where you were relative to a known start point. 

This was a more abstract method, and as we know, although the winds can be generalized, there can be local 

changes that can cause a navigator to reach a wrong conclusion. A similar method is to know the ocean 

currents as intimately to ascertain your general location relative to a known position. This method suffers the 

same problem inherent in wind based navigation- local changes can cause mistakes. The best method devised 

by early navigators was to use the observed positions of the sun and stars. 

 

A SHORT HISTORY OF NAVIGATION TECHNOLOGIES 

THE SOUNDING WEIGHT:  

The Phoenicians and Carthaginians developed a sounding weight, which was a bell shaped tool tied to a long 

rope that they dropped into the water in order to measure water depth (and in the process to estimate 

distance from shore) . 
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Figure 2-1: The Sounding Weight 

 

THE COMPASS: 

 

Figure 2-2: Compass Spoon, Compass Rose 

The compass seems to have been developed by the Chinese in the second century BCE. Its importance was in 

the fact that it enabled navigators to continue to navigate a course even when the sky was overcast or the 

shoreline could not be seen.  Early users of the compass thought that it was inaccurate. This is because they 

did not know that the earth has a magnetic variation (between true and magnetic north) that must be 

compensated against when navigating. Most early use focused on ascertaining the direction of the wind so 

that they could determine which one of the eight winds on the wind rose they were experiencing.  

PORTOLAN CHARTS (13TH CENTURY):  

As more navigators set to the seas, a knowledge base was growing. Some of this knowledge was saved to 

special navigation charts. These charts were not accurate (to say the least) but showed compass rose bearings 

between major ports. These charts were considered state secrets. 
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Figure 2-3: Portolan chart 

THE CHIP LOG:  

In order to ascertain location, it is important to know one’s speed of movement. For many centuries this was 

only estimated by looking at the bow wave as the ship displaced water or the change in visual location 

relative to a known point. The Chip Log allowed a navigator to ascertain their speed in a more objective 

fashion. It worked by dropping a triangular object into the water and timing how long it took for the rope 

attached to it to feed out. Since the rope was of a known length, it was easy to compute speed in this way. 

 

Figure 2-4: The Ships Log 

Up till now we see tools that enable basic navigation: if one knows their starting position (visual 

identification), the direction they are travelling in (compass), and their speed (Chip Log), then they can 

compute their path accordingly. This method, called Dead Reckoning Navigation is simple and powerful, but 

suffers from potential errors. For example, if a ship is travelling in a location where a current is coming from 

the right side, the ship will be pushed off course towards the left, even if its bow is pointed in the correct 

location. Navigators can try to estimate the strength of the current and adjust their direction accordingly, but 

in order to succeed with this, they must first know that there is a side current hitting them. Without an 

external point of reference this is impossible. The compass was not enough in this case since it could only tell 

the navigator the direction in which they are pointing. Using a clock they could compare their current time to 
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the time at a known spot and know how far east or west they were (Longitude measurements). Unfortunately 

timepieces of the needed accuracy were not to be available until the late 1770’s. 

CELESTIAL NAVIGATION:  

The method of navigating by knowing the relative position of the stars and the Sun was devised by navigators 

thousands of years ago. Homer’s Odyssey contains one of the earliest written records of celestial navigation 

where Calypso tells Odysseus to “keep the Bear on his left hand side” as he sailed away from her island13.  

 

Figure 2-5 The Little dipper (Ursa minor) 

This “Bear” would be what we now call Ursa Minor which is a constellation of stars that extend from the 

North Star (Polaris). Over time these navigators developed tools to help them in their efforts to figure out 

where they were in the world.  

 

Figure 2-6 crosstaff, astrolabe and sextant 

Measuring the angle between the horizon and the Sun or the North Star enabled navigators to determine the 

latitude (how far north or south they are). Over the centuries tools to enable these measurements were 

developed and refined. First came the Cross Staff in the 13th century.  The Astrolabe was developed a bit later 

during the same century bringing with it better accuracy, but it was still difficult to use in a moving and 

                                                                                                                                                                                     

13 Wikipedia, History of Navigation 
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rolling ship. The sextant, developed in the 18th century brought accurate and easy to use on-ship 

measurements.   

But the problem of measuring Longitude was still unsolved. The only way to accurately determine one’s 

location due west or east was to be able to know the time at a known location (for example- Greenwich 

observatory). The problem was that no accurate timepieces existed which could be taken on a ship. The 

clocks on ships could be off by 10 minutes per day (meaning 175 miles)!. Since the errors were not consistent 

they could not be compensated for.  

It was only in 1764 that John Harrison developed the H1 chronometer14 

that was accurate to 0.1 sec a day. This was to change ocean navigation 

substantially. James Cook took his chronometer on his second 

circumnavigation journey and when he returned in 1779 he was able to 

show charts which were accurate to within 8 miles15. This was to be an 

important tool until the development of radio transmission and reception 

technologies a century later. Once a radio receiver could receive a 

constantly updated time signal from a known station (The prime 

meridian in Greenwich England), the need for an accurate onboard timer 

became redundant. 

 

THE 20TH CENTURY: WIRELESS TRANSMISSION 

As stated above, radio enabled a navigator to receive information from a distance that can be used to 

calculate their location. This was to be enhanced by two new developments. First was the development of 

RADAR in the late 1930’s which enabled a ground station to determine the location of a moving object. The 

second was the system called LORAN (Long Range Navigation) that was an improvement on the British 

GEE radio navigation system used in World War 2. Using three transmitting stations, the mobile LORAN 

receiver can show its location to within a few hundred meters. The methods used in LORAN will be the basis 

for GPS that will be developed in the 1970’s. The next section explains the different methods used for wireless 

radio based navigation technologies. 

                                                                                                                                                                                     

14 http://www.nmm.ac.uk/harrison 

15 http://www.bbc.co.uk/history/interactive/animations/navigation/index_embed.shtml 

Figure 2-7 H1 chronometer Figure 2-8: H1 chronometer 
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Figure 2-9: The Loran Principle. From Wikipedia 

CURRENT DAY NAVIGATION TECHNOLOGIES 

Today’s navigation technologies have become almost ubiquitous. The capabilities that have been developed 

over the centuries have finally reached a point where many people can afford to put in their pocket a small 

device which includes navigation technologies that would only have been available to the most 

technologically advanced military vehicles (ships or planes) less than 30 years ago. Having said this, it is 

important to note that these technologies are very mature when navigating in the outside world (under an 

open sky), but are relative new and less capable when moving into the indoor domain. 

OUTDOOR LOCALIZATION 

The history of Navigation has been mostly about navigating in the outdoors. As we have seen, human 

ingenuity has found multiple ways and invented multiple tools to do this. The late 20th century has seen a 

revolution in that the technologies enable almost anyone with a phone to be able to find out their location on 

a map. The services that developed around these capabilities are called Location Based Services (LBS) (see 

chapter 3). In LBS, a consumer receives a set of services that are different depending on where they are in the 

world. To enable LBS, the system with which a consumer is taking part must be able to localize their location. 

As will be seen below, various service providers have developed a variety of methods. The difference between 

the methods relate to who developed them, how ubiquitous they are, what type of receivers are needed, how 

much the service costs to operate and the level of accuracy in localizing a user in the world. 

In all the methods reviewed below, a system localizes the location of a receiver by knowing the location of the 

service elements and ascertains the signal strength, or the time of arrival, or the difference in the time of 

arrival of a message, or the angle of arrival of that message relative to the service element. The service 
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elements can be terrestrial (as with the local cellular phone provider’s base stations) or space based (as with 

the GPS satellite navigation system) but the general principles are the same. 

CELL OF ORIGIN POSITIONING 

This is the most basic method and in it, the location of the user is equivalent to the location of the Cell base 

station to which they are currently connected. The resolution of this system depends on the density of cell 

base stations in a geographic area. In cities, this can be as small as 100 meters, but can grow to 25 Km in 

rural areas.16 In Figure 2-10 below, a handset can be located in cell 1, cell 2 or cell 3. Which of these they are 

in practice connected to depends on the topography and the signal strength of the connection. In certain 

situations a handset that is geographically nearer to cell tower 3 might actually be connected to cell tower 1. 

Such situations make the low resolution of this method even worse, but on the other hand, such a service is 

cheap to operate and can be used with all phone models. This is also called the Cell-ID method. 

 

Figure 2-10 Cell of origin positioning 

 

TIME OF ARRIVAL (TOA) 

Just as LORAN used the time difference of arrival of a signal from the master station, GPS works by 

comparing the difference in arrival times of a signal from 3 or more satellites in known locations. Since the 

signals travel at the speed of light, the timing mechanism must be very accurate (using an atomic clock) and 

very fast. Once a receiver gets these signals, it can compute its location fix (to within 5 meters). Using four or 

more satellites enables it to compute its altitude also (to within 8 meters).  

                                                                                                                                                                                     

16 FIDIS: Future of Identity in the Information Society (No. 507512) 
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Figure 2-11 satellite based positioning needs at least three satellites to triangulate the position of the device.17 

 

Using the following one can compute location: 

r = c (t) where 

r = distance (meters) ,   c = propagation speed of ~ 300 meters / microsecond,   t = time in microseconds18 

Using this formula, a receiving station can compute its location by getting the Time of Arrival for each 

satellite multiplied by t. This will give the distance from each satellite. Since the locations of the satellites are 

known, triangulation will reveal the present location of the receiver. 

Although GPS developed at about the same time that cellular mobile phone service did, it was only in the 

1990’s that the GPS system became fully operational and allowed for civilian use. Additionally, in 2000 

President Bill Clinton’s decision to stop “Selective Availability” was enacted and civilians were able to access 

the best quality localization (although not as good for the band reserved for military use). Since then GPS has 

improved while a number of other satellite navigation systems are being developed by the EU (Galileo) and 

Russia (ccc) for political reasons  since today’s GPS system is controlled by the US government. 

  

                                                                                                                                                                                     

17 FIDIS - Future of Identity in the Information Society (No. 507512) 
18 Cisco: Wi-Fi Location-Based Services—Design and Deployment Considerations,  OL-11612-01 
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ASSISTED GPS:  

Because of the need of mobile phone manufacturers to minimize the power consumption of their phones, 

they looked for ways to enable phones to lock in to their location as fast as possible. A normal GPS lock can 

take as much as 2-5 minutes. This is too long. A solution was devised called Assisted GPS (AGPS). In this 

method, the initial location of the phone is given to it by the local mobile phone infrastructure. Since the 

locations of the base station are known, the position of the phone can be ascertained using other terrestrial 

methods, and the initial database of navigational information can be sent to the phone over a packet data 

system. Doing this enables the initial location fix to be locked in as little as 30 seconds. 

TIME DIFFERENCE OF ARRIVAL POSITIONING (TDOA) 

In this technique, a minimum of 3 synchronized base stations measure the time difference it takes to receive 

a signal from the handset. Since this is a relative method, the handset does not need to be synchronized with 

the receiving stations. When a handset transmits a signal, the base stations receive it, and since they are time 

synchronized, they can compute the time difference of arrival of that signal. TDOA is commonly 

implemented using hyperbolic lateration19. Using three synchronized receivers (A, B and C), handset X 

transmits a signal which arrives at base station A at time TA and to base station B at time TB. This enables the 

computation of the time difference of arrival between bases stations A and B and set it to a constant k: 

TDoA B-A = | TB – TA | = k 

The value of TDoA B-A can now be used to compute a hyperbola with focal points at the locations of receiving 

stations A and B. The resulting hyperbola represents the locus of all points in the x-y plane whose distance 

from the two focal points equal k(c) meters. This represents in mathematical form all the possible locations 

of the mobile device X in a way that: 

| DXB – DXA | = k(c) 

The probable location of mobile phone X can be represented by a point along this hyperbola. Using a third 

receiver we can then further resolve the location of X by calculating the message time difference of arrival 

between station A and C: 

TDoAC-A = | TC – TA | = k1 

                                                                                                                                                                                     

19  Cisco: Wi-Fi Location-Based Services—Design and Deployment Considerations,  OL-11612-01 
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We can then use the knowledge of k1 to construct a second hyperbola representing the locus of all the points 

in the x-y plane, the difference of whose distances from the two foci (that is, the two receiving sensors A and 

C) is equal to k1(c) meters. This represents in mathematical form all the possible locations of the mobile 

device X in a way that: 

| DXC – DXA | = k1(c) 

Figure 2-12 illustrates this: 

 

Figure 2-12 TDoA localization 

 

ANGLE OF ARRIVAL (AOA) 

In this technique the phone’s location is determined by the angle of the signal sent by the phone to the base 

station (Dragoş, 2004). This is done by doing TDOA on the different receivers on the antenna array. The 

resulting delays point to the direction from which the phone is transmitting. Using 2 or more base stations 

enables the determination of the phone’s location. It is important to note that AoA works best in an area of 

direct line of sight between the phone and the base station. Signal reflection caused by surrounding and 

obstructing objects lowers the effectiveness of this method. 
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Figure 2-13Angle of Arrival 

 

INDOOR LOCALIZATION 

 

Figure 2-14 indoor maps over the ages 

Whereas outdoor navigation has a rich history of methods and tools, indoor navigation has been pretty 

stagnant throughout history. As buildings and public built spaces became larger, a need grew for methods to 

help people find their way in them. This was mostly solved by the oldest method of using human memory to 

remember paths within the spaces. Additional navigation tools came into being over time, but they were 

never more sophisticated than signage or the use of maps of the space. It was mostly the responsibility of 

visitors to manage their navigation inside. If they got lost, they could always stop and look at the signs on 

doors or corridors, or they could consult a map (either one that they carried with them or one that is installed 

in public), or if all else fails, they could simply ask someone. Unlike ocean navigators who could not stop to 

ask for directions, pedestrians can always stop. 

Indoor navigation technology has improved over the last 20 years mostly because of efforts to enable robots 

to find their location within a physical space (i.e. Hahnel et al, 2003).  Doing so enabled them to make their 
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way to and from key locations for the tasks they needed to complete. A number of technologies were 

developed, some achieving very good localization. The main issue in this area is to find the best tradeoff 

between cost, complexity, maintenance and performance (measured in location accuracy). 

VISION BASED NAVIGATION 

The first robots to use “vision” for navigation were the Elmer and Elsie, Developed by W. Grey Walter in 

1948. Using light sensors, they were programmed to move towards light. As visual capture technologies 

progressed, vision became an important element in enabling a robot to understand its location. The Hopkins 

Beast (1961) used a photo sensor to enable it to seek out and navigate to black wall outlets in order to 

replenish its supply of electricity.  

 
Figure 2-15 W. Grey Walter; Elmer and Elsie known as the turtle robots.  

 
Figure 2-16 Figure N: The Hopkins Beast 

 
Figure 2-17 The Stanford Cart with radio links, 1963 
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Stereo optical camera systems enhance the capability of a navigating robot to ascertain distance from a 

target. Saving a visual history of navigation path can later be used for navigation back to a start point and for 

generating a map of an unfamiliar space. Latest developments show autonomous robots that can do long 

range navigation with a single stereo optic camera (Lovegrove & Brame, 2007). One example is the Princeton 

“Prowler” that uses the Bumblebee stereo-optic camera in the DARPA Urban Challenge (Point Grey 

Technical Research Note, 2008). 

 
Figure 2-18 a. Bumblebee XB3 stereo vision camera, a three-sensor multibaseline IEEE-1394b stereo camera, 

delivers 3-D images and complete stereo-processing support. b. A distance heat map from the camera. c. The 

Princeton “Prowler”.  

 

TAG BASED NAVIGATION: 

An offshoot of visual navigation technology is the capability to capture and decode a tag. Since a tag can be 

uniquely linked to a physical location, capturing a specific tag is a definite way to ascertain location. Such 

tags can have many other uses as well, especially since the amount of information encoded in them has 

grown substantially over the years. 

There are two main types of tags: Visual or Electromagnetic. The visual tag encodes its information in a 

physically printed form (on paper or any other printable surface). In order to interact with the tag, a visual 

capture device must have an unobstructed view of the tag. Electromagnetic tags contain an antenna and 

electronic circuit with a memory device on it. When a querying object (a reader) interacts with it, the tag 

returns the data saved on it. 

 

VISUAL TAGS 

ONE DIMENSIONAL BAR CODE:  

The first widely available machine-readable visual tag system is the ubiquitous one-dimensional bar code. 

The first commercial product was created in 1966, but it took many years to standardize around an accepted 
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system to enable wide adoption. In 1981 the US Department of Defense decide to standardize on LOGMAR 

(code 39) barcode. In 1984 Wal-Mart mandated that all products sold through it must contain barcodes. 

 

 

Figure 2-19: One-dimensional Barcode 

One-dimensional visual tags have become the pre-eminent method of marking and monitoring commercial 

merchandise. A number of standards have been developed and most barcode readers support them.  

Although a resounding success, one-dimensional barcode tags have some shortcomings: A. They can encode 

only a small amount of data (at most 50 characters). B. They do not allow graceful degradation. Losing a part 

of a barcode – even a small part – will make them useless. Because of this two-dimensional barcodes have 

been developed. These have much larger data capacities (several thousand bytes of data encoding text and 

binary information) while also being resistant to damage by using error correction (QR level H error 

correcting can work with up to a 30% data loss). 

 

Figure 2-20: Various types of visual Tags. a. UPC A 1 dimensional barcode.  b. Data Matrix Code.  c. Multi-Colored 

Matrix Code. d. Circular Bar Code. e. Aztec code. f. Maxi (UPS) code. g. PDF 417 code. h. QR Code. 
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The main 2D barcodes standards are the QR code (Figure 2-20 figure h) and the Data Matrix code (Figure 2-

20 figure b). and the PDF417 code (Figure 2-20 figure g). 

QR CODE 

This code was released in 1994 by Denso Wave. They have disclosed the patent and have 

not exercised their rights to it- thus allowing various groups to use it without paying a 

license fee. The code has been approved as an ISO standard (ISO/IEC18004). 

The Code uses three position detection patterns located at the corners of the symbol. It 

includes a data area and a quiet zone outside of the symbol.  

Symbol sizes range from 21x21 to 177x177 modules (with increases in steps of 4 modules 

per side).  

 

The code includes four error correction levels using Reed-Solomon code. The code can store up to 7089 

numeric characters, 4296 alphanumeric characters or 2953 bytes. 

Table 2-1: QR Code Data Capacities 

Version Modules ECC Level Data bits Numeric 
Alpha 

numeric 
Binary Kanji 

1 21x21 

7% 152 41 25 17 10 

* 15% 128 34 20 14 8 

25% 104 27 16 11 7 

30% 72 17 10 7 4 

…        

40 177x177 

7% 23,648 7,089 4,296 2,953 1,817 

15% 18,672 5,596 3,391 2,331 1,435 

25% 13,328 3,993 2,420 1,663 1,024 

30% 10,208 3,057 1,852 1,273 784 
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MICRO QR CODE is an offshoot of the QR specification 

that sacrifices storage capacity (35 numeric and 21 alpha 

numeric characters) for a smaller physical size. It includes 

only one position detection pattern and supports fewer 

levels of error correction. 

 

DATA MATRIX CODE20:  

 

This code was developed by RVSI Acuity Cimatrix and has been placed in the public domain. It is an 

approved ISO standard (ISO/IEC16022). The code uses two solid borders as handles for alignment. The two 

broken borders on the opposite corners are used for module sampling (sizes range from 10x10 to 144x144). 

The code can store up to 3116 numeric characters, 2335 alphanumeric characters or 1556 Bytes. Due to 

internal data compression algorithms the exact data capacity depends on the structure of the data to be 

encoded. The maximum Data Matrix capacity is also influenced by available printing space and the printer 

resolution. The code supports Reed-Solomon error correction also.  

 

 
Figure 2-21: Data Matrix Code with different amounts of data encoding 

  

                                                                                                                                                                                     

20http://www.omniplanar.com/DataMatrix-2D-Barcode.php?PHPSESSID=48c4d249b902ee977bb4006e0364a781 
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PDF-41721: PORTABLE DATA FILE CODE 

 

This 2D bar code was developed by Symbol technologies in 1991. It is one of the most popular 2D codes 

because it can be read and decoded by slightly modified handheld barcode readers.  It is called PDF-417 

because it represents 17 modules of 4 bars and spaces that make up each code. The code can include between 

2 and 90 rows, includes Reed-Solomon error correcting and can encode 1850 alphanumeric characters, 2710 

numeric characters or 1108 Bytes. 

 

Figure 2-22: PDF417 regions 

 

Figure 2-23: PDF417 Driver License Barcode 

                                                                                                                                                                                     

21 http://www.omniplanar.com/PDF417-2D-Barcode.php 
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Table 2-2: Widely Used Barcode formats and their usage and capacity [9, 154] 

Symbology Usage Data Capacity 

UPC-A 

 
 

Retail stores for sales checkout; 
inventory, etc. 

12 numeric digits - 11 user specified 
and 1 check digit. 

UPC-E 

 

This is the short version of UPC-A for 
extremely small products.  
 

7 numeric digits - 6 user specified and 1 
check digit. 

EAN-8 

 
 

This is the short version of EAN-13 for 
extremely small products. 
 

8 numeric digits - 7 user specified and 1 
check digit. 

EAN-13 

 

 Primarily used in supermarkets to 
identify product at the point of sales 
 

13 numeric digits - 12 user specified 
and 1 check digit. 

Code 39, 93 

 
 

Identification, inventory, and tracking 
shipments. Also known as Code 3 of 9. 
Often used type that is self checking 
 

ASCII (127 chars) 
 

Code 128 

 

Used in preference to Code 39 because 
it is more compact 

 Variable length alphanumeric data - the 
practical upper limit is dependent on the 
scanner and is typically between 20 and 
40 characters. Code 128 is more 
efficient at encoding data than Code 39 
or Code 93. Code 128 is the best 
choice for most general bar code 
applications. Code 39 and Code 128 
are both very widely used while Code 
93 is rarely used. 

EAN-UCC 128 

 

 A special form of the Code 128. Used 
for goods and palettes in commerce and 
industry. 
 

  

Interleave 2 of 5 

 

Used in the shipping and warehouse 
industries 

Variable length numeric data - the 
practical upper limit is dependent on the 
scanner and is typically between 20 and 
50 characters. 
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POSTNET (Postal 
Numeric Encoding 
Technique) 

 

Encoding zip codes on U.S. mail ZIP Code + 4 + Check Digit = 10 bytes 

Japanese Article 
Number (JAN) 

 

Similar to the EAN, used in Japan See EAN above 

ISBN 13 

 
 

Based on ISBN numbers and used 
on book covers. International 
Standard Book Number. ISBN 
standard type since 01. January 
2007. 
 

13 digits plus 4 digit price code 

ISSN bar code 
(International 
Standard Serial 
Number) 

 

Based on ISSN numbers, used on 
periodicals outside the U.S. 

8 digits, using EAN format 

Codabar 

 

Used by Federal Express, in libraries, 
and blood banks.  

16 characters: the numbers 0-9, plus "-
", ".", ":", "$", "/", and "+". The use of 
four separate Start and Stop 
characters (A, B, C, and D) allows 
useful information to be encoded by 
characters normally considered as 
overhead. Bar codes can be of variable 
length and do not require a checksum. 

MICR (Magnetic Ink 
Character 
Recognition) 

 

A special font used for the numbers on 
the bottom of bank checks 

 
NA 

OCR-A 

 

The optical character recognition format 
used on book covers for the human 
readable version of the ISBN number 

NA 

OCR-B 

 

Used for human readable version of the 
UPC, EAN, JAN, Bookland, and ISSN 
bar codes and for optional human-
readable digits with Code 39 and 
Interleaved 2 of 5 symbols 

NA 
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Circular Barcode 

 

An extremely popular barcode used by 
VCD/DVD retailers for tagging their 
items. 
 

Uses Interleave 2 of 5 scheme, but can 
read from any angle 
 

QR Code (1 - 40) 

 

Although initially used for tracking parts 
in vehicle manufacturing, QR Codes are 
now used in a much broader context, 
including both commercial tracking 
applications and convenience-oriented 
applications aimed at mobile 
phone users  
 

72 - 23,648 data bits with Error 
Correcting levels (7% - 30%) 

Data Matrix 

 

The most popular application for Data 
Matrix is marking small items, due to the 
code’s ability to encode fifty characters 
in a symbol that is readable at 2 or 
3 mm2 and the fact that the code can 
be read with only a 20% contrast ratio. 
 

Data can consist of any type of data 
including binary or alphanumeric and be 
up to 3116 bytes in length. 

Aztec 

 

Aztec Code was designed for ease-of-
printing and ease-of-decoding 
 

Data can consist of any type of data 
including binary or alphanumeric and be 
up to 3750 bytes in length. 

Maxicode 

 

Maxicode (originally called UPSCode, 
sometimes called Code 6) is a matrix 
code developed by United Parcel 
Service in 1992. 
 

Maxicode can hold up to 93 
alphanumeric characters or 138 
numeric digits. Maxicode is used almost 
exclusively for United Parcel Service 
package identification. 

PDF417 

 

2D barcode for encoding a large amount 
of text or data in one code 
 

For general binary data with no error 
correction enabled, a single PDF417 
symbol can hold up to 1108 bytes. If the 
data consists of all numeric digits, then 
a single PDF417 symbol can hold up to 
2725 digits. If the data consists of 
alphanumeric data, you can encode a 
maximum of 1850 bytes. If you have a 
mix of alphanumeric and binary data, 
the capacity will be somewhere 
between 1108 and 1850 bytes and will 
depend on the content of the data. 

Color Code 
(ColorZip) 

 

ColorCode™ is a proprietary two-
dimensional bar code system that is 
designed to store URLs and be read by 
a cell phone camera 
 

No information available about capacity 
but seems to be used for URL 
encoding. 
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Ultracode (Zebra 
Technologies) 

 

Ultracode was developed by Zebra 
Technologies and is in the public 
domain. 
 
Ultracode is especially suited for direct 
printing with low linear precision. 
 

The code includes numeric and 
alphanumeric modes, with advanced 
language/code page handling 
provisions, and selectable levels of 
Reed-Solomon error correction. Both 
black/white and a higher density colored 
version are supported.  

High Capacity 
Color Barcode 

 

The High Capacity Color Barcode 
barcode format takes advantage of 
advanced computer imaging devices 
along with processing power to enable 
higher density storage of data on analog 
printed media. 
 

3500 characters per square inch 

 

ELECTROMAGENTIC TAGS: RFID 

Up till now we have looked at printed barcode tags that are completely passive- meaning that they do not 

interact in any way with a reader. Electromagnetic tags are different in the sense that they encode 

information on a chip that needs to be queried by an electromagnetic reading system. Such tags, called RFID 

(Radio Frequency Identification) tags do not visually present the information on them, which is good for 

security, and maybe more importantly, no visual line of site must be created between the reader and the tag 

itself. On the minus side, these tags are more expensive. The RFID tag itself is a small object that can be 

attached to or incorporated into a product, animal, or person.  They contain silicon chips and antennas to 

enable them to receive and respond to radio-frequency queries from an RFID transceiver. Passive tags 

require no internal power source, whereas active tags require a power source.  

The development of electromagnetic query systems started with the RADAR IFF system to identify friend or 

foe developed by Watson-Watt in 1939. In 1948 Stockman published a paper on “Communication by means 

of Reflected Power (Stockman, 1948). In 1973 the first patents were awarded for an Active Tag with 

rewritable memory and for a Passive transponder used to unlock a door without a key [138]. The first 

industrial systems were shown in the 1980s (Active system for tracking dangerous materials and a Passive 

RFID system (125 KHz) to track cows). Since then the field has moved up the spectrum to unregulated 

13.56MHz wavelengths and above, has shown improved range, capacity and data transfer rates, has been 

developed into products for access control, anti theft and smart cards. In 1999 and Auto-ID center was set up 

at MIT and developed RFID systems for the supply chain as well as moving the data off the chip and thus 

making it cheaper. The holy grail of this field is a 1-cent tag, which is still to be seen. 

There are two types of RFID tags: Passive tags and Active tags. 
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PASSIVE RFID TAGS: 

 

Figure 2-24 a. an RFID tag on a stickon barcode, b. an epic tag used at walmart c. a battery assisted passive tag 

A passive RFID tag contains a memory chip, some circuitry and an antenna. It is called passive because it 

does not have its own power source and can sit and wait indefinitely until a query system hits it with the 

proper wavelength. Since a passive tag does not contain its own power source, it draws power from the 

magnetic field generated between itself and the reader in order to power its circuits, allowing it to reflect the 

RF signal transmitted to it from a reader, adding information to the wave by modulating the reflected 

signal.  Because of this, the effective range of passive RFID tags is measured in centimeters (and up to a 

meter). A specialized “battery assisted” passive tag has been developed that can be woken up by an 

external source, but has a greater range. 

ACTIVE RFID TAGS 

 

Figure 2-25 ACTIVE RFID TAG WITH ANTENNA, car RFID for payment 

Active RFID tags differ from passive ones in two major ways: first of all they contain an onboard power 

source. This can be battery based or hooked up to an external power line. This gives the Active tag a longer 

range. The second difference lies in the data capabilities of such tags: whereas passive tags usually store a 

small amount of data (up to 128 bits), active tags have been developed that can store up to 1Mbytes if data. 

These capabilities make active tags more expensive and more prone to technical failure. Because of this, 

active and passive RFID tags are used for different scenarios. 
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NEAR FIELD COMMUNICATION (NFC) 

A relatively new development is a system and protocol called Near Field Communication (NFC). This system 

integrates a small RFID reader and writer (that can encode new virtual tags when needed) into mobile 

devices (mostly mobile phones). Because of this a device can interact with other NFC enabled objects by 

simply touching them (NFC works at a distance of a few centimeters). A number of mobile phones have NFC 

chipsets integrated in them. It is clear that this system will be used more in the following years. 

 

Figure 2-26 Nokia enabled NFC phones 

 

LOCALIZATION USING TAGS 

So how does one locate the location of a navigator using a tag (printed barcode, RFID or NFC)? This can be 

done in two ways: 

READER FOCUSED TAG LOCALIZATION:  

Since all readers are stand alone devices, and the location of a reader can be known ahead of time, then by 

the fact that a reader interacts with a uniquely identified tag means that the tag is near to it (the actual 

distance will depend on the reader and tag capabilities).  

 

TAG FOCUSED LOCALIZATION:  

In this case, the navigator carries a reader with them (Camera for barcodes or an NFC system), and interacts 

with preset and unique tags that have been placed in known locations. By the fact that a reader identifies a 

specific tag, the location of the reader will be known. 
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Figure 2-27 Reader versus tag focused localization 

Laser Range Finding 

Another way for a navigator to localize their position inside a physical space is to measure the distance 

between their current location and the surroundings, and then compare this to an existing map. A laser range 

finding system can be used for simple collision avoidance, but it can also be used to compare the current 

location relative to the list of possible locations that fit the current distances measured. When taking into 

account one’s previous locations when arriving at the current point, such a system can relatively easily 

localize its user correctly.  

 
Figure 2-28 laser range finder 
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Ultrasonic Ranging 

As with laser range finding, this method works by sending out a sonic pulse, 

listening for its return and computing the distance of the object causing the 

return. In most scenarios the ranging device will be on the navigating object. In 

other scenarios, an ultrasound tag is carried on or placed with objects. These 

tags emit ultrasound pulses which are picked up by a series of microphones in 

the space. Using the varied times of arrival and amplitude of the received 

pulse enables a centralized positioning system to localize an object in the 

space. 

Hybrid RF and Ultrasonic Ranging 

Such systems (i.e. MIT Cricket (Priyantha et al, 2000)) use the RF channel to broadcast a message to listeners. 

At a precise delay after the start of the RF message, an ultrasonic pulse is sent out. This allows for very 

accurate range finding and triangulation between a number of Cricket Beacons (between 1 and 3 cm). 

Additionally the system can provide orientation information (i.e. in which direction a listener is pointed). 

The system includes a set of beacons (which are set in place on the ceiling) and a set of listeners (which are 

attached to the object that needs to be localized). Figure 2-31 shows the two elements and the beacon 

placement in a lab. 

 
Figure 2-30MIT Cricket system 

Dead Reckoning 

Dead reckoning navigation uses the age-old technique of knowing where you 

started walking, the direction you have walked and the distance you have traveled. 

If these three things are known, the current location can be computed. 

Unfortunately, this is easier said than done.  It is relatively easy to know one’s 

starting position. There are various ways of doing this, but once it has been 

ascertained, the next steps are fraught with error. Once the starting position is 

known, one needs to figure out which direction they are walking in. This can be 

Figure 2-29: Ultrasound 

Emitting Patient Tag 

Figure 2-31: Dead 

Reckoning Navigation 
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done using a magnetic compass, but a compass is affected by electromagnetic disturbances inside buildings. 

Thus, as one moves through a building, the direction readings they get may contain errors in them. The third 

part, knowing how far one has walked is also less than exact. In order to figure out how far one has walked 

without carrying a long measuring tape, one must walk in a careful way, trying to ensure that each step they 

take is of the same length as before. As much as one might be motivated to do so, there will be errors 

introduced when walking. All of these point to the fact that dead reckoning navigation, while theoretically 

possible will exhibit a growing amount of error as one moves. We will return to this in a later chapter. 

RECEIVED SIGNAL STRENGTH (RSS) 

This method is conceptually similar to the previously presented TOA and TDOA techniques. But instead of 

measuring the time that it takes a signal to move between a base station and a device, here one measures the 

signal strength at the measuring end. Measurements can be done at the phone end or at the base station 

itself. For indoor navigation, the base station is replaced with a WIFI Access Point (AP). If one knows the 

locations of a number of AP’s inside the building, and one can measure the signal strength from the location 

they are at currently and between these AP’s then by simple triangulation, their current location can be 

computed. In order to do this, the output power of the different AP transmitters must be known, as well as 

cable losses, antenna gains and an appropriate data loss model must be used to solve the distance between 

the AP and the phone. 

 

Figure 2-32 RSSI triangulation (in a perfect space) 

The following is an example of a common path loss model used for indoor propagation at 2.4 GHz: 
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In this model22: 

PL represents the total path loss experienced between the receiver and sender in dB.  

PL1meter represents the reference path loss in dB at a distance of 1 meter from the transmitter. 

D represents the distance between the transmitter and receiver in meters. 

n represents the path loss exponent for the environment. 

S represents the degree of shadow fading present in the environment in dB 

Path loss (PL) is the difference between transmitted power and received power, and “represents the level of 

signal attenuation present because of the effects of free space propagation, reflection, diffraction, and 

scattering” [168]. The path loss exponent (n) is a function of frequency, environment, and obstructions.  

Path loss exponents (n) usually have a value of 2 for open spaces that are clear of obstructions. This value 

grows as more obstructions are in place. For example, if the system uses 2.4GHz, then n for a typical office 

space would be 3.3 and for a home it would be 4.5. [168] 

S represents the degree of shadow fading in an environment. In an environment with many partitions, walls, 

or other obstructions interfering with line of sight between the mobile device and each receiver, S may be in 

the range of ± 7dB and sometimes more. [168] 

Using the standard practice for calculating receiver signal strength given known quantities for transmit 

power, path, antenna, and cable losses, we have:  

 

Directly substituting the path loss model for PL in the equation above allows you to solve for distance  

D assuming all other variables are known: 

 

where:  

RxPWR represents the detected receive signal strength in dB. 

TxPWR represents the transmitter output power in dB. 

LossTX represents the sum of all transmit-side cable and connector losses in dB. 

                                                                                                                                                                                     

22 Cisco: Wi-Fi Location-Based Services—Design and Deployment Considerations,  OL-11612-01 
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GainTX represents the transmit-side antenna gain in dBi. 

LossRX represents the sum of all receive-side cable and connector losses in dB. 

GainRX represents the receive-side antenna gain in dBi. 

Solving for distance between the receiver and mobile device allows you to plot a circular area around the 

location of the receiver. The location of the mobile device is believed to be somewhere on this circular plot. 

As in other techniques, input from other receivers in other cells (in this case, signal strength information or 

RSSI) can be used to perform RSS tri-lateration or RSS multi-lateration to further refine location accuracy.23 

Unfortunately, this method is very much affected by propagation anomalies brought about by anisotropic 

conditions in the physical space- and in the process degrade the accuracy of the localization. 

RF  Location Patterning and Fingerprinting 

Partially because of the limitations of the RSS technique, another method has been developed. This method 

uses the existing electromagnetic patterns inside a space as a form of map to be looked at when later 

navigating. This means that in the first phase a map needs to be created. It can be created by having people 

walk around the space and gather RF signals. So if we were to use RSSI measurements, then a map would be 

created of RSSI behavior in the space. After enough measurements that have been calibrated to known 

locations, a future visitor in the space would have his current measurement profile compared against the pre-

recorded map of RSSI measurements. Note that the technique can be used with other signals- for example 

magnetic field variations. This model assumes the following: 

Each transmission location generates a unique RF “signature”. The more unique the signatures of each AP 

are, the better the performance will be. Every physical space (floor, building…) possesses unique signal 

propagation characteristics.  No two spaces are identical from the RF propagation characteristics. 

 
Figure 2-33WIFI FINGERPINT 

                                                                                                                                                                                     

23 Cisco: Wi-Fi Location-Based Services—Design and Deployment Considerations,  OL-11612-01 
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SUMMARY 

In this chapter we focused on the history of human navigation over the ages. We have seen that ever since 

human kind started travelling away from their home, we have had to devise tools and techniques for finding 

our location in the world so that we could find our way back. As transportation technology developed and we 

travelled farther and farther away, more sophisticated tools and techniques had to be developed. From crude 

physical objects that were thrown overboard to measure depth and speed, navigator’s tools developed in 

ways that enabled them to measure the angle between their location and specific stars or the sun (which 

allowed them to ascertain their location on the north / south axis of the world). To ascertain their distance on 

the east / west axis took many centuries and it was only in the mid 18th century that an accurate enough 

timepiece enabled navigators to do this. The late 19th century saw the introduction of wireless RF tools that 

enabled the transmission of information over long distances at the speed of light and helped navigators even 

more. The world wars advanced RADAR and Plane based navigation using microwave and RF systems such 

as LORAN. Later developments saw more accurate RF direction finding and the ultimate in outdoor 

localization with the development of the GPS system in the 1980’s. 

Developments in wireless cellular communications systems had the added benefit that their infrastructure 

could be used for ascertaining the rough location of their subscribers. Varying levels of localization 

techniques were developed around these to enable the beginning of the field of Location Based Services. At 

the same time improvements in electronics helped commoditize the costs of GPS chipsets so that today all 

higher end phones have GPS localization capabilities. 

Another area of navigation is Indoor Navigation. Since humanity had less of a need to find their location 

within buildings (probably because there were not many large buildings with public access throughout most 

of history), this area has been less well developed. Recent years have seen the development of techniques to 

try and ascertain the location of a navigator within an indoor space. Some of these methods were borrowed 

from RF based outdoor navigation, while new forms of technologies that were developed for business stock 

and supply chain managements (the barcode and RFID tags) have been used for indoor navigation. Special 

purpose systems have also been built, but they are expensive and have mostly stayed in the laboratory. Other 

systems such as NFC are about to be deployed in a large subset of phones in the next few years, and just as 

barcode and RFID tags have been utilized for localization, so will these technologies be borrowed for the 

same purpose. 

NEXT 

The next chapter will delve into the relatively new business niche which has developed as a result of the 

capabilities of people’s phones to know their location: Location Based Services. 
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3. LOCATION BASED SERVICES 

In the previous chapter we looked at how navigation technologies have developed over the millennia to the 

point that a phone in one’s pocket can localize a person to within 5-8 meters. This chapter looks at how the 

capability of a system to localize a person’s location can bring about a slew of services which are predicated 

on that person’s location. 

PRECURSORS 

The idea of location-based services is not new. Ever since humans have needed to receive specific services 

that they were not able to perform themselves, they have had to go to locations that offer those services to 

them. These were built around all of a person’s needs, from the most basic such as acquiring food, through 

community interactions and to the more advanced such as communicating with people over large distances. 

The local food market was a place that those who did not grow food would have to visit in order to be able to 

purchase the food they needed.  

 

Figure 3-1: Street market in Nairobi24. Possibly the first location-based service 

                                                                                                                                                                                     

24 http://picasaweb.google.com/lh/photo/TlaKidWxdNFLwVMhVryAWw 
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Humanity is a social species and community gatherings have been a social tool throughout its history. 

Wherever humans congregated and lived in communities, the “town hall” meeting has been an important 

place to communicate, discuss issues, make decisions and partake in social networking and entertainment. 

 

Figure 3-2: Community meetings through the ages 

Rising a notch above the local interaction in the community was the development of tools to enable people to 

communicate across long distances. The post office came into being as a place that one went to in order to 

send and receive messages from others (from letters or packages to the more immediate “telegrams”). 

 

Figure 3-3: Telegram message sent by Orville Wright from Kitty Hawk, North Carolina, in December 1903, regarding 

the success of the first aero plane flights25 

The common ground between these three examples is that in order to use a specific service, one had to 

physically travel to a specific place in which that service was offered. The history of Internet based business 

                                                                                                                                                                                     

25 http://bit.ly/eXdOs6 , http://bit.ly/hsPJez , http://bit.ly/ijiee7 , http://bit.ly/e7gIA 
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in the last 15 years has seen many companies come and go in their efforts to make that physical travel un-

necessary. Food? One can browse a selection of food on a web page, pay for it using an ecommerce solution 

and have it delivered within minutes to their premises.  

 

Figure 3-4: Webvan grocery shopping service 

Meetings? Many online communication systems have developed to enable multi-person conferencing, if for 

work, for education and training or for entertainment.  

 

Figure 3-5: a. Lotus notes. b. E-learning. c. Web conferencing. d. Virtual town meeting. e. Multi-user online game.      

f. Live streaming. g. Social messaging. h. Informal social network. i. Professional social network 

What about communications? Email has been the main “killer application” of the Internet since its 

development with many billions of messages making their way across the Internet every day. SMS, its little 

and younger brother has brought about almost instantaneous text messages across the globe. 



Chapter 3: Location Based Services  Page 51 

 

 

But even with all these efforts to enable people to do almost everything from the comfort of their homes, 

almost everyone still leaves their homes everyday, going to work, to educate themselves, to shop, to receive 

medical assistance or to entertain themselves. Even though Information Technology is cutting down barriers 

and is enabling more and more people to have access to many new services mediated by electronic networks, 

the fact of the matter is that most of them still access most of their needs via physical interaction with the 

world and the people in it. Related to this, the field of mobile communications has become a prime enabler of 

interfacing the capabilities of the online world with the needs of the person in the physical world. Whereas 

the previous examples show an effort to bring the “location to you”, the fact that people still go out into the 

world is the focal point of Location Based Services. Their logic is if people are going to be in public spaces in 

any case, what services can be offered to them dependent on their specific locations in the world? 

THE FIRST LOCATION BASED SERVICES:  

In 1999 the two first location-based applications available to the public were released on the Palm PDA 

platform. These were the Weather.com app and the TrafficTouch app26. Both applications made use of Zip 

code level positioning and allowed the user to receive weather and traffic information relevant to their zip 

code. Note that the zip code had to be manually entered by the user and remained thus until manually 

changed when the user wanted to switch location.  

 

Figure 3-6: Traffictouch on palm vii in 1999 

In 2001 Swisscom launched the Valis developed Friendzone service, which can be regarded as the first wide 

scale LBS. The service offered a mixture of location based instant messaging, a friend locator, a dating service 

and location based chat. 

                                                                                                                                                                                     

26 http://en.wikipedia.org/wiki/Location-based_service#History 
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Figure 3-7: friendZone interface 

In 2001 the US FCC mandated that by the end of 2002 carriers must provide Automatic Location 

Identification (ALI) for 911 services (E911). Although the end device rollout was gradual (the FCC mandated 

that 95% of subscriber phones must be ALI capable by Dec. 2005), AT&T and GO2 launched the first 

Location Based Search service in May 2002. Using AT&T’s ALI service, GO2 users were able to search for 

nearby locations (i.e. restaurants, shops, etc). Additionally, using a GIS database, they were able to offer turn 

by turn directions, where the starting point would be determined using the ALI location. 

 

Figure 3-8: go2 ad showing their interface for finding nearby restaurants27 

Since then location based services have rolled out in multiple markets with multiple vendors. The most 

important developments in the last decade were in the network based localization systems (as shown in the 

previous chapter) to enable location identification to become more finely grained and more seamless. Since 

then enhancements have come via cloud based value added services (for example the Google Maps public 

API) and Augmented Reality User Interfaces which enable the layering of real time location information on 

to the visual field. 

                                                                                                                                                                                     

27 http://web.archive.org/web/20010801164335/www.go2online.com/webbrowser/go2FlashDemo.html 
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Figure 3-9: Google maps api enables location based services. A. Augmented reality version. b. standard maps version 

    

THE BUILDING BLOCKS OF LOCATION BASED SERVICES: 

Any LBS must have the following components: 

 

Figure 3-10: components of LBS28: mobile device, positioning system, network, service and content provider 

                                                                                                                                                                                     

28 Foundations of Location Based Services. CartouCHe1 - Lecture Notes on LBS, V. 1.0 
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END USER MOBILE DEVICE:  

Initially location based services were either available to special purpose devices that had built in navigation 

capabilities (like stand alone GPS navigation systems) or to a mobile phone using cell based localization or 

zip code. Over the last decade, more and more devices come with onboard chipsets to enable hi resolution 

localization as well as multi-megapixel cameras and fast graphics. An additional LBS device family 

encompasses special purpose devices to enable services such as toll road ID systems or security systems. 

Note that any mobile device with localization features is considered a participant in LBS systems. Thus a 

laptop or tab computer with WIFI, GPS or Cell data services can use an LBS system. 

 

POSITIONING SYSTEM:  

All LBS systems must be able to ascertain the location of the clients using them. As discussed in the previous 

chapter, there are a number of positioning technologies available to such services. Today’s LBS systems can 

make use of all or many of these systems in order to be able to service as many customers as possible. Note 

that positioning is not only related to how sophisticated the end user device is, but is also affected by the 

carrier that the user is working with and whether that carrier has a reasonable roaming agreement with the 

local carriers offering the service (if not, the data costs can be prohibitive).  

Additionally, the different positioning technologies have their own limitations that the LBS system must take 

into account and be able to switch seamlessly from one to another. For example, the Google Maps application 

on the iPhone tries to use the best positioning system available to it. It starts by looking for a GPS fix (fig 3-

11). If the GPS is on, and the user has packet data active, the application uses the Assisted GPS infrastructure  

 
Figure 3-11: Google maps uncertainty circle: Left: without GPS, Right: with GPS 
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of the local carrier to quickly ascertain position. When a user does not have GPS reception then the 

application reverts to ascertaining position using the next best position technology available (WIFI or Cell 

triangulation).  The crossover to the less precise system is shown by the user’s location being depicted within 

a circle of uncertainty around it. The radius of this circle grows as uncertainty grows and shrinks as 

uncertainty shrinks- down to the best positioning estimate given by a GPS fix. 

NETWORK:  

Although the cellular network offered by the local carrier(s) takes part in positioning the user, in order for a 

full service LBS system to be operational, the carrier must also enable the user to access a high speed packet 

data network. This will be the mainstay that enables the full services and experiences to be offered. The 

network will be used to communicate with the LBS servers and various other Internet based servers. For the 

user this interaction should be transparent and they should experience a unified system offering them 

whatever they need when they need it without being required to think, or make decisions about which 

network to use.  

 
Figure 3-12: Information flows within an LBS system29 

It is worthwhile to note that certain basic LBS can be offered without a working packet data network. In such 

cases the services will be offered to users via the ubiquitous Short Messages Service (SMS). Although the LBS 

field has mostly developed past this stage, the simpler requirement of an SMS based LBS makes it attractive 

for developing countries or for those that do not have good quality data networks available to them. 

                                                                                                                                                                                     

29 Foundations of Location Based Services. CartouCHe1 - Lecture Notes on LBS, V. 1.0 
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SERVICE AND CONTENT PROVIDER:  

Up till now the LBS components have been used to ascertain the position of a user on a map. This Service 

and Content provider component is what breathes life into a LBS system. Now that the system knows where 

you are, it is up to the service and content providers to provide you with valuable applications and 

functionality and features. This starts with a service to show you where you are on a map. Using the Google 

Maps application again as an example, the LBS system uses the geographic position information to download 

and display the needed graphics on your screen. Although people could pre-install maps on their phone, thus 

rendering this service superfluous, most people do not do that and therefore this service is valuable to them. 

An additional service will be one that uses your position information to query a database for interesting 

things in your vicinity. Multiple content services will define “interesting” in different ways. Some will show 

you relevant restaurants in your vicinity. Others will show stores, while still others will go one notch higher 

and present you with relevant geo-located deals- discount coupons, freebies, and more in an effort to get you 

to enter their client’s premises. The products offered by LBS service and content providers are mostly limited 

by the imagination and the costs associated with how to design, package, market and monetize a product.  

THE UTILITY OF LOCATION BASED SERVICES 

We have seen the components that make up a LBS system. But what are the main use cases for people that 

make them useful? In order to answer this question let’s look at some of what people do in different 

locations: 

• Travel from place to place 

• Eat 

• Meet others 

• Entertain themselves 

• Receive medical attention 

• Clean themselves 

• Rest 

• Buy things 

• Study 

• Work 

• Get cash 
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USER ACTIVITIES IN LBS 

All of these have a level of locality related to them (i.e. people usually rest at home, buy things in a shop, 

get medical attention at a doctor’s office or hospital, study at school or college, etc). In the mobile world, a 

user travels through physical space with a number of goals in mind. Reichenbacher (2004) identified five 

basic mobile actions related to users’ goals during mobility: 

• Locating: Where is one situated in respect to someone or something? 

• Searching: What people are interested in (i.e. other people, objects or events) 

• Navigating: The act of going to the location in which what one is looking for is situated. 

• Identifying: The act of ascertaining the properties of a location 

• Checking: Exploring the present and other locations  

He then offered a matrix that relates those goals with the type of questions that bring them up (for 

example- where am I?), the objective that a goal entails (i.e. to find the location of a person or thing), the 

operations that will be carried out to achieve them (i.e. ascertaining position), the services that can help 

achieve the goal (i.e. to deliver the position of a person or object to the device), the parameters that need 

to be used (i.e. geographic coordinates, the name of a place…), and finally the type of support offered in 

achieving the goal (i.e. helping one orient themselves in space). Table 1 one presents his full matrix. 

Using this logic, we can say that the utility of a location based system can be measured in how effective it 

is in allowing a person to answer a number of specific questions and then carry out the needed behaviors 

to achieve them. 

The basic questions are: 

• Where am I? 

• Where can I find a specific {person | place | object}? 

• How do I get to a specific {person | place | object}? 

• What is interesting {to me | to others} around here? 

• What can I do here? 

• Where should I go from here? 

• What things of interest to me are happening in other places? 

• Are there any dangers near here that I should know about? 

 The answers to these generalized questions are what most LBS system can offer. Looking for the nearest 

Subway station is encapsulated under question 2 (Where can I find a specific {person | place | object} ). 

What is the next station that a truck should be routed to by a fleet management system is encapsulated 

under question 6 (Where should I go from here).  



Chapter 3: Location Based Services  Page 58 

 

 

The above set of questions can be used to ascertain what end user utility a LBS system will provide. Note 

that some systems will be wide and offer answers to many of the above questions, while others will focus 

on providing better and more specific and personalized answers to a subset of the questions. A fleet 

management system needs to take into account road conditions, traffic, weather, fuel costs, future drop 

off points and customer needs when managing the routing of its trucks on the road. Such a system, by 

design, will not deal with the personal needs of each driver. Table 2 shows the utility of various LBS 

systems relative to the questions posed above. 

Table 3-1: User activities (Reichenbacher 2004). 

Action Questions Objective Operations Service Parameter Support 
Orientation & 
localization 
locating 

where am 
I? 
where is 
{person| 
object}? 

localize 
people and 
objects 

positioning 
geocoding 
geodecoding 

deliver position 
of 
persons and 
objects 

coordinate 
object 
address 
place name 

orientation in 
space 

Navigation 
navigating 
through 
space, 
planning a 
route 

how do I 
get to 
{place 
name| 
address| 
xy}? 

find the way 
to a 
destination 

positioning 
geocoding 
geodecoding 
routing 

deliver routes 
and 
navigation 
instructions 

starting 
point, 
destination 
point, 
and 
waypoints 
as locations 

finding the way 
through space 

Search 
searching for 
people 
and objects 

where is 
the 
{nearest| 
most 
relevant| &} 
{person| 
object}? 

searching for 
people 
and objects 
meeting 
the search 
criteria 

positioning 
geocoding 
calculating 
distance 
and area 
finding 
relationships 

discover 
available 
services; find 
persons/ 
objects 

location 
area/radius 
object/cate
gory 

finding relevant 
objects; 
finding people 

Identification 
identifying and 
recognizing 
persons 
or objects 

{what| who| 
how 
much} is 
{here| 
there}? 

identify 
people and 
objects; 
quantify 
objects 

directory 
selection 
thematic/ 
spatial 
search 

deliver 
(semantic) 
information 
about 
persons/ 
objects 

object information about 
real world objects 
of the usage 
situation 

Event check 
checking for 
events; 
determining 
the state of 
objects 

what 
happens 
{here| 
there}? 

knowing what 
happens; 
knowing 
the state of 
objects 

 deliver object 
state 
information 
and event 
information 

time 
location 
object 

finding relevant 
events; 
information about 
the state of real 
world objects in 
the situation 
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Table 3-2: LBS Utility Matrix 

 

USER CONTEXT IN LBS 

Another area of research that is relevant to the utility of Location Based Services is the Context Fit of the 

services themselves. Context is defined as “the surroundings, circumstances, environment, background, or 

settings which determine, specify, or clarify the meaning of an event”30. This is very relevant for LBS. 

When things act within Context they can be viewed as interesting, relevant and helpful. Those same 

things when out of context will be seen as annoying and disruptive. Therefore the LBS provider must 

carefully tune the system to push information only when it is contextually relevant – resulting in a good 

context fit. Thus, a geo social network must try to push information about the whereabouts of friends only 

when it seems like I am interested in it (i.e. when it ascertains that I am looking for company or to meet 

friends). A travel guide should only push information about a store when it knows that I am open to that 

information and have the time for shopping within my current activities (i.e. NOT when I am in the 

middle of a tour or on the way to a business meeting).  

 

                                                                                                                                                                                     

30 http://en.wikipedia.org/wiki/Context 
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Table 3-3: Categorization of contexts and their features for mobile map services (Nivala and Sarjakoski 2003a) 

General Mobile Context Features 

Computing System 

Size of display 
Type of display (color etc.) 
Input method (touch panels, buttons) 
Network connectivity 
Communication costs and bandwidth 

Nearby resources (printers, displays) 

Purpose User, Social, Cultural 

User’s tasks 
User’s profile (experience etc.) 
People nearby 

Characters, date and time formats 

Physical Physical surroundings, 
Location, Orientation 

Lighting, temperature, weather conditions, 
Noise levels 
Surrounding landscape 

User’s direction of movement 

Time Time 
Time of day 
Week, month 

Season of the year 

History Navigation history 
Previous locations 

Former requirements and points of interest 

 

Using context information as an input for applications is part of the area of contextual computing (Abowd 

et al, 1999). In this field the aim is to learn to identify the parameters that are relevant for deciding what 

to do or offer next. Within the context of LBS the possible parameters are location (obviously), navigation 

history, the user’s goals (purpose of use), time, the physical surroundings, orientation (in which direction 

is one looking, going) and the system properties within one is acting (i.e. what are the capabilities of the 

network and the device one is working with) (Sarjakoski & Nivala, 2005) . These context categories are 

very wide and can encapsulate a fine grain of parameters. For example, time of day contextualizes the type 

of tasks a person will be focusing on – during the work day the context will be work oriented, after work 

the context switches to social, entertainment or domestic tasks. Location relates to varied possible tasks 

(i.e. to post a letter when near a post box, to buy aspirin when near a pharmacy, etc), and user goals relate 

to why one is in a present location and navigation history focuses on where they came from (for example if 

I am taking an architectural tour of downtown New York, then being near a pharmacy should be ignored 

unless there is a very good other reason to do so).  
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EXAMPLES OF LOCATION BASED SERVICES:  

Table 3-4: LBS Application Categories 

 

As stated above, the sky is the limit as far as the varieties of LBS. Following are some representative 

examples: 

IN CAR NAVIGATION: 

The obvious and first example of a service that deals with location should be one which helps people find 

their way in the world. Navigation systems using GPS were the first popular product developed in this 

space. For most of their history these products utilized stand alone and single purpose GPS receivers with 

a graphic screen. These were mostly used by taxi, bus and trucking companies as a way to monitor 

location and optimize schedules. Since then their prices have dropped and the Assisted GPS has brought 

in car navigation to the general public. 

 

Figure 3-13: Left: 1981: Gyrator (Pre GPS) system (Honda  and Alpine). Center: 2005: TomTom SatNav. Right: 

2009: Google Maps in car Navigation system 
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An extension of this service is to add real time dynamic information such as road hazards and traffic. That 

is being offered by third party content providers which sell their data to user facing applications such as 

Google Maps, TomTom, Garmin and others. A new service that has started to crowd-source the data 

capture of dynamic information is being offered by Waze. This service gives the standard turn by turn 

navigation, but uses the location of its users to ascertain traffic conditions and to gather information such 

as the location of police or speed traps, and also allows its users to “draw” additional roads. This system 

has enabled them to generate what many consider to be the most accurate and up to date maps and re-sell 

them to third parties. 

 

Figure 3-14: real time traffic information on maps (TomTom, Google maps) and user entered information (traffic 

and police) on the Waze social navigator application 

PERSONAL NAVIGATION: 

As soon as GPS devices gained enough market size, economies of scale started reducing the cost of 

personal GPS devices. Just as with in-car navigation systems, the hand held GPS unit held by soldiers and 

trekkers became smaller and cheaper and in its latest incarnation has become embedded inside 

Smartphones. The Android and iPhone ecosystems boast hundreds of applications that enable a person to 

plan, manage and monitor a navigation path, while adding a slew of added value features that utilize the 

other sensors available on the phones- for example the magnetometer for direction finding, the 

accelerometer for sudden drops, and the wireless networking for adding heart monitoring. 

Since 2009 smartphones have had the capability to show real time video from the camera with calibrated 

and embedded location based information on top of the live video feed. This is called Augmented Reality 

and it has become real as can be seen in Figure 3-15. Over the last 12 months we have seen a series of 

applications that build on these capabilities. Example applications show the locations of the nearest 
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subway stations or businesses. The user simply points their phone around them and looks through the 

phone screen to see this data shown in real time. They can even point at the ground and see arrows 

showing the direction to specific targets (i.e. subway stations or businesses).  

 

Figure 3-15: Personal navigation devices: a-d: handheld single purpose GPS units. E, f: iPhone hiking app with 

GPS tracking. G: iPhone hiking heads up display. H: iPhone augmented reality (AR) app showing subways. I: AR 

app showing businesses. J: AR app showing direction to stations on the ground. 
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INDOOR NAVIGATION: 

Navigating in the outside world is a relatively solved problem. Indoor navigation is not. There are many 

obstacles to providing high quality indoor localization and navigation. A number of companies are trying 

to solve these, but most have taken the route of asking users ascertain their location by themselves, and 

then providing them with maps of the environs. Others have taken the route of using available indoor 

technology to generate a very low resolution positioning system [116], while others still are developing 

special purpose hardware positioning systems to enable good quality localization (more about this in 

chapter 4).  

 

Figure 3-16: Maps based indoor navigation: AR system by Junaio, 2010. Goin mobile 2010. Micello 2010. 

 

Figure 3-17: Nokia High Accuracy Indoor Positioning System. 201031 

                                                                                                                                                                                     

31 http://thenokiareview.com/2010/10/12/indoor-navigation-nokia-showcases-future-technology/ 
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LOCATION BASED GAMES: 

The gaming world is never far behind the state of the art if it can enable the exploration of new gaming 

models and possibilities.  

The first in-the-field game to use GPS positioning is called Geo-

caching and it itself is a new version of a 150 year old game called 

letterboxing. In this game someone stashes an object somewhere in 

the world and publishes a story with clues and landmarks. The GPS 

position is used to ascertain that the object has in fact been found. The 

first live use of this form of the game was in 200032.  

Since then game designers have looked for additional ways to use 

positioning technology in their games. LBS systems are being used in a few cases for hosting and 

managing location based games.  

 

Figure 3-18: location based games: a. Turf map. B. Mytown. C. The great land grab. D. Invisible building. E. Killer. 

F. Iseek student game developed at the Hebrew university. 

                                                                                                                                                                                     

32 http://en.wikipedia.org/wiki/Geocaching 
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GEO SOCIAL NETWORK SERVICES: 

These applications allow users to tell their social network what they are doing (just like Twitter) but offer 

the added value of broadcasting where they are at the moment. A number of providers have cropped up in 

this space and their major addition to the interaction model is that they allow people to “Check in” to a 

place. When they do this, the service broadcasts this information to their friends. Foursquare pioneered of 

this in 2009 and has made this a process whereby a user who has checked in the most times to a location 

becomes its “Mayor”. This adds a competitive gaming element to the service and is partially responsible 

for Foursqaure being able to gather more than 5 million users to date. The check in feature is also the 

basis for the business model in these services. The mayor of an establishement can receive freebies (i.e. 

free drinks, food etc), making it even more worthwhile for player to compete for the position. At the same 

time, these people are live and personal advertisments for the locations. Additionally, establishments also 

use location based coupons and offers to lure people to them. 

 

Figure 3-19: Foursquare location based social network. Location tips, badges and location history 

Foursquare’s success has lured competitors and recently Facebook, the biggest social network, has added 

their “Places” feature coupled with deals from large brands. This area will be seeing much competition in 

the next few years until the winning model prevails. 

TRAVEL GUIDES: 

With location based services becoming more mainstream, people are starting to use them as on the spot 

tourist guides. Instead of carrying heavy books, they carry them in their phones and open them as needed 
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in the field. The guides include maps, photos, tours, audio and video, addresses and phones and interfaces 

to ticket sales and more. In essence this is the ultimate tourist guide, but one thing still stands in its way 

for real success: the exorbitant data roaming fees which make the use of the service using the local carriers 

way too expensive. A number of countries are putting legislation into effect that will drop roaming fees by 

up to 90 percent [49]. Until that happens, the location aware travel guide will succeed only partially. 

 

Figure 3-20: location based tourism apps: a, b. Tel-Aviv nightlife. c. New York Subway. d-f: London tour guide (in 

development) 
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LOCATION BASED SHOPPING 

Comparison shopping has become a big and successful business on the web. It is only natural that we have 

seen a growing number of companies enter this space in the physical world. The logic is simple- go to a 

store and see an item you would like to buy. Scan the barcode of the object and have the service compare 

prices for the same object in different places- be it other physical stores nearby or at mail order or online 

establishments. Once you have this information you can decide if you want to buy on the spot or delay 

gratification for a substantially better price. Others use the service as a way to pressure the local store to 

offer a matching price. It is not surprising that many stores frown upon the scanning of barcodes and 

some prohibit taking any pictures in the store. As this service gains momentum we will probably see 

stores putting in active defense mechanisms to jam the data signal. On the other hand we are also seeing 

well known brands using the LBS capability to push offers and advertising to people when they are in 

proximity to their stores. Such services enables them to create customer loyalty programs and reward 

people in a similar fashion to the the “mayorship” at Foursquare. 

 

Figure 3-21: Location based shopping 

 

PERSONAL AND EQUIPMENT SECURITY 

A relatively new niche in the LBS area is in personal and equipment security. In both of these the mobile 

phone is used as both an alarm trigger as well as a location beacon. For example the !iNeedHelp! service 

for Apple iOS uses an onboard application to allow the user to press a Help button. Once activated the 
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application will send out a distress signal every 5 seconds (see figure 24). The signal will include the 

identiy of the person and their location. The online service will receive this information and forward it out 

to the pre-configured emails in that user’s account. The recipients will see an email with the distress 

information (see figure 25). and a link to view the last known location on the service web site (see figure 

26). 

 

Figure 3-22: !Ineedhelp! IPhone application 

 

 

Figure 3-23: !Ineedhelp! Email to helpers 

Equipment security is similar in the sense that the equipment itself is used as the location beacon. In this 

case the user installs an application (for example- Find My iPhone) and signs in with an online service. If 

the phone is lost, the application can be activated remotely and it immediately starts sending out location 
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information. This information is then shown on a map. This service has been used successfully to find 

quite a few stolen or lost phones. 

 

Figure 3-24: !Ineedhelp! Location screen 

 

 

Figure 3-25: find my iPhone APPLICATION 
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PRIVACY ISSUES 

As seen above, LBS have proved to be a very useful and powerful tool. As with any tool that has access to a 

lot of personal information, privacy has become a sensitive issue. The sensitivity comes from two major 

fears: first is the fear that archived location and context data can be used against a person. The second has 

to do with location based public map databases that a number of large companies are building.  

PERSONAL LOCATION TRACKING: 

Carriers and LBS systems must constantly check the location of their users in order to be able to provide 

them with the best possible service. The privacy problem starts when this information is stored. The 

reason for storing such information can be varied, but on the positive side it is used in order to enable a 

system to learn from a person’s movement over time and in the process enable the system to identify 

relevant contexts for future service provisioning. As discussed earlier in this chapter, an important 

capability of a good Location Based Service is the capability to understand the current context of the user 

and minimize disruption of irrelevant information and maximize the provisioning of relevant information. 

Using the history of a person’s location is an important enabler of such a capability since it allows a 

system to use machine learning algorithms in order to categorize the current perceived context against 

previous location contexts. Another positive reason for storing such information is so that the carrier can 

monitor current or near-future service needs and deal with them accordingly. Since the amount of data is 

large, it is not realistic to analyze and learn from this information in real time and therefore an archive 

must be created in order to enable the service to learn from it. 

The negative side is that government agencies may demand to have access to this information in specific 

cases or that others might be able to access and use this information illegally for competitive or other 

reasons. Even when a user opts-in to release this form of information to an LBS system, there is still the 

fear that the service might sell this information to third parties for gain. How many of us have not 

received an unwelcome advertising SMS from a third party which has bought access to us from our 

carrier? It is possible for one to demand from their carrier to block such content being sent to them, but 

then one can lose valuable types of information that will be blocked (for example- an SMS from your bank 

about a credit card payment you have just made). At this point in time the rulings are not completely clear 

as to what privacy rights a user is forfeiting when they join such services or what rights government 

agencies can have to access it33. This will be an area of public battle over the next few years34. 

                                                                                                                                                                                     

33 http://www.m-indya.com/LBS/location-database.htm,  

34 http://www.directionsmag.com/articles/lbs-development-determining-privacy-requirements/123009 
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PUBLICLY AVAILABLE STREET VIEW MAP DATABASES: 

The other fear focuses on the public databases that some services are building. For example, Google’s 

excellent Street View product allows users to view a location from street level without needing to be there. 

Since anyone can walk on a public street and take pictures, this seems like a non-issue. But in some 

countries this has become a vocal privacy concern. In Germany Google has put into place a system to 

allow anyone to ask that their location be blurred out.  

 

 

 
Figure 3-26; Google street view: A. public building, b. A Private house from a  

Public street. c. A blurred house in Germany, 201035 

                                                                                                                                                                                     

35 http://blogs.telegraph.co.uk/technology/shanerichmond/100005975/germans-blur-their-homes-on-google-street-view-but-why/ 
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SUMMARY 

This chapter has focused on Location Based Services. We looked at the precursors to such systems, which 

have existed since humanity started congregating in social communities, where people offered different 

services to their peers at specific locations and at specific times.  

As technology developed various services could be offered via an information technology channel. This 

allowed people to communicate over long distances with others without having to think about the location 

of the people they were communicating with (either by using a mobile phone or via digital networks). In 

the late 1990’s and early 2000’s a number of efforts were launched to deliver physical goods directly to 

one’s home, that beforehand required that one physically go to specific locations in order to buy them. 

Ecommerce enables people to purchase and have delivered to them everything from food, clothing, books 

and music.  

The latest chapter in the evolution of Location Based Services enables people to carry phones that can 

know their position with varying degrees of precision (from a few hundred meters and up to 5 meters), 

and with that capability a large number of new services have developed that are predicated on knowing 

where a person is. We looked at the variety of services offered and the utility and value to their users. We 

also saw that because such systems rely on knowing where one is, they also can be seen as endangering a 

person’s right to privacy. 

NEXT 

The following chapters will focus on our work in the area of Location Based Services, specifically on a less 

well developed area of indoor navigation. We will present the work we have done and the research we 

have conducted around it. 
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4. AMAZON-ON-EARTH LIBRARY NAVIGATOR 

 

INTRODUCTION 

Up till now we have looked at the history of human navigation and how technology has enabled us to 

know our location on earth to within 5 meters. We have shown how a whole new area of business called 

location based services has developed around these capabilities. We will now present the work we have 

done in the area of LBS with our focus on Indoor navigation. 

INDOOR NAVIGATION 

 We have previously shown that being able to ascertain the position of a device in the outside world has 

reached a relatively acceptable level of precision- i.e. 5-8 meters is in most cases good enough. We have 

also shown that indoor navigation is an area that is much further behind in its ability to effectively 

position a device inside an indoor space. We have shown that technologies exist that enable very highly 

accurate positioning (to the level of centimeter precision) (Priyantha, et al, 2000, Sugano et al, 2006), but 

such capabilities necessitate a very brittle and expensive instrumentation of both the physical space and 

the devices moving inside the space. Such solutions are good for the research laboratory and will hopefully 

soon be commoditized like GPS has and thus become available to regular people and their phones. 

Without such technologies, indoor positioning has shown a much more limited precision- more on the 

lines of multi-meter precision. Whereas this might be acceptable in the outdoor world, the expectation of 

user’s indoors are to be able to ascertain their location much more finely. A number of studies have been 

carried out in an effort to explore the possible use cases and user acceptability for indoor navigation 

systems. 

CURRENT INDOOR NAVIGATION SOLUTIONS 

Current indoor navigation solution includes two general categories: a. Highly instrumented spaces with 

special purpose devices and b. Minimally instrumented spaces with un-augmented devices. 

1. HIGHLY INSTRUMENTED SPACES WITH SPECIAL PURPOSE DEVICES:  

The solutions explored in this area include physical spaces which have had a special purpose navigation 

infrastructure put in place to interact with special purpose devices at the navigation end.  Want et al.  

developed the Active Badge system in 1992. This system used a centralized listening infrastructure to look 
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for badges that transmitted a unique 0.1 sec code every 15 seconds using an IR transmitter. Using pre-

located listening devices in the indoor space enabled them to build a system that could centrally monitor 

the location of the moving badges in near real time. This location information could then be used by a 

variety of systems to enable a series of use cases. Examples are access to specific places or routing of calls 

to the phone nearest the current location of the person connected to a badge. 

 

Figure 4-1: Active Badge Location Monitor 

The positioning resolution of the Active Badge system was limited to rooms and not better, but since the 

system was developed for indoor location monitoring, and not for indoor navigation this is not a problem.  

In 1999 Ward et al presented the Active Bat Navigation System that improved on 

the Active Badge concept and was able to reach a localization precision of 9cm.  In 

a similar concept, Nissanka et. al (2000) presented the MIT Cricket System with a 

different architecture that also exhibits an extremely precise level of positioning (1 

to 10cm precision).  

 

Figure 4-3: Cricket Hardware Unit (Can be a Beacon or a Listener) 

The system works by deploying a matrix of beacons on ceilings (or walls). When set up and calibrated, 

each beacon in the system periodically broadcasts its identifier as well as its location coordinates as an RF 

message, which listener devices within range can receive. At the same time each beacon also transmits an 

ultrasonic pulse. Listener devices that are within line of site and within ultrasonic range will receive this 

pulse. Since RF travels at the speed of light (i.e. 106 times faster than ultrasound) the listener can use the 

time difference of arrival to compute its distance from the beacon. Working with multiple beacons 

within range enables the listener to compute its location relative to their known locations. In order to get 

Figure 4-2: Active Bat 

System 
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the positioning precision described (1-10cm), the beacons are placed in a matrix with a mean distance 

between beacons of about 1 meter (see figure 4-4). 

 

Figure 4-4: The High-resolution Cricket indoor Localization System – beacons on the ceiling (inside red circles) 

Although powerful, such a system is complicated to set up and run, needs careful calibration and upkeep 

and needs expensive beacons and receivers (by our estimates they cost between $50-70 each). Although in 

some cases the capabilities exhibited by such a system is a minimum system requirement, this is not the 

focus of our work since it entails the use of a complicated and brittle infrastructure. Our focus is in 

developing a system that uses mostly existing infrastructures, and in the process one that is low cost to set 

up and low cost to run. 

MINIMALLY INSTRUMENTED SPACES WITH UN-AUGMENTED DEVICES: 

By minimally instrumented we mean a physical space that has the least amount of technology embedded 

in it. By least we mean the minimal amount of technology that can support an acceptable level of 

positioning precision. The word “acceptable” is key here- and is related to the context under which the use 

case will be performed. If sub centimeter precision is needed, then the minimal instrumentation needed 

(today) will be the expensive special purpose systems described above. If 2-6 meter precision is 

acceptable, then other less costly systems are relevant and “acceptable”. When looking at the costs of 

building and maintaining such navigation systems, we find that a minimally instrumented space coupled 

with an un-augmented end user device can offer a more “acceptable” solution, since such spaces are 

cheaper to install (in most cases they cost nothing to install since they rely on existing infrastructure) and 

are cheaper to maintain. When we take this into account, even with their lower precision and capabilities 

they seem more useful than the high cost, high maintenance, high precision systems since in this case 

many more people can start using the low cost solution almost immediately. If we also take into account 
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the amount of people that will be needed to install an instrumented space, to calibrate and debug it, and 

then maintain it, the value proposition becomes even more pronounced.  

 

Table 4-1: Comparison of instrumented and minimally instrumented indoor navigation solutions 

 Precision Cost Maintenance Usefulness 
Instrumented Space HIGH HIGH HIGH MID 
Augmented Device HIGH HIGH HIGH MID 
Minimally Instrumented Space LOW LOW LOW HIGH 
Un-Augmented Device MID MID LOW HIGH 

 

We have opted to focus in the area of minimally instrumented spaces because we are interested in seeing 

how today’s smartphone can offer its users a real solution for indoor navigation and through that an 

interfacing of web based services to the real world. The capabilities of web-based services have reached a 

point where they are causing a major disruption in many business niches. It is clear to us that brick and 

mortar establishments must explore ways of making themselves more relevant in this day and age where 

people are used to getting what they want when they want it. We ask ourselves if and how the mobile 

phone, as a powerful computing platform can participate in bringing such online service down to earth, 

while making the trip to a physical store a worthwhile endeavor for people. We have therefore opted to 

place our research projects under the umbrella of what we call “Amazon on Earth”.  

Table 4-2: High Precision versus Low Precision Localization 
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AMAZON ON EARTH 

Amazon on Earth (AoE) is the umbrella name for 3 projects that we have developed. They are: 

• AoE Library Navigator 

• AoE Dead Reckoning Navigator 

• AoE WIFI Mapper and Navigator 

As will be seen, the three projects take a different path in trying to solve indoor navigation issues. The AoE 

Library Navigator explores the use of a visual tag based system to enable a person to find, navigate to, 

receive additional information about and check a book out in a library. The AoE Dead Reckoning 

Navigator explores if and how a dead reckoning system can be used for ad-hoc indoor navigation. Lastly, 

the AoE WIFI Mapper and Navigator explores if and how WIFI based indoor navigation can be used for 

today’s use cases and then explores how such a service can be used in a sister problem: the creation of 

navigation maps for indoor spaces. 

AOE LIBRARY NAVIGATOR 

INTRODUCTION 

For a number of years now, efforts have been made in research and product circles to enable digital 

information services within the context of real world scenarios. The growing sector of powerful 

Smartphones with their multiple embedded sensors and networking systems have made them a prime 

focus in consumer based location based services. These have spawned a number of commercial systems 

that can point out relevant physical services close to a person’s current location [12]. Such systems are 

mostly used while driving or walking within a shopping center [6]. While our system uses location as an 

important dimension, we focus on using indoor navigation to enable users to find objects in the physical 

world and to interact with them. Thus, our “objects” do not transmit their existence to the world (there 

are simply too many of them to make this feasible)- but once a user using our navigation maps provided 

finds them, the system enables a number of relevant functionalities to be enacted in relation to the object. 

RELATED WORK 

MOBILE INTERACTION WITH THE REAL WORLD 

Smith et al [10] presented a prototype for mobile retail and product annotation services. Their system 

enabled the user to scan the object’s barcode and received relevant information about that object which 

was found on existing web services such as Amazon.com. Their system used a special purpose barcode 
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scanner to decode the object’s ID for further querying (since then, 1D and 2D visual tag decoding software 

have become available for most Smartphone systems). But their system did not help users find an object 

within a physical space, nor to conduct a transaction to buy the object if the user wished to. Many 

additional research projects have focused on this space in the last few years [1, 2, 4, 5, 7, 8, 9, 11, 13].  

 

Figure 4-5: Tag Based Interaction. Left: NFC, Right: Visual Tag. (Broll et. al. 2007) 

Broll et al. (2007) present models for tag – service interfacing. The physical tag (be it a visual barcode or a 

Near Field Communication (NFC) RFID tag) was used as shortcuts to online services. Henze et. al. (2008) 

go further by showing how the camera can be used not only to decode visual tags, but also as a tool to 

create visual (photo based) tags in the real world. Although interesting, these systems only focus on 

linking a physical device to online services without exploring navigation per se. 

 

Figure 4-6: Visual Contextual Bookmarks (Henze et. al. 2008) 

Tomitsch, Grechenig & Schlögl (2007) explored the usability of NFC based tagging and showed that in 

many cases these services come out lacking. They found that in many cases test subjects could not figure 

out how to use the systems properly. They explained this to the lack of affordances in the system. Where 

with physical buttons the affordance is clear, press to activate, with NFC equipped phones users found it 

difficult to understand what the action was that they should take in order to activate the service. Once 
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they did figure our that they needed to touch the phone to the NFC tag, they then found it confusing as to 

what part of the phone should touch the tag. This was caused by the placement of the NFC element in the 

top of the clamshell part of the phone which did not fit the user’s mental model of where the NFC element 

resided. They think that more usability testing should be done in order to ensure that these technical 

solutions end up as usable systems.  

Rukzio et al (2006) explored different tag based services but focused mostly on how tags can be used to 

enable phone-based discovery and access to online services. Using NFC tags embedded inside public 

posters, a user can walk up to a poster, visually identify the NFC enabled functions as landing spots on the 

poster and activate the services by touching their NFC enabled phone to the landing spots.  

 

Figure 4-7: NFC Enabled Public Posters enabling online Services. Rukzio et al. 2006 

More relevant to our work, Serra, Caboni & Marotto (2010) showed the use of 2d barcodes as part of an 

initial indoor navigation system, but they used barcodes only as URL addresses to download maps of an 

indoor space onto a mobile phone.  

 

INDOOR NAVIGATION 

Nokia Research recently (2009) ran a public trial of their Locate Sensor system in the Kamppi shopping 

center in Helsinki 36. The system enables mobiles phones to track and present the location of special tags 

on the phone’s screen. In this case the use was mostly for advertising- enabling a person to look for a 

specific store in the shopping center and receive promotional coupons relevant to their location. But once 

again- their system relies on the use of special purpose hardware. 

                                                                                                                                                                                     

36 http://conversations.nokia.com/2009/01/12/nokia-locate-sensor-debuts-at-ces/ 
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Figure 4-8: Nokia Locate Sensor System 

Poukkonen et al (2009) tested a WIFI based indoor navigation system in the Kamppi Mall also. Their 

system showed the location of the user on the map, but at very low precision (resolution was about 50 

meters- meaning that it could localize a person to the level of a section of the Mall and no more). Although 

such services show future promise, the low resolution exhibited makes them of limited use for most cases. 

 

Figure 4-9: Nokia Research Center (2009) : Kamppi Indoor Shopping Service 

Mulloni et. al. (2009) developed and tested the Signpost indoor navigation system. After implementation 

they focused on studying end user’s feedback about the ease and usefulness of the system. They compared 

the user ratings for a simple 2D map view with no location information in it, a more advanced model 

using discrete point localization (using 2D barcodes) that shows the location of the last seen marker and a 

third and most sophisticated model using a simulation of a real time indoor GPS (using a “Wizard-of-Oz” 

approach where an operator would walk behind the subjects and update the location on the application). 

They found that discrete localization was seen as easier to use and more useful than the simple map 

approach, whereas the real time indoor GPS simulation was deemed most useful. Since it is not practical 



Chapter 4: Amazon on Earth Library Navigator  Page 82 

 

 

to have an operator walk behind every user, the main result of their study in our opinion is that they show 

that indoor navigation using 2D barcodes is a realistic and useful approach.  

 

Figure 4-10: Signpost Indoor Navigation System. (Mulloni et. al. 2009) 

Another point of interest in their system was that they kept the camera on at all times and had it 

continuously search for tags in the environment, automatically updating the location on the map when a 

marker was seen. Although this seems promising from a user interface point of view, they admit that such 

an approach was deemed impractical in their real world tests since it consumed too much power and 

depleted the battery too fast. Additionally, although their system could show the last seen marker location 

on the map, their system did not generate navigation paths to a target location for the user. 

Nokia research recently (2010) showed a prototype of their Indoor Navigator system using the Nokia High 

Accuracy Indoor Positioning system. In demo’s presented at the Nokia World Conference in 2010 they 

seem to show very high precision, but we have not seen any research presenting their capabilities 

systematically. Although simpler to install and maintain than previously mentioned high precision 

systems, it still needs the installation of special purpose positioning equipment. 

 

Figure 4-11: Nokia Indoor Navigator using High Precision Positioning. Nokia Research 2010 



Chapter 4: Amazon on Earth Library Navigator  Page 83 

 

 

Our Amazon on Earth Library Navigator project explores a method of enabling map-based navigation in a 

physical space, but with the added value of being able to show the user their last known or current 

location as well as being able to generate a navigation path to a wanted target, all without the need for any 

specialized or expensive hardware. Our service also offers pre and post object finding services.  

DESCRIPTION 

Our project focuses on enabling a person with the following main capabilities: 

• Search for information about an object they are interested in 

• Physically find that object in an indoor physical space via a navigation path drawn on a map 

• Receive recommendations about relevant alternative objects 

• Pick-up-n-Go: Pick the object up, purchase the object, and carry it out of a store. 

SYSTEM TEST LOCATION: 

We implemented the system in one of the libraries on our campus. The reason for this was proximity and 

ease of access, and should not be taken to mean that we are focusing only on libraries. The opposite is true 

- a library is a representation of a physical retail store. Such a store has stock (the books), a physical space 

to view the stock and handle it (the book cases and desks), and a checkout counter where people can buy 

(borrow) the books. Such a system is conceptually parallel to retail stores, while allowing us to explore and 

test flows and methods without the obvious difficulties involved in using a real store location. Thus, 

anytime we use the word “book”, it can be replaced with the phrase “physical object” which can be one of 

many: a music CD, a toaster, a refrigerator, etc. When the word “library” is used, it can be replaced with 

the word “store”. Lastly, when the phrase “check out” is used, it can be replaced with “buy” or “purchase”. 

SCENARIOS: 

The AoE Library Navigator system enables our user to perform the following scenarios:  

FINDING INFORMATION ABOUT A BOOK 

Our user is looking for a specific book they need for their work. They go to our web site and run a search 

for the book (using key words, author names or ISBN number). They receive an information page about 

the book and can browse the information that has been gathered from the Google Books and Amazon web 

sites using their public application programming interfaces (API’s). A book can also be searched for by 
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scanning the barcode on the book with our application. This process returns the ISBN number that is then 

fed into our web based query system, returning the same information page. 

 

Figure 4-12: AoE Library Navigator Web Site Book Information Screen 

 

Figure 4-13: AoE Library Navigator Phone Application Book Information Screen 

 
Figure 4-14: AoE Library Navigator: Tag Based Information Search: Scanning the book barcode initiates a web 

based search 
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ADDING A BOOK TO THEIR PERSONAL LIST 

If they are interested in the book, they can enter it into their book list after signing in to the system. They 

can now go to the “store” to view the book, and check it out. 

 
Figure 4-15: AoE Library Navigator: My Books 

NAVIGATING TO THE BOOK IN THE LIBRARY 

Once they arrive at the library, they launch the AoE Library Navigator mobile application and select the 

book they are interested in. This brings up a navigation map that shows them the path they need to take in 

order to reach the book. If they navigate properly, they will reach the bookcase that holds the book they 

are looking for. If they get lost, they can walk to one of a number of public and centrally located navigation 

tags and snap it. This will give them a new map with an updated path to reaching the bookcase. 

 

Figure 4-16: AoE Library Navigator: Navigate Screens 
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If they find that the book is not there, they can get information about additional books that can be 

relevant for them. The other books can be scanned using their bar codes and available information can be 

viewed. 

TAKING THE BOOK WITH THEM 

Lastly, if the user wants to take the book with them, they can select the Check Out option under the book 

screen and receive feedback that the book has in fact been checked out and that they can take it with 

them. 

 
Figure 4-17: AoE Library Navigator: Check Out Screens 

TECHNICAL DESCRIPTION: 

Figure 4-18 presents the main Amazon-on-Earth Library Navigator (AoE) system modules: 

 
Figure 4-18: Aoe library navigator architecture 
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EXTERNAL DATABASES 

• EXTERNAL COMMENTS DB: Uses Google Book information and Amazon’s ratings and opinions. 

Enables us to shows this information for any book in the library. 

• EXTERNAL BOOKS DB: Use the library’s web site as the main search database. Since the library 

would not allow us to interface directly to their internal database, we access the book database by 

sending HTTP queries directly through their public web site. 

• MAPPING SYSTEM: A mapping database that interfaces with our Map Middleware and returns 

results as text (may include links to maps stored on the web).  

BOOK COMMENTS DATABASE MANAGER (BCDM) 

An item may have several servers where users’ comments are stored. The BCDM layer supplies a 

convenient abstraction for multiplexing comments from and to several DBs.  This allows us to present a 

single interface where the user can see comments that were created internally by library visitors as well as 

externally via the Amazon and Google books APIs. 

INTERNAL COMMENTS DB 

Since not all DBs are writeable, this DB is used to store local users’ comments.  

USERS DB 

Stores data regarding users who are eligible to access the system (i.e. User names, passwords, and custom 

data: “My Books”, Preferences and user privileges). 

ITEM INTERFACE 

This is an interface for generalized access to information about an item. The information is separated into 

3 sub-categories: 

• INFO: General information for identifying and describing the specific item. 

• POSITION: Positioning (global and/or local, absolute and relative to a given point) 

• COMMENTS:  Getting/adding comments capabilities (might use the BCDM interface if many 

sources for comments are available). 
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MOBILE CLIENT APPLICATION 

The mobile part of the service is enabled via a native Android application. The application is responsible 

for: 

• Preserving internal state of the user’s requests 

• Initiating requests to the server(s) based upon requests. 

• Parsing data returned from server(s) as response to requests. 

• Displaying the incoming data. 

• Interacting with Physical World Objects via the Physical World Connectivity Module 

THE PHYSICAL WORLD CONNECTIVITY (PWC) MODULE 

This module is responsible for acquiring and analyzing information from the world in the following 

methods: 

• 1D/2D barcodes 

• Keyboard input 

• Optional: RFID and Voice Recognition 

Output of this module is unified for all acquisition methods. At this point in time only 1D/2D barcodes 

and Keyboard input are supported. Adding RFID and Voice recognition is relatively simple. Voice input is 

already available via the Android input method, but the results will need to be parsed appropriately for 

our use. RFID input will soon be available via the NFC interfaces that are starting to be used in the newest 

Android phones (i.e. Nexus S in Dec 2010). 

 

Figure 4-19: Navigation Tag and Resulting Map 
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Figure 4-20: Navigation Barcode used around the building  

 

MAP MIDDLEWARE SYSTEM 

The system includes a Library Map descriptor and Location Pattern Convertor (what we call the Map 

Engine). We use the Dijkstra algorithm for finding the shortest path in a directed graph between a start 

location and the target location. The system converts any possible location string (which might be 

received from an external source (such as web-sites or similar) to one of the targets in the map. In other 

words, this function connects between any string (from decoded Tags) to the set of strings used as 

location names/aliases in the map. 

We developed a Map Builder desktop application that makes it easy to insert new maps into the system 

and then connect between a textual target and their symbolic location on the map. 
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Figure 4-21: AoE Library map builder 

The result is a database with relations between a symbolic code and their symbolic location on the 

represented maps. 

 

Figure 4-22: Aoe library navigator map db 

 

 
Figure 4-23: Relating symbolic location to visual map 
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The Output of the Map Engine is: 

• A graphic representation of the Map. Draws a line on top of the map to mark the resulting path. 

• An ordered list of Edges. Indicating the x,y coordinates of the starting and ending points relative 

to the graphics coordinates. 

• An ordered list of Strings. These are the textual directions relevant to the layer being shown. 

We have created some enhancements to the Dijkstra algorithm. First is Angle Testing with built in 

thresholds to determine if the instructions should be “Go straight”, “Turn Right” or “Turn left”. We then 

use Edge Grouping to enable us to present simpler instructions to the user: instead of [go straight to 

shelf 1àgo straight to shelf 2 à go straight to shelf 3] we get [go straight to shelf 3]. 

We initially developed a Java prototype on a Sony Feature-phone but later changed to the Android 

platform.  

 

Figure 4-24: AoE Library Navigator Java Prototype 

 

Figure 4-25: Android based Aoe library navigator 
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The navigation screen presents the navigation broken up into floor-sized sections. So if a path necessitates 

moving through more than one floor, the navigation on the first part will steer the user to the stairs and 

tell them to travel to the additional floor. The second part of the navigation will continue from there. This 

allows us to break the navigation into easier to understand paths for the user and also leaves more screen 

real estate free for showing the largest graphic possible.  

 

Figure 4-26: AoE library navigator: navigation map view to the target book 

 

CHECKOUT SYSTEM 

The Last step in the process is to enable the user to check the book out. This is an important element if 

such a system wants to enable an end-to-end scenario in a real world commercial space. Today’s standard 

library check out system includes the following parts:  

• Identity check: the librarian checks the identity of the user and makes sure that they have the right 

to take a book out. 

• Barcode Scanner: A check out system using a barcode scanner that captures the book information 

and the user information and updates the check out database. 

• Security System: A system that needs to be made aware that the book can be taken out of the 

library. 
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IDENTITY CHECK: 

Our system implements the identity check in a simple manner: since the phone that is being used to check 

a book out is known, and the user identity information is easily matched to a single phone number, the 

phone and application on it serve as the identity mechanism- in essence a replacement for the student 

card with magnetic stripe. Thus, when a user selects to check a book out with our system, an online 

service checks if the user associated with that phone number and who has logged in to the application has 

the privileges to check the book out. If they do, then the book is added to the checkout out book list on an 

online database.  

SECURITY SYSTEM: 

The next step, physically carrying the book out of the library and though the security system is 

implemented as follows: The user walks to a self-service check out station (see figure 81) . This station 

includes a barcode scanner, a demagnetizer and computer connected to the network. The user puts the 

book down on the self-service system. A barcode scanner is continuously searching for a barcode and 

when it identifies a barcode the following happens: 

1. The barcode is scanned and a beep is heard. 

2. The barcode is decoded and sent to the onboard application. 

3. The onboard application queries the online checked out book list and ascertains whether the 

current book has in fact been checked out.  

4. If it has been checked out, it activates the demagnetizer to de-activate the security system and 

turns on a green light to show that the book can be taken out of the library.  

5. If the book is not found or the barcode not recognized, a red light turns on and the persons is 

asked to go to a librarian check out station. 

 

 
Figure 4-27: AoE library navigator: checkout interface 
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Figure 4-28: AoE library navigator interface to the checkout web service. 1. Decode Book ID. 2. Check if book was 

checked out. 3. Get OK or NOT OK from server. 4: Open or lock the exit. 5. Demagnetize the book tag. 

 

IMPLEMENTATION 

We implemented the system using a mixture of web based and native mobile technologies. The server 

modules were written in Python, and hosted within an Apache HTTP server. The mapping application was 

implemented in .NET and it created an XML map file for the library, above which the navigation path was 

drawn at run time with Python. The Databases were implemented in SQL Lite. The check out part of the 

scenario used HTTP POST to write to a Check out service on the HTTP server. The checkout station used a 

barcode scanner interfaced to a netbook computer that in turn was connected to an Arduino 

Microcontroller system for activating the demagnetizer. The check out system worked but because of time 

and financial constraints was not hooked up to a demagnetizing station- so although a book could be 

checked on the phone, and the barcode scanning system could check with the service that it was in fact 

checked out and could be taken out, the book had to be manually demagnetized. 

INITIAL USER STUDY 

Once we had most of the scenario working we ran an initial user study to understand if the move from 

paper prototype to working system had added any unforeseen issues.  
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METHOD 

We ran the test with 10 subjects, none of which had used an Android phone before, but all of which were 

students who frequently use the library. For the initial test we had them do two tasks: a. Look for 

information about a book and find its location information from either the library catalog system or our 

system on the phone, and b. physically navigate and find the book in the book cases. 

RESULTS 

 

Figure 4-29: Results of initial user study 

Finding the information about the book showed a clear advantage for the AoE system (T=2.924, P< 0.02): 

it took users on average 34 seconds less to find the information about the book with our system (01:57 for 

AoE versus 02:31 for the normal search without our system). We did not find any advantage in using the 

system in physically navigating to and finding the book on the shelf (AoE 04:26 vs. 04:31 without our 

system). 

DISCUSSION 

The results seem to show that finding information about a book and its location in the library is easier 

with our system. This is not surprising since the steps needed to achieve this with our application are 

somewhat shorter: enter search information about a book into a form; receive results and then click on 

the Navigate button. Compared with going to the computer catalog systems, searching for the book, and 

finding its corresponding code and writing it down on a piece of paper, our system enabled the subjects to 

do this more than 30 seconds faster.  

On the other hand we were surprised to see that no advantage was exhibited by our system in helping 

people physically navigate to the book. After a short analysis it quickly became evident that the subjects 

knew the physical layout of the library intimately and also knew the physical section of the library that 

houses the books that were used in the test. In such a case it is not surprising that our system does not 
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have any advantage. We decided to fix this problem and rerun this test with students who do not know 

this library. 

SECOND USER STUDY 

After understanding the testing mistake in the first study we organized another test in which we made 

sure to use subjects who had never been to the Harman Library before. While organizing the new test, we 

decided to improve the system in the following ways: 

• Allow any book in the library to be used as a navigational beacon: Since we know the 

location of a book in the library (as long as it is in its place), then we can use it as a navigational 

beacon just as we use special purpose QR codes for the same reason. We therefore enhanced the 

system to allow a user to scan any book in order to use its known location in order to generate a 

new navigation map for the user.  

• Support more barcode formats: We found that our system does not support all the barcodes 

in the library- we therefore added support for additional formats in order to make the service 

more universally useful. 

METHOD 

The second study was run in a similar fashion to the first one, except for the changes to the system 

described above and the fact that test subjects had never been to the site before and therefore could not 

rely on their previous knowledge of the layout of the building. 

We sent out a call for subjects and recruited students from departments at the University that are located 

on a separate campus at the other side of the city. Subjects were invited at 30-minute increments and 

were tested alone. 

Each subject first read a general explanation about the test procedure in which it was made clear to them 

that there is no correct or incorrect performance (see Appendix). We asked them to act as naturally as 

possible and that in the performance of the tasks they were given they could ask for help from anyone in 

the building except for the tester. 

THE TASKS: 

We used a between-groups design. Both groups were asked to search for information about a specific book 

and then navigate to and find the physical book in the library.  

CONTROL GROUP: This group used the existing IT infrastructure in the library (a number of computer 

stations using a well known library management and search system). The subjects walked over to a station 
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and ran a search for the book. They then wrote down the book library code for the book. This was the first 

variable we measured: time to find information about the book.  We then asked them to find the physical 

book. They were told that they could ask for help from the librarians or other person in the library. This 

was the second variable we measured: time to find the physical book in the library. We also recorded how 

many navigation errors they made and how many times they asked for assistance in the process of finding 

the book. After they found the book we asked them a number of qualitative questions to gauge how they 

felt about the system and their experience of using it. We then explained the study to them. Ten subjects 

were in this group, 5 of them male and 5 female.  

EXPERIMENTAL GROUP: This group was given the same tasks only in their case they were asked to do 

them using our system. The initial information lookup about the book was done using the web site we 

created for the system. After they found the information about the book they were asked to add it to their 

book list on the system (My Books). This was the parallel step of searching for and writing the book 

information by the control group and we measured the time it took them to do this. They were then given 

a mobile phone (an HTC Nexus 1) with the AoE Library Navigator application running on it and were then 

asked to open the book information in the application and tap the Navigate button. This brought up the 

Navigation map to the book. We explained to them how to use the application and then told them that 

they now needed to find the physical book in the library using the map. We explained that they could ask 

for help from anyone in the library (except for the tester) and also showed them how to use the built in 

feature to scan strategically placed barcodes in the library if they got lost. They then started the search for 

the book and we timed how long it took them to find it, how many navigation errors they made and how 

many times they asked for assistance. After they found the book we asked them a number of qualitative 

questions to gauge how they felt about the system and their experience of using it. We then explained the 

study to them. Ten subjects were in this group, 5 of them male and 5 female. 

 

Figure 4-30: The Amazon on Earth Web Site Search Screen 



Chapter 4: Amazon on Earth Library Navigator  Page 98 

 

 

RESULTS 

Figure 4-31 shows the results of the test. As can be seen, the two main metrics (time to find information 

about the book and time to navigate to and find the physical book) show a clear advantage for the 

experimental group. The average time to find information about the book was 77 seconds for the control 

group but only 51 seconds for the experimental group (35% faster) (T=1.93, P<0.05). The control group 

then took an average of 287 seconds to find the physical book, while the experimental group took only 138 

seconds on average (149 seconds faster- 52% faster) (T=5.29, P<0.01). 

 
Figure 4-31: Results of Second Navigation Test (in seconds). *: Statistically significant 

We also analyzed the amount of navigation errors that were made by the subjects and how many times 

they requested help in finding the book. We define a navigation error as a situation where instead of 

getting closer to the target the user’s navigation at a certain point in time enlarges the distance from the 

book. By Assistance we mean asking for help from another person or the librarian or by using the 

navigation barcodes to request a new map. As can be seen in Figure 4-32, once again the experimental 

group showed an advantage. Whereas the experimental group showed an average of 0.30 navigational 

errors per task, the control group made an average of more than 4 times as many navigation errors (1.30) 

(T=3.87, P<0.01). The control group also needed much more assistance – they asked on average 1.70 

times for assistance per task, while the experimental group asked for assistance only 0.30 times on 

average per task (more than 5 times as much). (T=6.33, P<0.01). 
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Figure 4-32: Navigation Errors and Requests for Help. *: Statistically significant 

The qualitative data shows the following results: 

 
Figure 4-33: Subjective Feelings towards the systems. *: Statistically significant 

Ease of searching for information about a book:  Both groups rated the ease of searching for 

information about a book as “Easy” (Control = 4.6, Experimental group = 4.5).  
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Ease of finding the book in the library: Not surprisingly, the experimental group showed an 

advantage here- giving on average the rating of “Easy” (4.2) while the control group viewed this on 

average as leaning towards neutral (2.9). (T=4.99, P<0.01). 

Feelings towards the method: We found a difference in how positive or negative the subject’s feelings 

were towards the methods - The experimental group showed positive feeling towards the system (average 

of 4.2) while the control subjects showed a neutral feeling towards the system (average of 3.2). (T=2.23, 

P<0.05). 

GENERAL DISCUSSION 

The results of the second study are much clearer. Once the noise of using subjects that know the layout of 

the test site was cleaned out, we see a very clear advantage for using the system. Not only is the time to 

find a book drastically lowered (by 52%), but also the time to find information about a book was lowered 

by 35%. Additionally, the amount of navigation errors made while looking for the books was lowered 

substantially, and probably because of that, the need to ask for assistance also dropped substantially. Only 

one of the experimental subjects made a real navigation error (they went down the wrong set of stairs and 

found themselves in a different part of the library). That subject then used the navigation barcodes on one 

of the walls to get a new map generated and was able to reorient themselves and continue the search for 

the book.  

Interestingly, even though the empirical evidence shows that using the system for finding information 

about a book is faster with our service, on average, the subjects rated the regular library search system to 

be as easy to use as the experimental system. We think that this has to do more with familiarity than with 

usability. Most users know and have had experience using the in-library catalog search systems, while 

none of them have used our system before. This novelty might cause them to think that the existing 

system is easier to use even while the data shows that it might not be. It seems that a 35% reduction in 

time is not pronounced enough to be felt by the users as large enough to warrant them to feel that it is 

better than something they already know and feel comfortable with. For that to happen they must see a 

much more pronounce performance change.  

That is precisely what we think has happened when subjects rated how easy it was to find the book. As 

shown in the results, the experimental group felt that it was easier to find the book using our system 

relative to the control group. So in this case, although they were used to searching for books using the 

standard catalog stations and then physically search using the book coding system, the performance 

enhancement offered by our system was pronounced enough to make that crossover- and even though it 

was not familiar to them, they rated it higher than the control group. This “added value” that they received 

from the new system seems to have caused them to show a general positive feeling towards it, while the 

control group showed a neutral feeling towards the system they know so well. We see this as meaning that 
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if your system offers enough value to the end user, that added value can overcome their built in bias 

towards using something they are familiar with.  

FUTURE IMPROVEMENTS: 

While building this service and testing it we have found a number of things that need to be improved 

before such a service can be used in the real world.  

1. USER INTERFACE DESIGN:  

The interface design we have used can and should be improved.  

1. We found that users found it initially difficult to understand the map and it was not clear to them 

where the path starts. This can easily be solved by adding a START HERE tag and placing it in the 

proper place on the map.  

2. We found that users sometimes missed seeing the actual book library code on the map page- this 

is important information since they need it in order to identify the actual book on the shelf. This 

information should be made more pronounced and visible on the screen. 

3. The current architecture breaks up the multi- floor navigation into multiple screens. This means 

that when the user moves from one floor to the next, they need to request the next map from the 

server by tapping the next button. In hindsight we think it will be better to download all parts of 

the navigation into one screen and have the user scroll through the screen to reach the later parts 

of the navigation path. This also ensures that all the data has been downloaded and cached on the 

phone at the beginning of the navigation and potential WIFI or Cellular Data weak spots will not 

disrupt the navigation. 

2. CHECK OUT SYSTEM:  

Because of time and financial constraints we did not finish the physical demagnetizer station. We built a 

physical and working proof of concept but did not add it to the final testing scenario. A system without 

this feature will still be useful, but allowing the full cycle from search, find, pickup and go will make this 

an even better system. 
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3. ENHANCED SOCIAL INPUT:  

Although the current system can access and show comments about a book from Amazon and Google 

books, its built in social features are limited to allowing a user to add their own comments about a book 

into the system. These comments stay in the system and are not broadcast out to the Amazon or Google 

books systems. We think that this service will be enhanced if its users can add and publish information 

about a book. Thus, users should be able to tweet or publish to their Facebook pages that they have 

checked a book out, what they think about a book, and also create socially based lists that can help others. 

This data can then be used as a crowd-sourced collaborative filtering service that can offer an alternative 

book to the one being searched. 

SUMMARY AND CONCLUSIONS 

The Amazon on Earth Library Navigator is the first system we have built in our efforts to enhance indoor 

navigation. We have developed a system that includes a back end and middleware service to map an 

existing physical space and the locations of objects in it. Using the Harman Library at the Hebrew 

University, we were able to create a system that allows a user to search for information about a book, add 

that book to their book list, and then inside the library, to use our service to receive a personal map 

showing a navigation map to the book. If the user gets disoriented during their walk to the book, they can 

use our Re-Snap module to access preconfigure QR barcodes which we have hung in strategic locations in 

the building, or alternatively, to use the barcodes on the books themselves, to generate a new map. The 

new map will show them the path from the current location (of the QR code or of the book) to the book 

they are looking for. 

We ran a series of tests to explore the utility of the system, and after ironing out some initial problems, we 

have shown that the service in fact shows promise: Using our service, users were able to find information 

about a book and then navigate to that book substantially faster than using the existing way of doing this 

in the library. We found that while users did not feel that the service was easier to use for finding 

information about a book, they did feel that it did make finding the physical book in the library an easier 

task. 

All this makes us conclude that such a service does in fact offer real value for people in such situations. If 

the system makes it easier and faster to find a book, then the time saved can be used for other purposes- if 

to find additional books, or to have more time to think about what books are relevant to find. But we view 

this prototype as representing a more general model in which such services can help people find things 

within indoor spaces. These things can be books, but they can be merchandise in commercial settings (i.e. 

products in a store) or objects inside large warehouses. Additionally, such a service can also be used by 

people moving through unfamiliar surroundings:  this can be a new worker in a large building- the 
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Pentagon for example, or an emergency services worker needing to find someone quickly in an unknown 

building. Many additional use cases can be thought of where such a system can be useful 

LIMITATIONS 

Such a system has some very clear limitations. The first one is that the system can only work as long as the 

target objects being looked for have a known location and they do not move. If an object is moved and its 

location is not updated in the system, then the utility of the system breaks down, since the map generated 

will send a person to the last known location of the object. Another limitation is that the system does not 

provide the user with a real time signifier of his or her own location within the building. Being able to do 

so will help the end user orient themselves within the space, just as a car GPS system shows the location of 

the car relative to the path being taken.  

NEXT 

The next part of our research explores precisely this last issue: How can we find and present to the user 

their location within a building in real time. 
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5. AMAZON ON EARTH DEAD RECKONING NAVIGATOR 

 

INTRODUCTION 

The AoE library navigator has shown a lot of promise in enabling indoor navigation using a symbolic and 

discrete visual tag based system. But one thing is obviously missing in this system- showing the user 

where they are. With the library navigator the system only knows where you are when you scan a location 

barcode. In this project we explore how to add real time location information to the user while they are 

moving through an indoor space. To reiterate our focus: we are interested in enabling indoor navigation 

using un-augmented smartphones- therefore the challenge is to use the mobile phone with its on-board 

capabilities to position it on a map in real time, with adequate accuracy. 

We have opted to explore the use of Dead (Deduced37) Reckoning Navigation in this part of the project. 

The Amazon on Earth Dead Reckoning Navigator will show the user where they are on a map of an indoor 

space in real time. It will compute this position by using its built in accelerometers and magnetometer 

(compass) to count the amount of steps taken in a specific direction. 

RELATED WORK 

Deduced (or Dead) reckoning navigation (DR) is not new- as we saw in the introduction to this work; this 

is one of the oldest forms of navigation devised by humanity. In more recent times DR pedestrian 

navigation has been explored by a number of researchers (Leppakoski, et al, 2002; Randell and Muller, 

2003; Fischer et al, 2008) 

Most research has explored the use of DR navigation in the outside world, with only some early 

explorations using it for indoor navigation. Randell, Djiallis and Muller (2003) have developed a number 

of DR navigation systems and explored their capabilities over distance and time. The major problem with 

the DR approach is that with each consecutive step a level of error is added to the system, so that over 

time the error becomes too large for any meaningful use. 

                                                                                                                                                                                     

37 The literature seems unclear if to call this Dead or Deduced reckoning. We have chosen to use the 
phrase we have encountered more times in the literature. 
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Figure 5-1: DR confidence ellipse. Randell, Djiallis and Muller ( 2003) 

 

While the uncertainty of a single reading will be determined by the accuracy of the speed measurement 

and heading measurement, the uncertainty of multiple readings grows as a cumulative sum of the 

uncertainty of all measurements: 

 

Where  

• n: The number of dead reckoning computations since P0 

• Pn: The current location 

• Vi : The movement vector (change in position) for each calculation 

• Ve: The error vector for each calculation. 

If the user walks a straight path the resulting confidence ellipse after n iterations will have “axes of 

dimensions n x ab and n x cd”  (Randell, Djiallis and Muller (2003)). As a worst case the ellipse will grow 

linearly with each step taken.  

Randell et al. ran a series of tests and found that unsurprisingly, DR is very sensitive to the errors as 

described above. But they also found additional issues. First has to do with the compass- if the compass is 

not held level at all times, there will be errors added to the measurements. Secondly, ground inclination 

has an effect on distance measurement- and since their system did not have any incline measurement 

capabilities, they could not correct for this.  
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Figure 5-2: a. Computed DR  path (red) vs. actual path (green) . b. Enhanced system. Randell, Djiallis and Muller 

(2003) 

Using a special purpose setup with accelerometers on each foot and a compass taped to the shoulder, they 

were able to get much improved readings (see figure 2b). But these types of setups are very different from 

what people will be using in the real world and they admit that in real world use such results will not be 

recreated. 

Beauregard and Haas (2006) developed a full rig system that was to be worn, including a helmet mount 

and backpack. Their results were excellent for outdoor navigation, but they themselves state that their 

system cannot be seen as representing anything near a real world scenario- in such cases they believe that 

their system will perform much less accurately. 

 

Figure 5-3: pedestrian dead reckoning navigation system: by Beauregard and Haas (2006) 
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Merico and Bosiani (2007) developed a DR system  that uses information fusion from additional sources 

(augmented photos of the path to be taken and geographical information about the navigation path) in 

order to help in dealing with the growing drift in the measurements. They used two special purpose 

navigation units (a GyroDR Module and Dead Reckoning Compass system) in their system. As stated 

earlier- we are striving to create a system that uses commercial off the shelf smartphones that free the 

user from using special purpose hardware. 

Recently, Serra et. al (2010) presented a prototype system for Smartphone-based dead reckoning. They 

used the camera to decode a 2D barcode and used this information to ascertain the starting position of the 

user as well as to download the relevant map for the indoor space being navigated. Although very relevant, 

most of their work was focused on being able to compute the angle of the camera relative to the 2D 

barcode being photographed, and less on creating an easy to use drift reduction system. As is known from 

the literature, drift is the biggest problem with indoor DR systems and is one of the areas that we focus on. 

It was our goal to create a usable system for indoor navigation using the DR technique. As we stated 

earlier- we are looking for an “acceptable” solution- one that is “good enough” to help a person identify 

their location at the lowest possible price (and power consumption).  

AOE DEAD RECKONING NAVIGATOR 

In order to test if today’s un-augmented mobile phone can be a useful tool for indoor dead reckoning 

navigation, we built the AoE DR Navigator application to run on an iPhone 3GS phone using Objective C 

with the iPhone 3.1.2  - 4.2 SDKs.  The Application uses the accelerometer to sense steps being taken by 

the user and the magnetometer to measure the direction in which the user is walking. The logic is simple- 

if we know where a user starts walking from, and if we know how long their step stride is, then by 

counting the number of steps they take and the direction they are walking in we can calculate the change 

from the initial position and thus where they currently are. The application has a number of modules: 

STEP AND DIRECTION CALIBRATION:  

In order to be able to measure distance walked, the system must have an estimate of the step size of the 

user. We have opted to go with a simple solution: a measurement module allows the user to walk in a 

straight line for 100 meters and the application will compute the average step distance. The user can also 

input their step distance manually. We also added an interface to control a direction averaging parameter. 

Setting this to zero means that no averaging is used. Larger values (up to a maximum of 1) will introduce 

larger directional averaging. 
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Figure 5-4: Aoe DR navigator calibration screen 

SENSOR MONITOR:  

This module enables us to monitor the performance of the accelerometer and magnetometer while 

walking. It was mostly used when developing the application and looking for the best measurement 

parameters to enable a good tradeoff between step sensitivity and false alarms. As can be seen in figure 5, 

we map all three axes of the accelerometer with the Z axis being the most pronounced while walking with 

the phone held horizontally. 

 
Figure 5-5: AoE DR Navigator: Sensor monitor 
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DR NAVIGATION MAP:  

This is the main screen of the application while it is being used for indoor navigation. The user can 

manually switch between outdoor view (standard Google Maps view) and indoor view (where we zoom 

into an indoor location and present its map. This module was only finished for the latest version on the 

application. 

 

Figure 5-6: AoE DR Navigator Map Screen 

INITIAL DEVELOPMENT: 

We first recorded the accelerometer data on all three axes while performing a standard walk. We then 

analyzed the data in search of the best way to identify a walking motion. Since we decided that the phone 

will be held in hand (to enable dead reckoning navigation), and not in a shoe (as in Randall et al. or the 

Nike Pedometer system [3]) or in a pocket, the motions are rather weak. We found that the step motions 

are sinusoidal, with pauses between steps primarily on the Z-axis (which points up when the phone is held 

horizontally in front with the phone back pointing towards the ground). Because the data is noisy, we 

experimented with different cut-off frequencies and sample rates to find the best tradeoff between data 

resolution and noise. We found that a cut-off frequency of 5Hz and a sample frequency of 60 samples per 

second yielded the closest to best results. By “best” we mean that we do not miss real steps while not 

mistakenly perceiving non-existing steps. 

The AoE DR Navigator application uses the embedded magnetometer to read the compass direction. 

Using the iOS sensor API the application reads from the sensors and displays it on screen. 
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INITIAL ACCURACY TESTS 

In order to see if the application can accurately measure distance traveled we ran two tests. A short 50-

step count test was executed in order to see how well we could count steps. Table 1 summarizes the 

findings for this test. After this we ran a 200-meter walk test to see how a person’s step distance relates to 

an objectively measured distance. Table 2 summarizes the results for this test. We ran each test 5 times 

with 5 different subjects. We also recorded the subject height and weight to check if there was any 

relationship between these parameters and the subsequent measurements. 

Table 5-1: 50 Step Count Test Results 

50 Step Count Test 
Height 

(M) 
Wt 
(kg) 

Num 
steps 

Steps 
Counted 

Error 
rate Accuracy 

1.53 40 50 51 0.020 0.980 
1.79 70 50 50 0.000 1.000 
1.77 63 50 51 0.020 0.980 
1.74 73 50 53 0.060 0.940 
1.70 60 50 49 0.020 0.980 

 

Table 5-2: 200 meter walk test results 

200 Meter Walk 

Height 
(M) 

Wt 
(kg) 

Num 
steps 

Steps 
counted 

Error 
rate Accuracy Ave step size 

1.75 70 254 257 0.012 0.988 78cm 
1.53 40 279 278 0.004 0.996 71cm 
1.77 63 264 264 0.000 1.000 76cm 
1.79 70 246 247 0.004 0.996 81cm 
1.74 73 248 249 0.004 0.996 80cm 

 

INITIAL RESULTS 

As can be seen in table 5-1, the AoE DR Navigator application was able to count steps in a relatively 

accurate fashion (mean Accuracy was 97.6%). We next had subjects walk a pre-measured 200 meter line. 

As can be seen in table 5-2, the longer distance traveled did not have negative effect on our step counting 

(the mean accuracy actually rose to 99.5%). As for step length- not surprisingly we found that people have 

their own characteristic stride making it clear that for such a system to work, our application must be 

calibrated to use the user’s personal step length. Weight and height showed a weak relationship to step 

length. 
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DISTANCE MEASUREMENT PRE-TEST 

The next step was to test how well the system can compute the distance walked. In order to do this, we 

first calibrated the system for a specific walker. We then had that person walk a certain length that we had 

pre-measured between two markers. As can be seen in the results, the accuracy was above 90%, meaning 

that this type of distance measurement can in fact be useful, especially if a service is available for 

improving the error rate when needed.  

Table 5-3: Initial Distance Measurement test results 

Distance Measurement 

Real Distance (meters) Computed Distance Error rate Accuracy 
5 5.39 0.078 0.92 

10 10.78 0.078 0.92 
50 51 0.020 0.98 

 

DEAD RECKONING PRE-TEST 

Since we found that a relatively accurate distance 

measurement is possible with the AoE DR 

Navigator, we ran a pretest to see how it could be 

used for real dead reckoning navigation. We 

added the magnetometer based compass 

information to the screen and had a person walk 

a path in a small shopping center. It must be 

noted that during this pre-test we did not have 

the map module working, so the results 

presented below are approximations of the 

computed paths. 

 

Figure 5-7: DR pretest. Note: Paths are approximations since 

Map Module did not work yet. 

Figure 5-7 presents the results of this pre-test. The Black line represents the real and pre-measured path 

that the subject had taken. The Red dotted line represents the approximate path as measured by the DRec 

application. We say approximate path because the system-mapping module was not working yet so the 

path above is created between measurement points and is cleaner and straighter than the actual path. 
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Although the path is an approximation, the path measured is pretty close to the real path (with an average 

error rate of 6.3%). We can also see the incremental error grow with distance walked making it clear that 

intermittent course corrections (or error elimination) are needed in order to make such a system useful 

for more than about 100 meters. We also found that the subject did what looks like a large course 

correction towards the end. This might have been caused by the subject pointing the phone to the left of 

the end point (which was also the starting point), thus enabling them to ignore the line.  

DEAD RECKONING TEST 1 

The initial pretest showed us that the DR Navigator has potential but needed some improvements. First 

we embedded a real map of an internal space (the Ross Computer Science Building). Second we added a 

real-time pointer that shows the computed current location of the user. The Navigator also drew the path 

taken by the user. 

The Map was taken from the existing schematics of the Ross building. We then had to find the GPS 

coordinates of two points on the floor plan and then rotate the building so that it was oriented correctly 

relative to geographic North. This had to be done in order to enable the map to be viewed with the iOS 

MapKit API (Application Programming Interface). 

 

Figure 5-8: Ross CS Building before corrections 
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Figure 5-9: Ross CS building map after corrections and GPS coordinates 

 

INITIAL RESULTS 

We used the app to walk a preplanned path as shown in Fig 10. A first set of measurements showed a large 

drift, especially when crossing a specific doorway. Making careful measurement of this area we found that 

there was a disturbance in the magnetic field that caused the magnetometer reading to rotate by 15 

degrees to the right. 

 

Figure 5-10: DR Navigator first tests (composite image). Actual Path: 1->4, then back tracking from 4->7. 
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Looking for the source we found an electric mains board to be the culprit. We tested a possible solution: 

look for dramatic swings in magnetometer readings that are not accompanied by accelerometer readings. 

Retesting found that this solution is not reliable since the accelerometer was not able to consistently sense 

these changes- since they have more to do with how one walks and changes direction rather than the 

capabilities of the sensor. This made it clear to us that as much as we try to remove the introduction of 

drift into the system, it will enter it and the best solution is to reduce the drift every once in a while when 

it grows past a threshold. 

 

REDUCING DRIFT 

One thing was clear- the DR method was noisy and error grew as one walked. This is not surprising and is 

to be expected as seen in previous studies in the field (Randell, Djiallis and Muller, 2003). It is clear that 

such a system must have a way to re-locate itself with relatively good precision every once in a while. We 

identify a number of ways to do this: 

MANUAL LOCALIZATION:  

This method enables a user to manually place their location on the map. We implemented this by allowing 

the user to touch and drag the location icon to where they think they are. We see this as a stopgap solution 

since the user cannot be relied on to exactly place their location on the map. But even so it allows the user 

to do so when no other solution exists. 

 

Figure 5-11: Manual localization 
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TAG BASED LOCALIZATION: 

This method uses the system we developed in the Amazon on Earth Library Navigator (chapter 4). The 

user can use the application to visually scan and decode a 2D QR code. Since this code is unique per 

location then by decoding the tag we know the user’s location to within 1 meter. 

 

Figure 5-12: Tag based Localization 

VISUAL LOCALIZATION: 

This method uses the phone camera to visually search for and acquire a visually significant localization tag 

or object. Although Mulloni et. al. (2009) has shown this to be technically feasible, they also showed that 

it consumed too much battery power to be of continued use and thus is not relevant within the focus of 

our work. 

RF LOCALIZATION: 

This method uses a WIFI triangulation method that is based on received signal strength measurements 

(see chapter 2). By capturing the signal strength from 3 known WIFI access points we can tri-laterate and 

localize the position of the phone on the map.  

ANGLE TO PHYSICAL LANDMARKS LOCALIZATION: 

The last method we developed relies on the age-old method of measuring the angle from one’s location to 

existing and known landmarks.  In our case the landmarks can be any visually distinguished object that is 

easy to recognize within a visually noisy environment38. In order to simulate a commercial setting we 

opted to use logos of well-known brands (McDonald’s, Dell, Starbucks, Apple, etc). The system works by 

                                                                                                                                                                                     

38 Patent Pending 2010 
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showing the user a set of logos that are known to be near their current approximate location. The user 

then selects a logo and points directly at it with the phone and taps a button. Doing this with 2 logos is 

enough to position the phone’s location in 2 dimensions. This method is conceptually identical to the AoA 

method described in chapter 2, although it relies on visual cues in the environment. 

 

Figure 5-13: LocateMe: Angle to Landmarks UI 

 

Figure 5-14: LocateMe Tool: Angle from two known landmarks positioning 

 

DEAD RECKONING TEST 2 

Having added these features as well as improving the geo-location translation algorithm we ran a test to 

ascertain the utility of these solutions for drift reduction. The purpose of this test was to check two things: 

first was to see if an easy to use navigation drift reducer makes the system more useful for real world 

navigation. Second was to ascertain which of the above methods for drift reduction was more usable for 

the end user. 
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METHOD 

We set up the Ross building first floor with the mixture of the drift reduction methods outlined above: 

visual tags, logos and the WIFI triangulation system.  

 

Figure 5-15: Locations of Drift Reduction Tags and Localization Logos 

 

PATHS TO BE WALKED AND MEASURED 

SYSTEMATIC PATH: In this scenario the user walked a path starting at the end of the west corridor, all 

the way to the main entrance, where they turned to the right and walked into the entrance area. They then 

turned left and walked all the way down the eastern corridor. When reaching the end they turned around 

and walked the same path all the way back.  

 
Figure 5-16: Systematic Path 
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HAPHAZARD PATH: to be more realistic we also had a user walk a more haphazard path that was less 

straight to see how the system can keep up with it. 

 

Figure 5-17: Haphazard path 

In both cases the users were instructed to walk with the phone held horizontally in front of them. They 

were told to keep an eye on when the location on the map seemed to drift away from the location in the 

physical world. At that stage they were to stop and run one of the three drift reduction methods, and then 

continue. Results were then analyzed on the following criteria: 

1. Localization Precision: How accurate is the location generated by the drift reduction service. 

2. Drift Reduction Method: Which drift reduction method was used. 

3. Ease of Use: How easy was it to use the different drift reduction methods. 

4. Flexibility: How flexible in use are the different methods. 

 

RESULTS 

SYSTEMATIC PATH:  

Figure 18 shows a test walk starting at the far end of the western corridor and to the main entrance foyer 

and then back to the start point. Distance traveled was about 77 meters in total. The location on the map 

and the drawn path seem quite in place. Although there is some drift, the map is deemed useful by testers 

who have no problem understanding where they are relative to the map. 
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Figure 5-18: AoE DR Navigator: First Walk Test 

 

Figure 19 shows the same path being walked twice in a row without stopping and recalibrating, for a total 

distance of about 155 meters. The second lap starts off ok but drift starts to creep in. We can see two areas 

in which drift seems more pronounced and towards the last fourth of the second lap,the drift becomes too 

large and the person is located about 3 meters off of their real location. Although the drift is clear, this is 

much improved over the results of the initial DR tests. 

 

Figure 5-19: Same path walked continuously a second time: Drift becomes too large. Green: Original walk, Violet: 

the second walk 
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HAPHAZARD PATH 

Figure 5-20 shows an initial haphazard path. This was a relatively simple path and although there is drift 

creeping in, the results are close to the actual path walked.  Length walked was 67 meters. 

 

Figure 5-20: Initial Haphazard Path 

 

 

Figure 5-21: Continuation of Haphazard Path – Drift becomes pronounced. Orange: initial walk. Violet: Continued 

walk. 

Figure 5-21 shows the continuation of this path. As can be seen, the drift starts piling up until it becomes 

visually evident towards the end (after about 150 meters of walking). 
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EFFECTS OF ELECTRO MAGNETIC INTERFERENCE  

Figure 21 shows the results of a walk on the other side of the building. As in the pretest, we found a spot of 

substantial electromagnetic interference that caused the magnetometer to veer off course for a few 

seconds. The compass was affected and was pushed clockwise off course by 15 degrees while near the 

interference zone. 

 
Figure 5-22: Eastern Corridor with EM interference (Yellow) causing Drift. Red and Green: different walks 

showing effects of interference. 

DRIFT REMOVAL TESTS 

As we have seen, drift is the major problem with the DR method, irrespective of how it is introduced into 

the system. We have developed a series of methods for drift removal and tested them. 

ANGLE BASED LOCALIZATION: Figure 22 shows the results of testing the Angle based LocateMe drift 

removal tool we developed. As can be seen, the computed locations are very close to the real locations 

from which they were computed. Localization precision was 0.3-1.1 meters, with an average of 60cm. 

 
Figure 5-23: Angle based localization tests (LocateMe tool): real location versus computed location 
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Figure 5-24 shows the use of the LocateMe tool to reduce the location drift seen earlier. Using the tool 

brings the user back to their current physical location from which they can continue navigating. 

 

Figure 5-24: Drift Removal using the LocateMe Angle Based Tool 

Figure 5-25 shows the same method used in a haphazard path with more drift in it. The same solution 

works and the user can continue navigating. 

 

Figure 5-25: LocateMe Drift Reduction in Haphazard Path. Orange: Initial walk. Violet: Continuation of walk. 

 

TAG LOCALIZATION TOOL: Using the Visual Tag based localization tool that we developed for the Library 

Navigator was conceptually the same as using the LocateMe tool. There were two major differences: a. 

The localization with the visual tags is more precise since we have put the tags in pre-selected and known 

locations. Precision is about 20-40 cm (about the distance from which the users hold the phones when 

acquiring the visual tags on the phone screen). b. The use of the visual tags is only available in places 

where we had pre-installed visual tags. 
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RF LOCALIZATION TOOL: Figure 5-26 shows the results of using our WiMaps RF Localization tool. 

Although our WIFI localization service showed results that in many cases were less precise than our DR 

navigator because of the tendency of the DR service to drift, there were actually a number of cases in 

which the WiMaps service was able to show localization that can reduce the drift substantially. This is 

most evident towards the end of the walk. More about this will be shown in the next chapter. 

 
Figure 5-26: WIFI and DR paths and points of Potential WIFI Drift removal 

Table 5-4 presents a summary of the usage of the different Drift reduction tools. Although the precision 

was best using the visual tag tools, the LocateMe tool was used most (testers chose to use it in 61 percent 

of drift reduction cases). Testers rated the ease of use of the RF tools as best. Lastly, Testers rated the 

flexibility of the LocateMe tool as highest. 

Table 5-4: Comparison of Drift Reduction Methods (green = best) 

Method Precision 
(meters) 

Amount of 
Actual Use 

Ease of 
Use 

Flexibility 

Angle to Target Tool 
(LocateMe) 

0.5-1.1 8 7 9 

Visual Tags 0.2-0.4 5 9 7 

RF Tool 2 – 6 0 10 7 
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DISCUSSION 

The results show definite promise for the use of DR based navigation indoors. We have shown that a DR 

application with a built-in drift reduction tool can give a good enough result that makes it a usable and 

useful tool for indoor navigation.  We have also seen that the DR method using today’s state of the art 

smartphone platform suffers from two main problems. First is navigation drift, which occurs because of 

sensor errors as well as usage errors. By usage errors we mean such cases where the user is not holding 

the phone horizontally, not pointing it precisely in the direction that they are walking or walking in a way 

that is different from the way they usually walk (meaning that their stride length is different from the 

value generated during the calibration process). All these will cause the data fed to the navigation 

algorithm to be error prone and thus the resulting navigation pointer on the map will drift accordingly. 

The second problem pertains to environmental electromagnetic disturbances. The onboard magnetometer 

is affected by electro-magnetic fields with the result that the directional data that the compass returns to 

the application is error prone. As more error is entered into the system, the next step and direction 

captured will be amplified into the error space and a substantial drift will occur. 

We have identified and tested 3 forms of drift reduction methods in order to bring the navigation path 

back into line with the location of the user, and thus to save the utility of the service. Our tests have shown 

that all of the methods tested (Tag based, Angle from target and WIFI localization) can reduce drift and 

enable the user to continue navigating. Having said that, we have identified differences between the first 

two methods (Tags and Angle from target) and the WIFI method. Whereas the first two returned a very 

high precision level, and thus can be used at any point along the path, the WIFI service only became 

valuable after the DR path drifted substantially.  On the plus side, the RF based WIFI system was rated as 

easiest to use by the users. This is not surprising since the system interacts with the DR Navigator 

application in the background and needs no user intervention at all. The visual tag and angle to target 

(LocateMe) methods both need the user to pause their walk and focus on re-localizing their position in the 

path.   

When compared to each other, the visual tags method was deemed easier since it just needed the user to 

tap a button and snap a picture, whereas the LocateMe service needs the user tap a button, then select a 

logo, visually find it in the environment, point at it and tap a button, and then do this again for a second 

logo.  But although it is more complicated to use, the LocateMe method was rated as more flexible since it 

could be done from any point along the path- so when the user, who is focusing on navigating the path 

notices that they have drifted off course, they can pause and run the LocateMe service. The Visual Tag 

service can only be accessed where a visual tag exists, and therefore the user also needs to search for a tag 

in order to use it. If none are in the area they need to continue moving until they find one. This process 

can be inhibiting in some cases since a user can feel less sure of their location until they find a tag and 

capture it. 
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Once a drift reduction method has been accessed, our results show that they are effective in bringing the 

user back on track and therefore enable them to continue to navigate. Thus, using Drift Reduction we 

have shown that indoor DR navigation is definitely a pragmatic possibility. We call this DR+DR (Dead 

Reckoning with Drift Reduction).  

FUTURE WORK 

Although we have shown positive results and a usable method for DR navigation indoors there are still 

many improvements that can and should be added to the system, as suggested below.  

MAP PREPARATION 

First of all, the service necessitates quite a lot of preparatory work before an indoor map can be used. This 

includes ascertaining the GPS coordinates of the building corners, from which all internal navigation will 

be computed. Although our DR navigator makes the process easier, we would still like to see a quicker way 

to acquire and use geographical coordinate data for delineating indoor spaces.  

The second pertains to preparing the graphic maps so that they are usable. The Standard Google Maps or 

iOS Mapkit tool is not designed for indoor navigation and therefore does not contain a zoom level that is 

large enough for indoor spaces. With the DR Navigator we have had to create a special indoor level by 

doubling the size of the indoor map graphic so that we can still rely on the mapkit engine for visualization. 

Using an open source service such as Open Street Maps might enable us to integrate the indoor layer with 

the outdoor layer in a better way. We would also like to see a more streamlined workflow to generate the 

final graphic maps for the phone. 

PHYSICAL USAGE 

Last, but most important, is the fact that as the AoE DR navigator is now implemented, a user cannot put 

the phone in their pocket and continue navigating. Since the system relies on magnetometer and 

accelerometer readings, a phone in the pocket will generate more noise than useful data- the phone will 

not be pointed in the direction of travel and the sensing of steps might be hampered. Using a gyroscope 

which has been added to the latest generation iPhone 4 or Google Nexus S phones can help us in 

ascertaining how the phone is being held, and from there we can compute a set of conversion factors from 

the offset relative to the actual path being walked. Using this data it should be possible to create an 

application that can be carried more casually, even in a pocket, and still be able to return good indoor 

positing calculations and visualizations.  
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NEXT 

The next chapter will explore if we can move the positioning technology off of the phone itself, and thus 

make it easier to use. The AoE Wimaps application and service explores the use of WIFI Signal Strength 

Indication for tri-lateration. 
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6. AMAZON ON EARTH WIFI NAVIGATOR 

INTRODUCTION 

In the previous chapter we have seen the results of our efforts to enable the user to view their location 

indoors in real time. As we saw, sensor errors caused the system to drift away from the correct location 

and part of the solution was to look for ways to minimize this location drift. This chapter focuses on our 

efforts to develop a usable WIFI based localization system that will be explored both as a stand alone 

technology for indoor localization and also as a drift removal solution for the previously shown Dead 

Reckoning Navigator. 

RELATED WORK 

Using the Wifi (WLAN) infrastructure in order to ascertain location is not new. The concept stems from 

the long existing RF based localization solutions described in chapter 2, but differs in a number of ways. A 

number of different RF based technologies have been shown to be used for indoor navigation. These 

include RFID/NFC, Bluetooth and Zigbee, FM Radio, Ultra Wideband radio (UWB) and WIFI.  

RFID / NFC 

Hahnel et al (2003) presented a system that enables autonomous robots to use 2 RFID readers set at 45 

degree angles from the front to read RFID tags that had been pre-located in an indoor space. By 

recognizing a specific tag and the robot’s angle to it, the robot could localize itself within a map and 

continue to navigate. 

 

Figure 6-1: Robot with WIFI readers set at 45-degree angles, the detection field (center) and tags in the space 
(right). (Hanel et. al. 2003) 
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In this case the reader apparatus is carried on the navigating object (the robot), so the RFID tags 

embedded in the space were low cost and many of them could be utilized. In similar work, Loeffler et. al 

(2009) showed an indoor navigation environment that uses a cellphone with an NFC RFID reader that 

interacts with RFID tags that have been affixed to specific locations. The Tags encode location 

information and the phone application decodes this and uses it to show the user the location. This is 

conceptually equivalent to our 2D barcode based work in chapter 4.     

 

Figure 6-2: NFC based tag localization system (Loeffler et. al , 2009) 

BLUETOOTH AND ZIGBEE 

Fischer et. al. (2004) presented a Bluetooth indoor localization system which 

showed very good results (1 meter precision). Their system used Bluetooth (EEE 802.15.1) beacons that 

were placed in key locations in rooms and controlled by a centralized master. The local position is 

determined by differential time difference of arrival measurements using a dedicated cross correlation 

integrated circuit which was designed and built specifically for this purpose.  

 

Figure 6-3: Bluetooth indoor localization system using differential time difference of arrival measurement. (Fischer 
et. al. 2004) 
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A company called Blue Umbrella showed a simpler method in 2010 that works by capturing the ID of the 

closest Bluetooth signal nearby (using time of arrival) and uses that to lookup a location on a central map. 

They also use multiple Bluetooth beacons, but have claimed to have brought their price down to $10 per 

beacon. 

Bandara et. al (2004) presented a Bluetooth based localization system utilizing received signal strength 

measurements. Because of the non-linear Bluetooth RF – RSSI relationship, they developed a special 

purpose multi-antenna Bluetooth access point that enables them to partially overcome this issue and 

capture location with a 2M precision window. 

A similar technology, but designed to be simpler and cheaper than Bluetooth is Zigbee 

(IEEE 802.15.4) has also been shown as capable of enabling indoor localization. Sugano et al. (2006) 

presented a system that used Zigbee modules for localization. Using an RSSI methodology, they showed 

that when the density of Zigbee modules was set to be at least 0.27 per square meter they could achieve 2 

meter localization precision. 

FM RADIO 

With all the work utilizing radio wave propagation characteristics for localization information, some 

researchers have started exploring the use of one of the oldest existing radio technology: FM Radio. 

Papliatseyeu et al (2009) and Matic et al. (2010) showed an indoor localization system using simple off 

the shelf FM transmitters. Although operationally similar to other RSSI based localization efforts, using 

FM has some differences. First of all in such a system the different beacons cannot use the same frequency 

because of the FM “capture effect” in which the transmitter with the strongest signal will mask other 

transmitters. This forced them to set each beacon to use a different frequency. 

 

Figure 6-4: FM Transmitting beacon using a Konig mp3 player with built in FM transmitter. (Papliatseyeu et al 
2009) 

Using a fingerprinting approach, they were able to ascertain location with a median accuracy of 1.3-4.5 

meters with a 95% confidence level.  
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UWB 

Ultra Wide Band is a technology for transmitting information spread over a large bandwidth (>500 MHz) 

that should, in theory and under the right circumstances, be able to share spectrum with other users39. 

Although the technology allows pulses of transmission across a wide bandwidth (more than 500MHz) 

without interfering with existing narrowband transmissions going on at the same time, studies have 

shown that the such UWB transmissions raise the noise on the band and can create problems for 

narrowband systems (Fontana, 2002). 

Disregarding these issues, UWB was designated as a candidate for IEEE 802.15.4a (Low Rate Alternative 

PHY Task Group) for low power and efficient use of bandwidth for Personal Area Networks (PANs). 

Utilizing these capabilities, researchers have shown that UWB based system can be used for high 

precision indoor localization. Gezici, et al (2005) have shown that the technology when used in a hybrid 

TOA (Time of Arrival) and SS (Signal Strength) methodology can reach a localization procession of 10 cm.  

Unfortunately, in 2006 the IEEE 802.15.3a task force was dissolved. For various reasons (high cost of 

initial implementations, lower than expected performance) UWB has found limited success in the 

commercial market and several vendors ceased to operate in 2008 and 200940. 

LIMITATIONS OF THE PRECEEDING TECHNOLOGIES 

All the technologies and solutions discussed above have shown that under the right circumstances and 

with the proper setup, they can all be used to generate acceptable levels of localization precision. But of 

importance to us is that all of these solutions also need a large amount of preparatory and maintenance 

work as well as the need for special purpose, and in some cases, expensive, devices and components. We 

reiterate that it is a fundamental goal of our work to try to reach acceptable levels of system functionality 

by using existing and ubiquitous infrastructure technologies. Therefore we do not explore the use of 

special purpose beacons (except in the case where the beacons are essentially free – such as 2d barcodes), 

special purpose readers or special purpose networking infrastructure. This brings us to focus on the most 

ubiquitous wireless networking infrastructure technology, WIFI Wireless LAN. 

WIFI 

The most used WLAN technology is the IEEE 802.11 standard which defines both the 

physical and MAC layer protocols.41 IEEE 802.11 defines the maximum transmit power at 1 W and 

                                                                                                                                                                                     

39 http://en.wikipedia.org/wiki/Ultra-wideband 
40 http://en.wikipedia.org/wiki/Ultra-wideband#Applications 
41 ISO/IEC 8802-11, Wireless LAN Medium Access Control (MAC) and Physical Layer (PHY) specifications, 1999. 
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antenna gain is limited to a maximum of 6 dB. This results in a cell size of tens of meters indoors and 

more than 100 meters outdoors. As such, using such a service to locate a device at the cell level is 

inaccurate. IEEE 802.11 also defines a timing synchronization function which is too slow for timing based 

localization such as ToA or TDoA. In the infrastructure topology, all terminals synchronize to the AP clock 

by using the timestamp information of beacon frames. The timer resolution is 1 µs, which is too inaccurate 

for time based positioning. Additionally, the synchronization algorithm of 802.11 maintains 

synchronization at the accuracy of 4 µs which is also inadequate for time based positioning (Bose & Foh, 

2007). Because of these limitations, Wifi based localization has been developed using power based 

measurements that utilize the signal attenuation property of the radio wave propagation. Three main 

forms have been developed: 

WIFI FINGERPRINTING 

This form of WIFI localization entails the use of a map of signal strengths in a particular area (Fang et. al, 

2007, Li et. al, 2005). The map is built through an arduous survey process in which multiple 

measurements are taken over time. These measurements are then plotted in a grid system that is overlaid 

over a map of the indoor space (see figure 1 and 2). This map is later used as a database with which one 

can look up the most similar measurements relative to the current measurements found. Thus, in actual 

use, a device will measure the signal strength from a number of access points (AP) and then search for the 

best match on the map. Additionally, a history of the previous locations of the end user can be used as a 

context window to ascertain the most likely current location. Since signal attenuation can be affected by a 

number of parameters, time of day based measurements can also be added to the map in the effort to find 

the most likely location candidate. Thus such a map can include physical measurement parameters 

correlated against time of day with a location history window as a filter. 

 

Figure 6-5: Example of Wifi fingerprint map (left) and commercial Wifi fingerprint management interface (right) 
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A number of commercial solutions use this method but they all need a lengthy site survey to be run in 

order to be used. If an AP is moved or changed, a new survey must be carried out to update the fingerprint 

database. In cases where a central agency has complete control of the AP’s in the space, such a method 

can provide a usable solution with localization precision of between 1-3 meters (Fang et. al, 2007). 

 

ROUND TRIP TIME MEASUREMENT 

Izquierdo et.al (2006) developed a very different positioning system using W-LAN. They used the round 

trip time (RTT) that it takes a signal to travel from a transmitter to a receiver and back. By finding the 

differing RTT between a mobile device and 3 AP’s, they could compute the location of the device by tri-

lateration (see figure 3). Although this method seems to have some promise, because of the time scales 

involved (microseconds) it is not possible to measure with software and necessitated the use of special 

purpose measuring hardware at both ends. This rules out this system for our purposes since we are 

interested in finding an acceptable solution using only existing infrastructures and devices. 

 

Figure 6-6: Round Trip Time measurement. Izquierdo et.al (2006) 
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RECEIVED SIGNAL STRENGTH INDICATION 

This form uses a path loss model to estimate the relationship between the received signal strength and the 

distance from the transmitting access point (AP) (Li et al., 2006, Kaemarungsi et. al, 2006). Since the 

measurement can only yield an estimated distance from an access point, at least three AP’s are needed in 

order to tri-laterate the position of the device. The RSSI from each AP is used to estimate the distance d 

from that AP. That distance defines a circle with radius d around that AP. All one can ascertain in that 

case is that they are somewhere along the circumference of that circle. Using the RSSI of a second AP 

generates a second circle and the two points at which the two circles intersect delineate two possible 

locations. A third AP RSSI measurement is used to find a triangle of likelihood within which the device is 

situated. Figure 3 illustrates this. 

 

Figure 6-7: Trilateration between 3 AP's. (from Gezici et. al. 2005) 

 

If the RF signal from an AP was unaffected by anything in the environment then this form of localization 

would be relatively simple and easy to implement. Unfortunately, the RF signal from an AP is affected by 

reflection, diffraction and scattering, which make it difficult to work with. But since throughout this whole 

project we have been focused of working with an existing infrastructure with the minimal amount of site 

infrastructure changes and maintenance, we have opted to work with this method and see if we can bring 

it to a level of acceptable usefulness. 

RSSI PATH LOSS MODEL 

The previously described RSSI method works when there is an open line of site between the AP and the 

device. But reality has a way of being more complex and noisy: there are walls, electric circuits, magnetic 

fields, people and other varieties of disturbances in the indoor world which have an effect on the 

propagation of the RF signal. When an RF wave hits another medium with differing electrical properties 
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the wave is partially reflected as well as partially absorbed (Bose & Foh, 2007). Another propagation 

property is diffraction in which the wave can propagate behind obstructions, and although the wave will 

lose energy quickly in this way, it can still be useful. In some cases the wave scatters in all directions and 

loses energy fast. Any object in the world, be they stationary or moving, be they hard or soft, can disturb 

the wave propagation in all of these ways. Any object in a room can attenuate the signal and thus signal 

strength is a function of distance as well as the intervening objects through which the wave must travel. 

The following Hata-Okumara equation describes the large scale behavior of a propagating wave (Hata, 

1980): 

 

• d: The estimated distance between the transmitter and the receiver 

• PTX (in dBm) is the transmitted power level 

• PRX (in dBm) is the received power level  

• λ (m): the wavelength of the signal 

• n: the measure of influence of obstacles (walls, doors, etc) 

• Xα: A normal random variable with standard deviation of a. 

In a free space n = 2 (Bose & Foh, 2007) but can be 4 or 5 in obstructed paths indoors. This means that 

the communications range will be much smaller at the same settings. In order to ascertain the best value 

for n, an empirical study is usually run in which controlled measurements are done and the best fit for n is 

found 

 

Figure 6-8: Distance trend lines (Bose & Foh, 2007) 

As can be seen in figure 4, in that specific study, the best fit for n seems to be 3.5.  
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More recent work by Lau et al (2008) has shown a simpler method for computing location estimation. 

They start by taking multiple reading and selecting the best 8 RSSI values. They then use the following to 

convert RSSI to distance: 

  

Where 

• n is the signal propagation constant (as before) 

• d is the distance from the sender 

• A is the received signal strength at 1 meter 

They found that a uniform computation of the signal propagation constant (n) in order to determine 

distance according to signal strength exhibits some drawbacks (Lau et al, 2008, p. 537). They found that if 

only a single value of n is used, miscalculation of the distance would occur. In order to take obstacles into 

account they calculate n by reversing the linear RSSI equation: 

 

They calculate A in a space free of obstacles at 1-meter distance RSSI measurements from the reference 

APs. 

CONTINUOUS CALIBRATION 

We have opted to use this method with some changes: first of all, after computing A at the start point (1 

meter away), we re-compute A again every time we sample the signal strength. By doing this, we are 

recalibrating A every few meters and computing the distance to the AP accordingly. It is as if the AP is 

“moving” with us as we measure the signal strength from it.  By doing this we are breaking the space into 

small micro-spaces where the loss model works best. This Continuous Calibration process computes a 

new value for A within a new physical setting each time. Thus, instead of computing A only once at the 

start of the walk, our method takes into account the changing environment along the path being walked 

and can potentially deal with the specific wave propagation characteristics at each point in an improved 

fashion. 

SMOOTHING 

Lastly, as is shown by previous work in the field (Bose & Foh, 2007, Lau et al, 2008), RSSI data is noisy, 

vacillating and very much affected by intermittent changes in the environment. In order to minimize this 

property of RSSI we implement smoothing on the measurements by computing a weighted average of the 
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RSSI measurements. The resulting graph smoothes out the momentary fluctuations and allows us to work 

with more manageable data. Figure 6-11 illustrates this. In the same vein, we also smooth the resulting 

distance computations, so that less momentary distance errors are seen, making the resulting distance 

computations more usable. 

METHOD 

Once an acceptable fit of n is found the following needs to be done in order to implement our working 

WLAN localization system: 

1. CREATE A DATABASE OF AP LOCATIONS. Find the locations of the different AP’s that will be 

in use in the system and enable an easy lookup of their relative locations. This can be using 

geographic coordinates or a local coordinate system. 

2. INITIAL MEASUREMENTS: Using the measurement device that will be used by end users (in our 

case a mobile phone), run measurements to ascertain where and how the system behaves. In this 

phase you might discover dead zones or zones with a large measurement variance.  

3. TRI-LATERATION TESTS: Using the full system, run tests to ascertain the tri-lateration 

precision and error rates. An important parameter to be discovered here is the level of uncertainty 

that will be used later to decide whether to use or ignore the RF based location information. 

4. INTEGRATION WITH OTHER LOCALIZATION SYSTEMS: once we had a working system, 

knowing its limitations and levels of uncertainty; we then integrated the system with another 

localization systems in order to enable a sensor fusion feed between them. This is the end purpose 

of our system. 

CREATE A DATABASE OF AP LOCATIONS 

We used a geographic coordinate system and used the AoE Dead Reckoning Navigator application (see 

chapter 5) to gather the specific locations of each AP. We did this by manually moving the location pointer 

on the application to the location of the AP. Since the application works within the geographic coordinates 

of the Ross Computer Science building we can use the application as a tool to locate the coordinates of any 

location in the map.  

 

Figure 6-9: AoE DR Navigator: Showing coordinates of points on the map 
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INITIAL MEASUREMENTS 

Our initial measurements were done with an HTC G1 Android phone (the first Android phone on the 

market). Later measurements were done on the Nexus 1 phone from Google. We ran a number of 

recurring measurement sessions in order to ascertain the behavior of the model we use and see how it 

behaves in various situations. We measured the RSSI as we moved away from an AP as well as when 

moving towards an AP. We measured RSSI against pre-measured markers in the lab and while holding 

the phone in differing ways.  

Our first measurements were focused on understanding the form of the signals we detect and their 

behavior over time. We immediately noticed that there was a lot of variance and noise in the signal, both 

caused by local disturbances, people walking by, how the phone was held, measurement errors, etc. We 

also found that the G1 phone exhibited a large number of dropouts in reception (as can be seen in figure 

6-10). Because of these issues we added a smoothing algorithm which dampened the abrupt local changes 

in RSSI and enabled us to get a more usable plot over time.  

 

Figure 6-10: First RSSI measurements 

 

Figure 6-11: Initial RSSI measurements showing raw (blue) and smoothed (red) measurements 
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Once we understood the signal dynamics of the measurements we moved on to the next phase which was 

to relate RSSI to distance. After a number of measurement sessions we were able to reach distance 

precision rates of 1 meter when walking away from an AP and 2 meters when walking towards from the 

AP. 

Table 6-1: RSSI / Distance computation: Walking Towards the AP. Average Error: 1.97 meters 

 

Table 6-2: RSSI/Distance Computation: Walking Away from the AP. Average error: 0.99 meters 

 

We were surprised by the different dynamics when walking away from and towards an AP. In order to rule 

out the interference effects of person holding the phone we ran the tests again and walked backwards in 

some cases so that the body remained in the same relative location to the AP. The results remained the 

same. Because of the slow speed involved we ruled out a Doppler effect. We then explored possible 

polarization effects but that too was not found. We now think that this is an effect of our Continuous 

Calibration Method. Since these tests were done while walking towards or away from a single AP, we 

hypothesized that the problem will be nulled out when working with multiple AP’s since a user will be 

1 2 3 4 5 6 7 8 9 10 11 12 
Real 11.5 10.5 9.5 8.5 7.5 6.5 5.5 4.5 3.5 2.5 1.5 0.5 

measured 11.9 10.8 9.95 9.48 8.72 8.09 7.4 6.74 6.06 5.76 5.64 5.16 

error 0.35 0.25 0.45 0.98 1.22 1.59 1.90 2.24 2.56 3.26 4.14 4.66 
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1 2 3 4 5 6 7 8 9 10 11 12 
Real 0.5 1.5 2.5 3.5 4.5 5.5 6.5 7.5 8.5 9.5 10.5 11.5 

measured 0.5 1.36 3.03 4.83 5.77 6.73 7.14 7.44 8.05 8.26 8.44 8.44 
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getting closer to one while at the same time farther from another. We then moved on to the next stage of 

the study. 

TRI-LATERATION TESTS 

Once we were relatively happy with our capability to measure the distance from an AP we implemented 

the next phase of the project: using AP distance lateration to ascertain location. We started by measuring 

RSSI while doing a preset path within our building.  

 

Figure 6-12: AP locations (Blue) and Path Walked (Green) for our tests 

 
6-13:RSSI Measurements from the Phone: Top: Raw data. Bottom: Smoothed data 



Chapter 6: Amazon on Earth WIFI Navigator  Page 140 

 

 

 

 

6-14: RSSI Measurements from Phone Converted to Distance Estimation (meters) 

 

6-15: Tri-Lateration Computations 
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Figure 6-15 shows the results of the trilateration tests. The initial tests came back with some large distance 

errors and variance. Looking at the code, we added smoothing and thresh-holding to the distance data 

and re-measured. The changes resulted in much better results and an average localization error of 1.5 

meters as can be seen in figure 6-16. 

 

6-16: Localization Errors in Meters 

DISCUSSION  

Our results show that we have in fact been able to create a working WIFI localization system using RSSI 

measurements and the Tri-lateration of distance between AP’s. In the process we became intimately 

acquainted with the problems involved in creating such working systems.  A localization error of 1.5 

meters on average is certainly useful for indoor navigation (although not for finding objects inside a 

space).  These results are on par with the best commercial or research systems seen until today without 

the use of any special purpose hardware.  

It is important to note that results above were reached by using the system within the best possible 

context: measurements were done late at night when the building was practically deserted. Doing the 

same measurements when the building was busy with people walking around, talking on their phones and 

using their computers resulted in a higher error rate of 2-3 meters on average. Interestingly, most studies 

do not test their systems within real life contexts, and most commercial solutions have resorted to using 

more work intensive methods (such as WIFI Fingerprinting or the addition of special purpose hardware) 

to reach real life localization with a precision of better than 2 meters. Keeping within our efforts to create 

a working and useful system that does not need long and expensive preparation, setup and maintenance, 

we have opted to explore the use of sensor fusion with other methods in order to make our WIFI 

localization system pragmatic in realistic contexts. 
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SENSOR FUSION INTEGRATION WITH OTHER LOCALIZATION SYSTEMS 

This part of our study explore how the addition of sensor fusion data from our other indoor localization 

methods can help in creating a workable and useful system in real life settings. Having found that the 

simple WIFI localization method (without the assistance of special purpose hardware) shows a precision 

of 2-3 meters in such settings, we decided to explore its utility as an ad-hoc just in time drift reduction 

service for our Dead Reckoning Navigator application. In this case we interfaced our WIFI localization 

service to our DR navigation service with the purpose of seeing if the WIFI system can serve as an 

effective way to reduce the drift inherent in the DR Service.  

METHOD 

We used two of our systems in this study. We used a Nexus 1 phone with the onboard AoE WiMaps 

Navigator application as the WIFI measurement device, and an iPhone with our AoE DR Navigator as the 

user navigation Device. In order to minimize interference between the magnetometers on the devices (in a 

pretest we found that the phones interfere with each other’s magnetometer’s substantially, causing a 20 

degree change when held close to each other), we ran tests where the same path was walked 

independently with each device (we marked out the path to walk so as to ensure that the walk would be as 

reproducable as possible). The WiMaps measurement server would receive the RSSI information from the 

nexus phone and saved the localization information it computed for later use by the iPhone DR 

application. Once the run was over, the iPhone would do the same walk. After both walks were done, we 

streamed the Wifi localization data to the iPhone application via a web server set up for the purpose. The 

iPhone application then used this data to draw the resulting Nexus 1 walk on the map.  

 

Figure 6-17: Schematic of IPhone and Nexus measurment walk path 
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The DR app on the iPhone would compute its level of uncertainty and when that crossed a threshold, the 

application would contact the WIFI localization server which stored the Nexus 1 location computation. 

When contacting the localization server, the current computed location on the iPhone, the previous higher 

precision location on the iPhone and the current WIFI computed location on the Nexus would be 

compared. A decision as to which location (current iPhone DR or Current Nexus WIFI) would be made in 

the following way: If the uncertainty level of the WIFI location was better than the current uncertainty 

level on the DR application, then the WIFI location coordinates and uncertainly level would be used to 

replace and update the current location on the iPhone. If the iPhone Navigation uncertainty level is better 

than the WIFI localization uncertainty, then the WIFI location will be ignore until the next check. 

RESULTS 

Initial results illustrate the difficulty in using WIFI localization in a real world context. Figure 6-18 

presents a typical result from these tests. As can be seen, the path is less precise than the results of our 

tests presented in figure 6-16 that were done in a quieter context. Looking at the results shows that the 

path seems noisy at the start (red), then seems to give good localization in the mid section but then cuts 

through the corner very crudely and loses precision. On the path back (green) a similar dynamic is seen, 

and the last part of the path seems to show relatively good localization.  

The next stage was to look at the results of the DR run and compare them. Figure 6-19 presents these 

results and hints where the WIFI localization might in fact be valuable. 

 

 
Figure 6-18: Wifi Localization path drawn on iPhone Screen 
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Figure 6-19: Dead Reckoning paths drawn on iPhone 

DISCUSSION 

Although the initial results of the WIFI localization in a real world context seem of too low precision to be 

of much utility, when we look at the results of the same path using the Dead Reckoning method we can see 

how the different dynamics of the methods can actually be beneficial to each other. As seen in chapter 5, 

DR suffers from a clear tendency to drift off track and we explored a number of methods to use as drift 

removal techniques. Looking at our results in the WIFI walks, we see another interesting tendency: a 

WIFI localization system, with all of its clear sensitivities, does not have a drift problem. It does not 

matter in what part of a walk you are (beginning, middle or end) with WIFI localization- the precision that 

the system generates is affected by orthogonal reasons (the environment). This means that such a system 

can in fact be useful for drift removal in DR systems. Figure 6-20 presents this clearly: in it we have 

transposed the DR walks and the WIFI walks in order to ascertain if and where the WIFI computed 

location can be useful in drift reduction. As can be seen, there are a number of points, not surprisingly 

towards the end part of the walk where the DR drift becomes most pronounced, where the WIFI 

localization is better than the DR localization. In such instances, using the WIFI location as a way to 

reduce drift will be useful. 
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Figure 6-20: WIFI and DR paths and points of Potential WIFI Drift removal 

 

SUMMARY AND CONCLUSIONS 

In this chapter we have presented our work on WIFI based localization. This is part of our efforts in 

creating an indoor navigation system that needs the minimal amount of system setup, no special 

hardware, and works with un-augmented smartphones. We have shown our Amazon-on-Earth WiMaps 

Navigator system, which we built for two main reasons. The first is to explore how useful such a system 

can be as a stand-alone indoor localization system. The second was to ascertain how useful it could be as 

part of a multi-sensor approach to indoor navigation. 

Our results show that we have been able to achieve a 1.5 meter localization precision in a quiet lab like 

context, but that this precision drops to 2-3 meters in a more realistic setting. This is in line with other 

state of the art WIFI based systems that do not rely on specialized hardware or extensive preparatory 

work to learn the dynamics of the environment. Our exploration of the use of Continuous Calibration 

while the user is walking throughout the indoor space has not shown any clear results. We had hoped that 

by re-computing the value of A every 2 seconds to have been able to be more sensitive to the surrounding 

electromagnetic context and thus show better localization, but the results do not show this so far. 
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Next we showed that our WiMaps Navigator can work in tandem with other systems (in this case our DR 

Navigator) in a way that the sensor fusion between the interacting systems will give better results than any 

one of them alone can achieve. Our results show this clearly- because WIFI localization does not suffer 

from drift, it can be of use for drift suffering systems. And the reciprocal is also true: A system that does 

not suffer from strong sensitivity to the electromagnetic context in the surroundings can offer localization 

value to a WIFI based localization system. A DR system can help to an extent (during the initial parts of a 

walk), but other symbolic discrete localization methods (such as the AoE Library Navigation system that 

works with Visual Tags) can offer even more help in keeping a WIFI localization system within bounds. 

FUTURE WORK 

It is clear to us that with more time we would be able to show improvement in the precision and utility of 

our Wimaps system. We identify a number of places where future work would be of value: 

CONTINUOUS CALIBRATION 

Although the empirical results have not born out our idea that continuous calibration can be of benefit, 

we think that it is valuable to continue to explore this area. With state of the art WIFI localization systems 

showing at best 2-3 meter precision (without special purpose hardware or expensive site surveys), the 

only way to show any real improvements in their performance will come from the algorithmic end. We 

think that the concept behind continuous calibration is sound, and if a workable solution is found for it, 

qualitative improvements should be reachable. 

SENSOR FUSION 

While we have shown that sensor fusion between the Wimaps Navigator and the DR Navigator is valuable, 

more work can and should be done in order to find the best balance between the different systems and 

their relative worth in different use cases. Such work could define a set of recommendations for when and 

how to use each method and when and how to use the data from the other service in enhancing the one 

being used at present.  

USER INTERFACE 

Another area that can use continued study is in how to present the information of multiple localization 

methods. One question is if the user should know which service is being used to localize them at every 

point in time or of this is unnecessary detail for someone who simply wants to know where they are and
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how to get from there to a specific location? Another question can be to learn if users would like to have 

an effect on which system to use for their localization- up to the level of deciding in real time which one to 

use.  

MAP CREATION 

Another area that is very relevant for this project but that we did not have the time to get to is in using the 

Wimaps Navigator as a data acquisition service for the creation of indoor maps for places that lack them. 

By installing the application on multiple phones and have them take continued measurements over time, 

we believe that a map can be recognized by the statistical location of the multiple phones over time. Some 

areas will see very little phones in them, while other areas will be heavily used. Such relationships can hint 

at the existence of obstacles such as walls and doors. 
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7. SUMMARY AND CONCLUSIONS 

The vision behind the work presented here is to explore the utility of using the most ubiquitous computer 

today- the mobile phone – as the user end device in location based services that occur indoors. To this 

effect, we set out to understand what indoor location based services can offer, then to design and build a 

set of such services and finally to test them.  This we have done. Our Amazon-on-Earth project served as 

an umbrella under which we explored the service end (an object finder inside an indoor space) as well as 

the technical localization end (systems to position the user inside a building).  

AMAZON ON EARTH LIBRARY NAVIGATOR 

Our first project explored how a hybrid mobile and web based service can make the search for items in a 

large building that houses thousands of objects more efficient and pleasant. Using a university library as a 

test bed to represent such commercial spaces, we developed the Amazon-on-Earth Library Navigator. The 

system enables a user to look up information about a book, add that book to their personal book list, and 

when in the building, use our Android based mobile application to physically find that book in the library. 

Our system is able to use the Dewey library code of the book to check where it is located and then generate 

and present a map to the user showing how to find that book in the building. Using visual tags embedded 

in the library in a number of key locations allowed us to help the user if they got lost; taking a picture of 

such a tag would notify our system where that user was located and allowed us to generate and present an 

updated map with a navigation path to the book they are looking for. Since we know the location of books 

in the library, we are also able to use any book in the building as a navigation beacon- so just as in the case 

of the visual navigation tags embedded in the building, taking a picture of the barcode on a book will allow 

us to ascertain the current position of the user and then generate a new map for them. Lastly, our system 

allows the user to use their phone as a virtual student card and use it to check out a book without the need 

to go to the librarian check out desk and wait in line. 

We tested the system with an experimental and a control group. Both groups had to search for 

information about a book, and then physically navigate to and find the book in the building. The 

experimental group used our system, while the control group used the existing library IT systems (the 

computer based catalog and the Dewey code system) to physically find the book. The results were very 

clear: using the Amazon-on-Earth Book Navigator system cut the time to search for information about a 

book by 35% . The time to physically find the book in the library was cut by more than half (52%). 

Additionally, the experimental group found the system easier and more pleasant to use.  
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CONCLUSIONS 

With the AoE Book Navigator we have shown that the use of such a system in a building with numerous 

items stored in it can make the process of finding and navigating to an object quicker, more efficient and 

more pleasant. Additionally, since a map is generated for users showing them the way to the object they 

are looking for, they might allow themselves to browse other books more freely along the way, safe in the 

understanding that no matter where they end up, the system will be able to create a new map for them.  

However, there are some basic shortcomings to the system. First is that it can only find books that have 

been entered into a database that the system has access to and only if those books are in their proper 

place. If a book is misplaced or moved on purpose, our system will not be able to find it until the database 

is updated. A system using RFID technology would be able to deal with such a scenario, but at a much 

higher capital cost. Another shortcoming has to do with the fact that all navigation with this system is 

symbolic and not first person. This means that the user does not see their current location on the map and 

must surmise this by comparing the map to their current surroundings.  That is precisely where the next 

project comes in. 

AMAZON-ON-EARTH DEAD RECKONING (DR) NAVIGATOR 

The Amazon-on-Earth Dead Reckoning (DR) Navigator was born from our need to show users where they 

are within a building in real time. Having seen the power of a non-first-person service in the Library 

Navigator, we thought that adding an indication of a person’s current location would make the service 

easier to understand and use. In order to build such a system we encountered and dealt with a number of 

obstacles. First was being able to use the onboard sensors in the phones in order to ascertain their 

movement relative to a known start location. The built-in digital compass (the magnetometer) enables us 

to measure the direction in which the phone is pointed. The built-in 3-axis accelerometer allows us to 

perceive users’ steps when they walk. By being able to accurately count the amount of steps users take in a 

specific direction we are able to compute how far and in which direction they have moved from the known 

start point. Note the use of the phrase “known start point”. DR navigation must know this point since 

everything is computed in relation to it. We should also note that in order to ascertain how far they have 

walked, it is not enough to count steps; we also need to know the length of each stride they take. This 

number is then multiplied by the number of steps we have counted to know how far they have walked. 

After a series of trials we were able to show a working system. The system enables users to calibrate their 

walking characteristics automatically or manually (by entering a value for your stride length). Thus, using 

our stride perception algorithm coupled with the compass information for knowing the direction users are 

walking in, we can compute their location in real time and display it on the phone screen while they walk.  
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We tested this system inside the Ross computer science building and found that in up to about 80-100 

meters of walking the system was very capable of showing us our location. But we also found the major 

problem from which this, and every other DR system, suffers: navigation drift. Since the new location is 

computed as the difference from the last known location, any errors in the data will cause the new location 

to be off. The errors can be caused by the inherent noise that exists in any technical system, by 

electromagnetic noise that exists in the environment or by improper handling by users. The internal 

sensors suffer from some basic imperfections- for example, when comparing two identical phones, we 

found that the compass reading were not identical- with differences reaching up to 4 degrees. This is 

within the compass precision specification (plus minus 5 degrees), but can have a visible effect when 

walking down a 30-meter long hall. We also found that local electromagnetic fields can severely disturb 

the compass- in one case we measured an up to 20 degree clockwise offset in the compass when walking 

near an electrical cabinet in one of the halls. And we also recognized situations in which the way a user 

handles the phone can introduce errors into the computation. The most trivial problem is not holding the 

phone horizontally with the top of the phone pointed in the direction of walking. When this happens, the 

phone computed this as moving in a different direction than that actually being walked. All these issues 

point to the fact that our DR system has value added potential, but that the subsequent drift that occurs 

must be cleared out somehow. 

We identified a number of ways to remove drift- starting with using the same system used in the Library 

Navigator. By embedding visual tags in the building, the DR application can capture and decode these 

tags to ascertain its current location (to within 40 cm). A second option we investigated was live 

recognition of the visual field, but we ruled it out because it requires too much power and drains the 

phone battery within 15-30 minutes. We investigated a third option based on the angle of the phone 

relative to a number of visual landmarks in the building. We created a database with the geographic 

coordinates of these landmarks and then offered the user a tool called “LocateMe” that asked them to 

select and point at two landmarks in the vicinity. By simple triangulation we can quickly compute the 

specific location and accordingly remove the DR drift. Lastly we experimented with using our WIFI 

localization service to compare the DR computed location with the WIFI tri-laterated location, choosing at 

each point to use the one which showed the smaller level of uncertainty in its location. 

Our tests showed that subjects opted to use the LocateMe tool in most cases (61%) followed by the Visual 

Tag method. Since the WIFI option ran in the background they never had the option of selecting to use it. 

Although the visual tag method was the most precise (40cm precision), the LocateMe tool was chosen in 

more cases probably because it was always available. As long as you could see at least two landmarks that 

exist in our database then you could use the tool. Since a landmark can been seen from afar, this meant 

that the tool was available in almost all locations along the route. The tag method was different in that it 

could only be used when a tag was nearby. Because we put tags in a limited number of strategic locations 
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(at major corners and doorways), if a subject was not near one they could not opt to use the system and 

were required to continue walking until they found one.  

CONCLUSIONS 

The results of this study show that irrespective of the specific drift removal method used, drift removal 

can work alongside the DR navigation service and ensure that it can continue serving its users with 

sufficient precision over as long a path as they might need to walk. Additionally, the LocateMe tool shows 

promise as a simple service to help people locate their positions inside a large indoor space with good 

precision and ease of use.   

The project also found a number of places in which improvements can and should be made. The first 

pertains to the preparatory phase: this includes finding and adding the GPS coordinates of the building to 

the indoor maps, as well as the integration of these maps within the Google Maps Android service on the 

smartphone.  Although our DR navigator makes the process easier, we would like to see a quicker way to 

acquire and use geographical coordinate data for delineating indoor spaces. We would also like to see a 

better indoor mapping infrastructure built into the smartphone since the Google Maps service is not 

designed for indoor localization. The second area of improvement pertains to how the phone is physically 

handled during the use of the DR Navigator. Today it must be held horizontally and pointed in the 

direction of walking. We hope to see an improved version is which new technologies such as the 

embedded gyroscope in the latest generation of iPhone and Android smartphones will enable a person to 

carry the phone in a more casual fashion, even in their pockets. 

AMAZON-ON-EARTH WIMAPS NAVIGATOR 

The third and last project is the Amazon-on-Earth Wimaps WIFI navigator service. In this project we 

explored the use of simple off the shelf WIFI routers as the basis for a WIFI based localization system. 

Using a series of wireless routers we wanted to enable a person with an un-augmented smartphone (the 

Nexus 1 Android phone) to ascertain their location inside a building in real time, without relying on any 

special purpose hardware or long and expensive fingerprinting processes to learn the specific radio 

frequency dynamics of each point in the building. Our plan was to build a system that could be installed in 

a building in a few hours and that was able to provide good enough localization.  

After creating a test-bed in one of our labs and ascertaining that we could compute the distance of the 

phone from a single wireless router with acceptable precision (1-2 meters), we installed the system in the 

Ross computer science building and tested it. When testing in the best possible context, i.e. when the 

building was deserted and quiet at night, we were able to show excellent localization precision of on 

average 1.5 meters. When testing the same service during the day with many people walking around and 

working, that precision dropped to an industry standard 2-3 meter precision on average. Because of this 
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we explored the use of sensor fusion with our other systems to see if and how the different systems could 

support each other in generating better results than any of them could generate individually. 

As previously discussed, the DR system suffers from a growing amount of navigation drift that must be 

minimized for the system to continue being useful along the full length of a walk. When exploring if our 

WIFI navigator system could help, we noted that whereas the DR system suffers from drift, the WIFI 

localization system, although suffering from severe electromagnetic propagation disturbances that lower 

its overall effective precision, does not suffer from drift. This was found to be very useful since it means 

that it can effectively help the DR navigator reduce drift.  

CONCLUSIONS 

Our results show that when the DR system crosses a threshold of about 2-3 meters in drift, the WIFI 

localization system becomes relevant and can be of real use in minimizing the drift in the system. We 

believe that the opposite is also true- when the WIFI localization system shows a precision that is worse 

than 2 meters, then in many cases the DR navigator can help in creating a window of location that the 

system can refer to. And obviously, the use of the other tools we have presented- the LocateMe tool as well 

as the library navigator visual tags system can be used in the same way. 

With this project we have identified a number of areas in which improvements can and should be 

implemented. The first pertains to the Continuous Calibration method we have implemented. Although 

our results have not shown this method to improve the overall system precision, we believe that the logic 

behind the idea is sound and that it warrants further development. The second is in the area of sensor 

fusion. While we have shown that sensor fusion between the Wimaps Navigator and the DR Navigator is 

valuable, more work can and should be done in order to determine the best balance between the various 

systems and their relative worth in different use cases. The third area of improvement is in the User 

Interface provided to the end users while they navigate. One question that needs further study is whether 

a user should be notified of the specific system being used to ascertain their location, and whether they 

should then be able to decide which of the available systems to use. Last but not least is in the area of 

using the WiMaps service as the basis for a Map Creation Service in which multiple smartphones are 

equipped with the service and continuously walk the space. Over time statistical information is captured 

that can be used to recognize the physical structure of the floor plan in the building.  

 

GENERAL CONCLUSIONS 

While designing and developing these systems we became acquainted with many of the shortcomings and 

problems inherent in today’s state of the art and bleeding edge localization technologies. We learned that 
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no one system was able to deliver the ultimate solution (which we define as centimeter level precision in 

real time and at low cost). As the popular saying goes; the sheet is too small to cover the whole bed- try to 

solve one problem, and another problem will pop out of the sheet on the other side of the bed. Deal with 

that problem, and yet another one will appear in another place. In the terminology of our domain this 

means that if we want the best localization precision available today we will have to pay in the form of a 

sophisticated, expensive, brittle and maintenance heavy instrumentation setup. On the other hand, if we 

are willing to live with less precision, then cost and system complications drop substantially. But the 

tradeoff does not end there, since, as we have seen, the different localization technologies have different 

characteristics pertaining to how precise they are and where that precision drops. This raises a point made 

early on in this document- in many cases the better solution is one that is Good Enough. 

SELECTION OF SYSTEM CAPABILITIES 

What do we mean by Good Enough? We mean that the system can offer the end user the most important 

services for the least cost. By most important we mean that a careful needs analysis should be done to 

determine what those needs are. How important is it to offer really high precision localization in a 

planned system? If it is critically important, then cost and maintenance should be subjugated in order to 

offer that capability. But if that capability is nice-to-have, or not really needed, then stepping down the 

ladder to a lower level of capabilities that are not as precise but much simpler can ensure that the system 

is deployed in a successful fashion, quickly, and that it will continued to be used over time.  

In all my work I have kept one mantra in mind: to make systems that are easy, cheap and simple to 

deploy, and that can work with un-augmented smartphones. The more sophisticated systems are 

certainly legitimate and relevant, but they are in areas that are not within my focal point. To me it was 

always about the urge to create a system that can be built quickly and then used by people in order to 

receive their feedback and find out where we went wrong and how to improve the system. The three 

systems I have created, Amazon-on-Earth Library Navigator, Dead Reckoning Navigator and WIFI 

Navigator were built with that in mind, and all three are actual working systems.  

LESSONS LEARNED 

What have I learned in the process? A number of things: First is that indoor localization is an exciting area 

of research that will have a growing effect on how people interact with online services in the near future. 

We have seen this effect in the outside world, where phone based location based services are becoming 

ubiquitous in the more modern cell phone operators. Smartphone users today fully expect to be able to 

see where they are within a map of the outside world by launching one of a number of such services. They 

are also becoming more and more acquainted with new services that let them use this location 

information for entertainment, for commerce and for social reasons. With the possible improvements to 
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the world of indoor localization, some of which we have shown in action in the Amazon on Earth project, 

we fully believe that the indoor world will see the same type of change in offered services and capabilities. 

So what new services can such capabilities enable?  

SERVICE SCENARIOS 

Amazon on Earth has shown the following capabilities: 

1. Find information about objects in the real world 

2. Navigate to a physical object in an indoor space using personal navigation maps 

3. Update a navigation map to an object if you move off path 

4. See your location in an indoor space in real time 

5. Buy an object using your phone and carry it out of the store 

The amount of potential uses for such capabilities is very large. We have used the library as a proxy for a 

commercial environment. Other options are: 

A MEGA-STORE SHOPPING SERVICE 

One example would be the Ikea super-warehouse store. Using the capabilities of the AOE navigator 

service would enable a user to know where they are located in the showroom, receive more 

information about an item, and select an item for purchase. Once they leave the showroom, they can 

receive a personal navigation map to find their chosen items in the warehouse. After all items have 

been picked up, the same application can allow the user to buy the items and carry them out of the 

store without requiring a wait at the cashier. 

A SHOPPING MALL PURCHASING PATH SERVICE 

In this scenario the AOE navigator services can be used to show your location in the mall and to plan a 

path through the mall that is based on the items that you need to buy. This path can be changed if you 

buy objects in other places, or if the service uses your real time location and knowledge about what 

you want to buy to gather offers from other merchants. The service can create a mobile reverse 

auction market while you walk through the mall. Thus, if the service publishes that you are looking for 

a specific make and size of shoe, competing merchants can offer you their best price while you are 

near them. 

A SHOPPING MALL REAL TIME HYPER-LOCAL ADVERTISING MARKETPLACE 

This scenario is related to the previous one, but slightly different, since in this case you might not be 

in the context to buy any specific objects. At some point in time while in the mall you launch the 
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LocateMe tool in order to identify your location. By running the app you can opt in to publicize your 

location to a marketplace, which is then able to offer you special deals for a limited window of time. So 

if you launch the tool and select the McDonald’s logo, you could be offered a coupon for a discount at 

their nearby location if you opt to accept it. If you do, you will receive a navigation map to their 

counter and a unique coupon code to show their salespeople. 

AN INDOOR SOCIAL NETWORK LOCATOR 

In this scenario, an indoor localization service will enable a person to see the location of their friends 

on a map and even allow them to agree on a meeting point to which the service will provide them with 

a navigation map. This service will be an extension to their social network application and will be run 

from within the context of that application. 

A LOW COST WAREHOUSE NAVIGATION SERVICE 

In this scenario, a warehouse that is interested in upgrading their localization and item management 

capabilities, but cannot afford to implement one of the more sophisticated services available today, 

can find the AOE type of services relevant. As stated earlier- the solution will not be as precise as the 

more capable but very expensive systems available. But in the spirit of being “good enough”, the 

service will allow them to add capabilities in the areas they need most, while keeping costs down. 

AN EMERGENCY FIRST RESPONDER’S SERVICE 

In most cases, first responders need to enter buildings that they have never been in before. Using 

some of the capabilities exhibited by AOE, the emergency personal can see their location, relative to a 

number of key locations in the building as well as in real time relative to their entry point. Such 

services, if shown to be of real value, might even be turned into legal binding needs that a building 

must have in order to receive a permit. These might be a series of visual tags placed at key locations 

throughout the building and that encode the geographic coordinates of those tags as well as a link to 

an online map of the building. These tags could be used by any indoor navigation application that uses 

an agreed upon indoor LBS standard. 

A PUBLIC SPACE EMERGENCY SERVICE 

In similar vein to the previous service, but this one would be offered to end users in a public place, for 

example, to spectators in a sports stadium or a concert hall. If an emergency occurs, the service would 

give each smartphone a series of instructions on how to exit the premises, but in a way that causes the 

least amount of crowd pressure at any one exist point. Once again, such a service might one day be 

mandated. 
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There are many additional scenarios that I could add, but in the interest of brevity I will stop here. I will 

add that in all of these scenarios the value created is based on the way the location of a person is used and 

interfaced both with the context within which the service is used, and with the interaction that the service 

can have with the specific indoor venues in which the person is located. The first two are obvious, but 

without being able to interface in some way with the venues in a building, the value of the Indoor LBS will 

be partial. 

 

Figure 7-1: Value Components of an Indoor LBS 

I believe that it will take some time before that last third of this equation is successfully enacted. Some 

efforts will fail technologically, while others will fail commercially. But it is only a matter of time until an 

interface to venues is successfully created, deployed and used. Just as Google invented the AdWords 

product which is responsible for an overwhelming majority of their income, so too will someone create an 

indoor hyper-local localization service that will be used by a large majority of venues. When that happens 

we will know that indoor LBS’ time has come. 

A CALL FOR AN INDOOR LOCALIZATION STANDARD:  

I would like to end this dissertation by making an initial call for the creation of an indoor Localization 

Standard. We have seen this alluded to by a number of the scenarios outlined above and I believe that it is 

important. The International Standards Organization does not have anything pertaining to indoor 

localization. The only existing standards that might be relevant and can be used as a launching pad 

pertains to fire detection and alarm systems (ISO 7240). An indoor localization standard will lower the 

cost of entry into the field for companies, thus accelerating its development. A standard will enable the 

creation of working, and in some cases, life saving services relatively quickly. Just as today building 
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owners must show that they have put in place numerous safety measures before a building can be certified 

for occupancy, it is our hope that in the not too distant future, a set of indoor Localization measures will 

become standard and mandated. We believe that some of the technologies presented in the AOE project 

can be enacted quickly, cheaply and successfully. Such a standard could start by detailing the following 

requirements: 

• Standards based public Localization Tag technology 

o What tag formats should be used 

• Placement requirements for Localization Tags 

o How many localization tags should be used in a building 

o Where should the tags be placed in the building 

• Online availability of localization data and maps requirement 

o Where and in what format should publicly available indoor location data and relevant 

building maps be stored  

o How will this data and maps be accessed 

o Who will have access to this data and maps 

• Geographic coordinate format specification for indoor localization 

As in other fields, we believe that a standard is needed and in time it will be created. 

ENDING THOUGHTS 

Indoor Location Based Services are around the corner. They are, at this point, almost ready to be born, 

and even though they are the younger siblings of the more mature outdoor location-based services, they 

have the potential to leapfrog them in deployment and use. As noted earlier, people spend the majority of 

their time indoors. Being able to deliver truly valuable, usable and enjoyable services for indoor needs can 

create a significant new area of business. It will happen. The only open questions are when and by whom.



References                             Page 158	  

 

 

REFERENCES 

[ 1 ] Abowd, G., Dey, A., Brown, P., Davies, N., Smith, M. And, Steggles, P., 1999. Towards a Better 

Understanding of Context and Context-Awareness. In: Hans-Werner Gellersen, ed. Lecture 

Notes In Computer Science; Vol. 1707. London, UK: Springer-Verlag, 304-307. (Download) 

[ 2 ] Aguirre S, Loew LH, Yeh L (1994) Radio propagation into buildings at 912, 1920, and 5990 

MHz, Proceedings of 3rd IEEE ICUPC, 129-134. 

[ 3 ] Ahonen, (2010)The Big Picture "All the Stats” , Total View to Mobile Industry, 2010 Edition 

[ 4 ] Andrei Papliatseyeu, Niko Kotilainen, Oscar Mayora and Venet Osmani. FINDR: Low-Cost 

Indoor Positioning Using FM Radio. In Mobile wireless Middleware, Operating Systems, And 

Applications, Lecture Notes of the Institute for Computer Sciences, Social Informatics and 

Telecommunications Engineering, 2009, Volume 7, 15-2 

[ 5 ] Arthur D. Kuo. A simple model predicts the step length-speed relationship in human walking. 

In Journal of Biomechanical Engineering, pages 264–269, 2001. 

[ 6 ] Bahl P, Padmanabhan VN (2000) RADAR: an in-building RF-based user location and tracking 

system, Proceedings of the IEEE Infocom, Tel-Aviv, Israel, 775—784. 

[ 7 ] Balakrishnan, H., ET AL. Lessons from Developing and Deploying the Cricket Indoor Location 

System.  Available from http://cricket.csail.mit.edu/, November 2003. 

[ 8 ] Bandara, U., Hasegawa, M., Inoue, M., Morikawa, H., Aoyama, T.: Design and implementation 

of a bluetooth signal strength based location sensing system. In: Proc. of IEEE Radio and 

Wireless Conference (RAWCON 2004), Atlanta, U.S.A (2004) 

[ 9 ] Barcode types. Online at http://www.activebarcode.com/codes/ 

[ 10 ] Baus, J., Wasinger, R., Aslan, I., Krüger, A., Maier, A., Schwartz, T. Auditory Perceptible 

Landmarks in Mobile Navigation. In Proc. of IUI’07, ACM 2007, 302-304. 

[ 11 ] Blake LV (1986) Radar Range-Performance Analysis, Artech House Inc.. 

[ 12 ] Blue Umbrella indoor navigation offers one metre accuracy. Viewed online at 

http://news.thewherebusiness.com/content/blue-umbrella-indoor-navigation-offers-one-

metre-accuracy 

[ 13 ] Brimicombe, A. J., 2002. GIS - Where are the frontiers now?   In: Proceedings GIS 2002., 

Bahrain. 33-45.  

[ 14 ] Broll, G., Haarlaender, M., Paolucci, M., Wagner, M., Rukzio, E., Schmidt, A. Collect & Drop: A 

Technique for Physical Mobile Interaction. In Advances in Pervasive Computing, Adjunct Proc. 

of the Int. Conference on Pervasive Computing (Pervasive’08), Austrian Computer Society 

(OCG), 103-106, 2008. 

[ 15 ] Brown, B., Laurier, E., Maps and Journeys: An Ethnomethodological Investigation. 

Cartographica: The International Journal for Geographic Information and Geovisualization, 

2005, 40(3): 17-33. 



References                             Page 159	  

 

 

[ 16 ] Burrell, J. And Gay, G.K., 2002. E-graffiti: evaluating real-world use of a context-aware 

system.. Interacting with Computers, 14(4), July, 2002 (Special Issue on Universal Usability), 

301-312. (Download) 

[ 17 ] C. D. Cliff Randell and H. L. Muller, “Personal position measurement using dead reckoning,” in 

Proceedings of the Seventh International Symposium on Wearable Computers, C. 

Narayanaswami, Ed. IEEE Computer Society, October 2003, pp. 166–173. 

[ 18 ] C. Hide and T. Moore, “Low Cost Sensors, High Quality Integration,” Univ. Nottingham tech. 

report, 2004. Online at 

http://www.nottingham.ac.uk/iessg/research/res_publication/rp2004/low_cost_sensors_inte

gration.pdf 

[ 19 ] C. Randell and H. Muller. The well mannered wearable computer. Personal and Ubiquitous 

Computing, pages 31–36, February 2002. 

[ 20 ] CareTec: Sherlock. Online at 

http://www.caretec.at/Labeling.393.0.html?&cHash=1c21ce40f9&detail=596 

[ 21 ] Catherine E. Bauby and Arthur D. Kuo. Active control of lateral balance in human walking. In 

Journal of Biomechanics, pages 1433–1440, 2000. 

[ 22 ] Chalmers, M., Bell, M., Hall, M., Sherwood, S., And Tennent, P., 2004. Seamful 

Games. In: Adjunct Proceedings of 6th Int. Conf. on Ubiquitous Computing, UbiComp 2004 - 

Demonstrations Proceedings, Sept 7-10, 2004, Nottingham, England. (Download) 

[ 23 ] CHEN, G., AND KOTZ, D., 2000. Technical Report: A Survey of Context-Aware Mobile 

Computing Research. Dept. of Computer Science, Dartmouth College, TR2000-381 

[ 24 ] Ciurana, M., Barceló, F., Cugno, S., Indoor Tracking in WLAN Location with TOA 

Measurements, In Proc of MobiWac’06, 2006, 121-125. 

[ 25 ] D. F. Bizup and D. E. Brown, “The Overextended Kalman Filter--Don't Use It!” Univ. Virginia 

Dept. Systems Engineering technical report SIE-03001. Online at 

http://www.sys.virginia.edu/techreps/2003/sie-030001.pdf 

[ 26 ] D. Graham-Rowe. Indoor ‘sat-nav’ could save firefighters. New Scientist, 196(2634):24, 

12/2007. 

[ 27 ] D. Pandya, R. Jain, and E. Lupu. Indoor location using multiple wireless technologies. In Proc. 

IEEE PIMRC, pages 2208–2212, Beijing, China, Sept. 2003. 

[ 28 ] D. Steingart, J. Wilson, A. Redfern, P. Wright, R. Romero, and L. Lim. Augmented Cognition for 

Fire Emergency Response: An Iterative User Study. In 1st International Conference on 

Augmented Cognition, 2005. 

[ 29 ] D.Ha ̈hnel,W.Burgard,D.Fox,K.Fishkin,andM.Philipose, “Mapping and localization with rfid 

technology,” Intel Research Institute, Seattle, WA, Tech. Rep. IRS-TR-03-014, December 2003. 

[ 30 ] DataMatrix 2D barcode. Online at http://www.omniplanar.com/DataMatrix-2D-

Barcode.php?PHPSESSID=48c4d249b902ee977bb4006e0364a781 



References                             Page 160	  

 

 

[ 31 ] Dead Reckoning Navigation. Online at 

http://en.wikipedia.org/wiki/Navigation#Dead_reckoning 

[ 32 ] Dekel, A (2005). Digital Experience and the Physical World. Pervasive 2005, The Third 

International Conference on Pervasive Computing, Munich. 

[ 33 ] Dekel, A, Noach N, Schiller, B. (2009). Amazon-on-Earth: Wedding Web Based Services with 

the Real World, MIRW 2009 Sept 15, Bonn, Germany  

[ 34 ] Dekel, A; Nacht, D; Kirkpatrick, S (2009). Minimizing Mobile Phone Disruption via Smart 

Profile Management. MobileHCI 2009, Sept 15-18, Bonn, Germany. 

[ 35 ] Dekel, A; Schiller, E. (2010). DREC: Exploring Indoor Navigation with an Un-Augmented 

Smart Phone. MobileHCI 2010, Sept 8-10, Lisboa, Portugal. 

[ 36 ] Dekel, A. (2006). Getting from Here to There: Some Questions about Physical-Mobile Design 

Processes. Workshop on Mobile Interaction with the Real World, MIBILEHCI2006, Espoo, 

Finland, Sept 2006 

[ 37 ] Devasirvatham DMJ, Krain MJ, Rappaport TS, Banerjee C (1994) Radio propagation 

measurement at 850 MHz, 1.7 GHz, 4 GHz inside two dissimilar office building IEEE Electron 

Lett, 26(7), 140- 144. 

[ 38 ] DEY, A., 2001. Understanding and Using Context. Personal and Ubiquitous Computing, 5(1), 4-

7.  

[ 39 ] Dragoş Niculescu , Badri Nath, VOR base stations for indoor 802.11 positioning, Proceedings of 

the 10th annual international conference on Mobile computing and networking, September 26-

October 01, 2004, Philadelphia, PA, USA 

[ 40 ] Dru, M-A., Saada, S., 2001. Location-based mobile services: The essentials. Alcatel 

Telecommunications Review, first quarter, 71-76.  

[ 41 ] Durgin G, Rappaport TS, Xu H (1998) Measurements and models for radio path loss and 

penetration loss in and around homes and trees at 5.85 GHz, IEEE Transactions on 

Communications, 46(11): 1484-1496. 

[ 42 ] E. Foxlin and N. Durlach. An inertial head-orientation tracker with automatic drift 

compensation for use with hmd’s. In G. Singh, S. K. Feiner, and D. Thal- mann, editors, Virtual 

Reality Software and Technol- ogy: Proc. of the VRST’94 Conference, pages 159– 173. World 

Scientific, London, 1994. 

[ 43 ] E. Foxlin. Motion Tracking Requirements and Technologies. In K. Stanney, editor, Handbook of 

Virtual Environment: Design, Implementation, and Applications, pages 163–210, 2002. 

[ 44 ] E. Foxlin. Pedestrian Tracking with Shoe-Mounted Inertial Sensors. Computer Graphics and 

Applications, 25(6):38–46, 2005. 

[ 45 ] E. P. Herrera, R. Quiros, and H. Kaufmann. Analysis of a Kalman Approach for a Pedestrian 

Positioning System in Indoor Environments. In Euro-Par 2007, pages 931–940, 2007. 



References                             Page 161	  

 

 

[ 46 ] E.M. Nebot. Sensors used for autonomous navigation. In SG Tzafestas, editor, Advances in 

Intelligent Autonomous Systems, pages 135–156. Kluwer Academic Publisher, 1999. 

[ 47 ] Edwardes, A., Burghardt, D., Weibel, R., 2003. WEBPARK – Location based Services for 

Species Search in Recreational Areas. In: Proceedings of the 21st International Cartographic 

Conference. Durban, South Africa.  

[ 48 ] Ekahau, Inc : Ekahau Positioning Engine. http://www.ekahau.com  

[ 49 ] Enrico Rukzio, Massimo Paolucci, Matthias Wagner, Hendrik Berndt, John Hamard, Albrecht 

Schmidt. Mobile Service Interaction with the Web of Things. 13th International Conference on 

Telecommunications (ICT 2006). Funchal, Madeira Island, Portugal. 9-12 May 2006. 

[ 50 ] Espinoza, F., Persson, P., Sandin, A., Nyström, H., Cacciatore. E. And Bylund, M., 2001. 

GeoNotes: Social and Navigational Aspects of Location-Based Information Systems. In: Abowd, 

Brumitt And Shafer, ed. Ubicomp 2001: Ubiquitous Computing, International Conference, 

September 30 – October 2, Atlanta, Georgia. Berlin: Springer, 2-17. (Download) 

[ 51 ] EU to rule on roaming price caps for mobile data. Viewed online at: 

http://www.thefreelibrary.com/EU+to+rule+on+roaming+price+caps+for+mobile+data-

a01611580077 

[ 52 ] F.P. Brooks. Walkthrough - a dynamic graphics system for simulating virtual buildings. In 

Proceedings of 1986 ACM Workshop in Interactive 3D Graphics, pages 9–21. Chapel Hill, 

October 1986. 

[ 53 ] Familiar linux distribution.  

http://familiar.handhelds.org. 

[ 54 ] FIDIS: Future of Identity in the Information Society (No. 507512) 

[ 55 ] Fischer, C., Muthukrishnan, K., Hazas, M., Gellersen, H., Ultrasound-Aided Pedestrian Dead 

Reckoning for Indoor Navigation, In Proc. of MELT’08, 2008, 31-36. 

[ 56 ] Fontana, R. An Insight Into Uwb Interference From A Shot Noise Perspective. Proceedings 

IEEE Conference on Ultra Wideband Systems  and Technologies, May 2002 

[ 57 ] Foursquare geo-social network. Inline at www.foursquare.com  

[ 58 ] G. Abwerzger, B. Ott, and E. Wasle, “Demonstrating a GPS/EGNOS/Loran-C navigation system 

in difficult environments as part of the ESA project SHADE,” in EURAN 2004 Conference, 

Munich, Germany, June 2004. 

[ 59 ] G. Dissanayake, S. Sukkarieh, E. Nebot, and H. Durrant-Whyte, “The aiding of low-cost 

strapdown inertial measurement unit using vehicle model constraints for land vehicle 

applications,” IEEE Transactions on Robotics and Automation, vol. 17, no. 5, pp. 731 – 747, 

2001. 

[ 60 ] G. Gartner, A. Frank, and G. Retscher, “Pedestrian navigation systems in mixed in- 

door/outdoor environment - the NAVIO project,” in 9th International Symposium on Planning 

& IT (CORP 2004 & Geomultimedia04), February 2004, pp. 165–171. 



References                             Page 162	  

 

 

[ 61 ] G. P. Roston and Eric Krotkov. Dead reckoning navigation for walking robots. Technical Report 

CMU-RI- TR-91-27, Robotics Institute, Carnegie Mellon University, Pittsburgh, PA, November 

1991. 

[ 62 ] G. Welch and E. Foxlin. Motion tracking: No silver bullet, but a respectable arsenal. In IEEE 

Computer Graphics and Applications, volume 22(6), pages 24– 38, 2002. 

[ 63 ] Geven, A., Strassl, P., Ferro, B., Tscheligi, M. and Schwab, H. Experiencing real-world 

interaction: results from a NFC user experience field trial. In Proc. of the Int. Conference on 

Human Computer Interaction with Mobile Devices and Services (MobileHCI’07), ACM Press, 

234-237, 2007. 

[ 64 ] Giaglis, G. M., Kourouthanassis, P., Tsamakos, A., 2003. Towards a classification framework for 

mobile location services. In: Mennecke, B. E., Strader, T. J., ed. Mobile commerce: technology, 

theory, and applications. Hershey: Idea Group Publishing, 67-85.  

[ 65 ] Gunter Fischer, Burkhart Dietrich And Frank Winkler, Bluetooth Indoor Localization System. 

Proceedings Of The 1st Workshop On Positioning, Navigation And Communication (2004) 

[ 66 ] H. G. Nguyen, et al., “Autonomous Communication Relays for Tactical Robots,” Proc. ICAR 

2003. Online at http://www.nosc.mil/robots/pubs/icar03.pdf 

[ 67 ] H. G. Nguyen, et al., “Maintaining Communication Link for Tactical Ground Robots,” Proc. 

AUVSI 2004. Online at http://www.nosc.mil/robots/pubs/auvsi04_amcr.pdf 

[ 68 ] H. Leppakoski, J. Kappi, J. Syrjarinne, and J. Takala, “Error analysis of step length estimation 

in pedestrian dead reckoning,” in ION GPS 2002.Portland, OR: The Institute of Navigation, 

September 24 -27 2002, pp. 1136 – 1142. 

[ 69 ] H. S. Cobb, “GPS pseudolites: Theory, design, and applications,” Ph.D. dissertation, Stanford 

University, September 1997. 

[ 70 ] Haldat, E.: ‘Fingerprinting based-technique for positioning’, 2002, 

http://www.telecomlab.oulu.fi/home/Radiotekniikka/ materiaali/fingerprinting- report.pdf 

[ 71 ] Han-byul J., Jang-Woon K. and Chil-Woo L. Augmented Reality Cooking System Using 

Tabletop Display Interface. In Proc. of the Int. Symposium on Ubiquitous VR (ISUVR’07), 

2007. 

[ 72 ] Harrison H1 Chronometer. Online at http://www.nmm.ac.uk/harrison 

[ 73 ] Harter, A., Hopper, A., Steggles, P., Ward, A., And Webster, P.  

The Anatomy of a Context-Aware Application.  In Proc. 5th ACM MOBICOM Conf. (Seattle, 

WA, Aug. 1999). 

[ 74 ] History of Navigation. Online at http://en.wikipedia.org/wiki/History_of_navigation 

[ 75 ] Hjelm J (2002) creating location services for the wireless web, WILLY, USA, 15-40. 

[ 76 ] Honeywell GyroDRM. http://www.magneticsensors.com/prod_syst.html 

[ 77 ] Honeywell International Inc. Hmr3300 dig- ital three-axis tilt compensated compass. 

http://www.ssec.honeywell.com/magnetic/datasheets/ HMR32003300 manual.pdf. 



References                             Page 163	  

 

 

[ 78 ] Hub, A., Diepstraten, J., Ertl, T., Design and Development of an Indoor Navigation and Object 

Identification System for the Blind. In Proc. of ASSETS’04, 2004, 147-152. 

[ 79 ] Hutchinson, H., Mackay, W., Westerlund, B., Bederson, B., Druin, A., Plaisant, C., Beaudouin-

Lafon, M., Conversy, S., Evans, H., Hansen, H., Roussel, N. and Eiderbäck, B. Technology 

probes: inspiring design for and with families. In Proc. of the Int. Conference on Human 

Factors in Computing Systems (CHI’03), ACM Press, 17-24, 2003. 

[ 80 ] I. T. Nabney, Netlab: Algorithms for Pattern Recognition, ser. Advances in Pattern Recog- 

nition. Springer-Verlag, 2002. 

[ 81 ] J. Barton, et al., “Miniaturised Modular Wireless Sensor Networks,” Proc. UBICOMP 2002. 

Online at http://www.media.mit.edu/resenv/pubs/papers/2002-09-NMRC-UBICOMP- 

poster.pdf 

[ 82 ] J. Hightower and G. Borriello, “Location Systems for Ubiquitous Computing,” IEEE Computer, 

August 2001, pp. 57-66. Online at 

http://www1.cs.columbia.edu/~drexel/CandExam/LocationSystems.pdf 

[ 83 ] J. Kappi, J. Syrjarinne, and J. Saarinen, “MEMS-IMU based pedestrian navigator for handheld 

devices,” in ION GPS 2001, Salt Lake City, UT, September 11-14 2001, pp. 1369 – 1373. 

[ 84 ] J. Syrjrinne, “Use of GPS in cellular phone industry,” CGSIC Meeting Presentation, September 

2001, research and Technology Access, Nokia Mobile Phones. 

[ 85 ] J. W. Kim, H. J. Jang, D.-H. Hwang, and C. Park, “A step, stride and heading determination for 

the pedestrian navigation system,” Journal of Global Positioning Systems, vol. 3, no. 1-2, pp. 

273–276, 2004. 

[ 86 ] Jeffrey Hightower and Gaetano Borriello. Location Systems for Ubiquitous Computing. 

Computer 34, 8 (August 2001), 57-66. 

[ 87 ] K. Kaemarungsi, “Distribution of WLAN received signal strength indication for indoor location 

determination,” National Electronics and Computer Technology Center, Thailand, Tech. Rep., 

2006. 

[ 88 ] K. Pahlavan, L. Xinrong, and J. Makela, “Indoor geolocation science and technology,” IEEE 

Communications Magazine, vol. 40, no. 2, pp. 112 – 118, Feb. 2002. 

[ 89 ] K. S. Chong, “Mobile Robot Map Building from an Advanced Sonar Array and Accurate 

Odometry,” Proc. IJRR 1999. Online at 

http://www.ecse.monash.edu.au/centres/irrc/LKPubs/IJRR99map/MAPJNL3.html 

[ 90 ] K. Sawada, M. Okihara, and S. Nakamura. A wearable attitude measurement system using a 

fiber optic gyroscope. In In Second International Symposium on Mixed Reality, pages 35–39, 

March 2001. 

[ 91 ] K. Thapa, S. Case. “An indoor positioning service for Bluetooth ad hoc networks”. Midwest 

Instruction and Computing Symposium, MICS, 2003.  



References                             Page 164	  

 

 

[ 92 ] Költringer, T., Tomitsch, M., Kappel, K., Zrno, M. and Grechenig, T. Understanding Spatial 

Mobile Service Discovery using Pointing and Touching. ACM CHI’07 Workshop on Mobile 

Spatial Interaction, 2007. 

[ 93 ] Krishnamurthy, P., Pahlavan, K., 2004. Wireless Communications. In: Karimi, H. A., Hammad, 

A., ed.Telegeoinformatics. CRC Press, 111-142. 

[ 94 ] L. Chittaro, S. Burigat, “Augmenting Audio Messages with Visual Directions in Mobile Guides: 

an Evaluation of Three Approaches”, Proceedings of MOBILE HCI 2005: 7th International 

Conference on Human-Computer Interaction with Mobile Devices and Services, ACM Press, 

New York, September 2005, pp. 107-114. 

[ 95 ] L. Ojeda and J. Borenstein. Non-GPS Navigation for Emergency Responders. In 2006 

International Joint Topical Meeting: Sharing Solutions for Emergencies and Hazardous 

Environments, pages 12–15, 2006. 

[ 96 ] L. Tahvildari, L. (2001), “Local Positioning Techniques with Emphasis on Bluetooth”. Final 

Project Report. November 15, 2001.  

[ 97 ] L.E. Miller, “Indoor Navigation for First Responders: A Feasibility Study”, National Institute of 

Standards Technology, February 2006, online at 

http://www.antd.nist.gov/wctg/RFID/Report_indoornav_060210.pdf 

[ 98 ] Li, B.,  J. Salter, A. G. Dempster, and C. Rizos, “Indoor positioning techniques based on wireless 

LAN,” School of Surveying and Spatial Information Systems, UNSW, Sydney, Australia, Tech. 

Rep., 2006. 

[ 99 ] Li, B., Wang, Y., Lee, H.K., Dempster, A.G. & Rizos, C. “Method for Yielding a Database of 

Location Fingerprints in WLAN”, Communications, IEE Proceedings, Vol. 152, Issue 5, October 

2005, pp. 580-586 

[ 100 ] Location Based Service. Online at http://en.wikipedia.org/wiki/Location-based_service 

[ 101 ] Loeffler, A., Wissendheit, U., Using RFID-Capable Cell Phones for Creating an Extended 

Navigation Assistance. Microwave and Optoelectronics Conference (IMOC), 2009. 

[ 102 ] Lopez, X., 2004. Location-Based Services. In: Karimi, H. A., Hammad, A., 

ed. Telegeoinformatics. CRC Press, 171-188. 

[ 103 ] LORAN (Long Range Navigation System). Online at http://en.wikipedia.org/wiki/LORAN 

[ 104 ] M. Hazas, C. Kray, H. Gellersen, H. Agbota, G. Kortuem, and A. Krohn. A relative positioning 

system for co-located mobile devices. In MobiSys’05, pages 177–190, 2005. 

[ 105 ] M. Sugano, T. Kawazoe, Y. Ohta, and M. Murata, “Indoor locali- zation system using RSSI 

measurement of wireless sensor network based on ZigBee standard,” in Proc. IASTED Int. Conf. 

WSN, Jul. 2006, pp. 1–6. 

[ 106 ] M. Sugano, T. Kawazoe, Y. Ohta, and M. Murata, “Indoor Localization System using RSSI 

Measurement of Wireless Sensor Network based on ZigBee Standard”. From Proceeding (538) 

Wireless Sensor Networks.  



References                             Page 165	  

 

 

[ 107 ] Mäkelä K, Belt S., Greenblatt D. and Häkkilä J. Mobile interaction with visual and RFID tags: a 

field study on user perceptions. In Proc. of the Int. Conference on Human Factors in Computing 

Systems (CHI’07), ACM Press, 991- 994, 2007. 

[ 108 ] Mantyjarvi, J., Paternò, F., Salvador, Z. and Santoro, C. Scan and Tilt - Towards Natural 

Interaction for Mobile Museum Guides. In Proc. of the Int. Conference on Human Computer 

Interaction with Mobile Devices and Services (MobileHCI’06), ACM Press, 191-194, 2006. 

[ 109 ] Matic, A. Papliatseyeu, V. Osmani, and O. Mayora-Ibarra, "Tuning to your position: FM radio 

based indoor localization with spontaneous recalibration," in Proc. of IEEE  PerCom, 2010, pp. 

153-161. 

[ 110 ] May, A. J., Ross, T., Bayer, S. H., Tarkiainen, M. J., Pedestrian Navigation Aids: Information 

Requirements and Design Implications. Personal and Ubiquitous Computing (2003) 7: 331-

338. 

[ 111 ] Miyazaki, Y., Kamiya, T., Pedestrian Navigation System for Mobile Phones Using Panoramic 

Landscape Images. In Proc. of SAINT’06, 2006, IEEE Computer Society, 102-108. 

[ 112 ] Mobile Commerce. Online at http://en.wikipedia.org/wiki/Mobile_commerce 

[ 113 ] Mulloni, A., Wagner, D., Barakonyi, D., Schmalstieg, I., Indoor Positioning and Navigation with 

Camera Phones. IEEE Pervasive Computing, 2009, 8(2): 22-31. 

[ 114 ] N. B. Priyantha, A. Chakraborty, and H. Balakrishnan. The Cricket location-support system. In 

MobiCom’00, pages 32–43, 2000. 

[ 115 ] N. Patwari, A.O. Hero III, J. Ash, R.L. Moses, S. Kyperountas, and N.S. Correal, “Locating The 

Nodes”, IEEE Signal Processing Mag., vol. 22, no. 4, pp. 54–69, July 2005.  

[ 116 ] Navigation Aids, Chapter 1 of Aeronautical Information Manual, Federal Aviation 

Administration, 2004. Online at http://www.faa.gov/ATPUBS/AIM/chap1toc.htm  

[ 117 ]  Nivala, A-M. And Sarjakoski, L. T., 2004. Preventing Interruptions in Mobile Map Reading 

Process by Personalisation.. In: Proceedings of The 3rd Workshop on 'HCI in Mobile Guides', in 

adjunction to: MobileHCI04, 6th International Conference on Human Computer Interaction 

with Mobile Devices and Services, September 13-16, 2004, Glasgow, Scotland. (Download) 

[ 118 ] Nivala, A-M., And Sarjakoski, L.T., 2003. An Approach to Intelligent Maps: Context 

Awareness. In: The 2nd Workshop on 'HCI in Mobile Guides', in adjunction to: MobileHCI'03, 

5th International Conference on Human Computer Interaction with Mobile Devices and 

Services, September 8th, 2003, Udine, Italy.  

[ 119 ] Nivala, A.-M., Sarjakoski, L. T., 2003. Need for context-aware topographic maps in mobile 

devices. In: Proceedings of ScanGIS 2003, Espoo, FI. 15-29.  

[ 120 ] NOAA Satellite and Information Service. COSPAS-SARSAT System Overview. 

[ 121 ] Nokia Locate Sensor debuts at CES. [http://conversations.nokia.com/2009/01/12/nokia-

locate- sensor-debuts-at-ces/] 



References                             Page 166	  

 

 

[ 122 ] Nokia. (Last accessed 25 Aug 2009): http://www.nokia.com/press/press- 

releases/showpressrelease?newsid=1273511 

[ 123 ] NTT DOCOMO. Internet information on mobile networks. [online]. Available 

from:http://www.nttdocomo.com/corebiz/network/index.html  

[ 124 ] OMAP™ Applications Processors: OMAP™ 4 Platform. Texas Instruments. Online at 

http://focus.ti.com/general/docs/wtbu/wtbuproductcontent.tsp?templateId=6123&navigation

Id=12842&contentId=53247 

[ 125 ] Open Geospatial Consortium, 2005. Open Location Services 1.1. 

[ 126 ] P. Goel and G. S. Sukhatme, “Localizing a Wireless Node in a Multi-Agent System Using 

Kalman Filtering,” Proc. DARS 2000. Online at http://www- 

robotics.usc.edu/~puneet/research/Publications/dars2000.pdf 

[ 127 ] P. Lukowicz, A. Timm-Giel, M. Lawo, and O. Herzog. WearIT@work: Toward Real-World 

Industrial Wearable Computing. IEEE Pervasive Computing, 6(4):8–13, 2007. 

[ 128 ] P. Terrier, Q. Ladetto, B. Merminod, and Y. Schutz. Measurement of the mechanical power of 

walking by satellite positioning system (gps). In Medicine and Science in Sports and Exercise, 

volume 33(11), pages 1912–1918, 2001. 

[ 129 ] P.-Y. Gillieron, et al., “Indoor Navigation Performance Analysis,” Proc. GNSS 2004. Online at 

http://topo.epfl.ch/publications/epfl_gnss04.pdf 

[ 130 ] P.H. Veltink, P. Slycke, E. Morsink, J. Hemssems, G. Bultstra, and H. Hermens. Towards 

automatic optimization of gait supported by a two channel implantable drop foot stimulator. In 

7th Vienna International Workshop on Functional Electrical Stimulation, September 2001. 

[ 131 ] Parsons JD, Gardiner JG (1989) Mobile Communication Systems, Halsted Press, USA. 

[ 132 ] PDF417 barcode. Online at  http://www.omniplanar.com/PDF417-2D-Barcode.php 

[ 133 ] Persson, P., Espinoza, F., Fagerberg, P., Sandin, A. And Cöster, R., 2002. GeoNotes: A Location-

based Information System for Public Spaces. In: Kristina Höök, David Benyon And Alan 

Munro, ed. Readings in Social Navigation of Information Space. Berlin: Springer, 151-173. 

(Download) 

[ 134 ] Plos, O. and Buisine, S. Universal Design for Mobile Phones: A Case Study. In Ext. Abstracts of 

the Int. Conference on Human Factors in Computing Systems (CHI’06), ACM Press, 1229-1234, 

2006. 

[ 135 ] PNI Corporation. The vector-2x magnetometer. 

http://www.precisionnav.com/legacy/technical- information/pdf/vector-2x.pdf. 

[ 136 ] Point Grey Research: Technical Note: Stereo Vision Introduction and Applications Online at: 

http://www.ptgrey.com/support/downloads/documents/TAN2008005_Stereo_Vision_Introd

uction_and_Applications.pdf 

[ 137 ] Priyantha, N., Chakraborty, A., And Balakrishnan, H.  The Cricket Location-Support 

System.  In Proc. 6th ACM MOBICOM Conf. (Boston, MA, Aug. 2000). 



References                             Page 167	  

 

 

[ 138 ] Q. Ladetto and B. Merminod, “Digital magnetic compass and gyroscope integration for 

pedestrian navigation,” in 9th Saint Petersburg International Conference on Integrated Nav- 

igation Systems, Saint Petersburg, Russia, May 27-29 2002. 

[ 139 ] Q. Ladetto, V. Gabaglio, and B. Merminod, “Two different approaches for augmented GPS 

pedestrian navigation,” in International Symposium on Location Based Services for Cellular 

Users, Locellus, 2001. 

[ 140 ] R. Peterson and D. Rus. Interacting with a Sensor Network. In ICRA’04, pages 180–186, 2004. 

[ 141 ] Ramirez, L., Denef, S., Dyrks, T., Towards Human-Centered Support for Indoor Navigation. In 

Proc. of CHI’09, 2009, 1279-1282. 

[ 142 ] Reichenbacher, T., 2003. Adaptive Methods for Mobile Cartography. In: Proceedings of the 21st 

International Cartographic Conference ICC : Cartographic Renaissance, 10-16th August 2003, 

Durban, South Africa. 1311-1321. (Download) 

[ 143 ] Reichenbacher, T., 2004. Mobile Cartography - Adaptive Visualisation of Geographic 

Information on Mobile Devices. Unpublished (PhD). Technical University, Munich. (Download) 

[ 144 ] Roberti, M. The History of RFID Technology. Viewed online at: 

http://www.rfidjournal.com/article/view/1338 

[ 145 ] Rukzio, E., Müller, M., Hardy, R., Design, Implementation and Evaluation of a Novel Public 

Display for Pedestrian Navigation: The Rotating Compass. In Proceedings of CHI’09, ACM 

Press 2006, 113-122. 

[ 146 ] S-W. Lee and K. Mase. Activity and location recognition using wearable sensors. Pervasive 

Computing, 1(3):24–32, July-Sept 2002. 

[ 147 ] S. Beauregard. Omnidirectional Pedestrian Navigation for First Responders. In WPNC’07, 

pages 33–36, 2007. 

[ 148 ] S.-H. Yang and P. Frederick. SafetyNET - a wireless sensor network for fire protection and 

emergency responses. Measurement and Control, 39(7):218–219, 09/2006. 

[ 149 ] S.-Y. Yeh, K.-H. Chang, C.-I. Wu, H.-H. Chu, and J. Y.-J. Hsu. GETA sandals: a footstep 

location tracking system. Personal and Ubiquitous Computing, 11:451–463, 2007. 

[ 150 ] Schilit, B., Adams, N. And, Want, R., 1994. Context-aware computing 

applications. In: Proceedings of IEEE Workshop on Mobile Computing Systems and 

Applications, 1994, Santa Cruz, California. 85-90.  

[ 151 ] Schmidt-Belz, B., Laamanen, H., Poslad, S., Zipf, A., 2003. Location-based mobile tourist 

services - first user experiences. In: Proceedings of ENTER 2003. Int. Congress on Tourism and 

Communications Technologies, 2003, Helskini, Finland. Heidelberg, Berlin: Springer 

Computer Science.  

[ 152 ] Schmidt, A., H.W. Gellersen, and M. Beigl. A wear- able context-awareness component. In 

Proceedings of The Third International Symposium on Wearable Computers, pages 176–177, 

October 1999. 



References                             Page 168	  

 

 

[ 153 ] Seeingeyephone, VTT Technical Research Centre of Finland 

http://www.vtt.fi/whatsnew/2007/20071009xml.jsp?lang=en 

[ 154 ] Seidel SY, Rappaport TS (1992) 914 MHz path loss prediction models for indoor wireless 

communications in multi-floored buildings, IEEE Transactions on Antennas and Propagation, 

40:207-217. 

[ 155 ] Shiode, N., Li, C., Batty, M., Longley, P., Maguire, D., 2004. The impact and penetration of 

Location Based Services. In: Karimi, H. A., Hammad, A., ed. Telegeoinformatics. CRC Press, 

349-366. 

[ 156 ] Silicon Sensing Systems. Crs-03 rate gyroscope. http://www.spp.co.jp/sssj/sirikon-e.html. 

[ 157 ] Small J, Smailagic A, Siewiorek DP (2000) Determining user location for context aware 

computing through the use of a wireless LAN infrastructure, Project Aura Report, Carnegie 

Mellon University, (http://www-2.cs.cmu.edu/~aura/publications.html). 

[ 158 ] SMule Social Touch based Music Games. Online at http://www.smule.com/ 

[ 159 ] Specifications For Popular 2D Bar Codes. Online at : http://www.adams1.com/stack.html 

[ 160 ] Stockman, H. "Communication by Means of Reflected Power" (Proceedings of the IRE, pp 1196 

- 1204, October 1948) 

[ 161 ] T-TRAFFIC. How does Mercedes-Benz TELEAID work? [online].  

[ 162 ] T. Judd. A personal dead reckoning module. In the Institute of Navigation’s GPS Conference, 

September 1997. 

[ 163 ] The equator interdisciplinary research challenge. http://www.equator.ac.uk/. 

[ 164 ] Timpf, S. And Kuhn, W.,, 2003. Granularity Transformations in Wayfinding. In: C. Freksa, W. 

Brauer, C. Habel And K.F. Wender, ed. Spatial Cognition III. Lecture Notes in Artificial 

Intelligence.. Berlin-Heidelberg: Springer Verlag, 77-88.  

[ 165 ] TOLL COLLECT. Truck toll collection in Germany [online]. 

[ 166 ] Tomitsch, M., Schlögl, S., Grechenig, T., Wimmer, C., and Költringer, T. Accessible Real-World 

Tagging through Audio-Tactile Location Markers. Proc. of the Nordic conference on Human-

computer interaction (NordiCHI’06), ACM Press, 2006. 

[ 167 ] TOMTOM. Car Navigation [online].  

[ 168 ] TRACE A MOBILE.COM. Mobile Phone Tracking [online].  

[ 169 ] Tscheligi, M., Sefelin, R., Mobile Navigation Support for Pedestrians: Can It Work and Does It 

Pay Off? Interactions Jul-Aug 2006, 31-33. 

[ 170 ] U. Forssell, P. Hall, S. Ahlqvist, and F. Gustafsson, “Novel map-aided positioning system,” in 

Proceedings of FISITA, Helsinki, Finland, 2002. 

[ 171 ] Ubisense, Ubisense Real Time Localization System, http://www.ubisense.net 

[ 172 ] V. Gabaglio, et al., “Kalman filter approach for augmented GPS pedestrian navigation,” Proc. 

GNSS 2001. Online at http://topo.epfl.ch/publications/kalapproach.pdf 



References                             Page 169	  

 

 

[ 173 ] V. Renaudin, O. Yalak, and P. Tom ́e. Hybridization of MEMS and Assisted GPS for Pedestrian 

Navigation. Inside GNSS, 2(1):34–42, January 2007. 

[ 174 ] V. Renaudin, O. Yalak, P. Tom ́e, and B. Merminod. Indoor Navigation of Emergency Agents. 

European Journal of Navigation, 5(3):36–45, 07/2007. 

[ 175 ] VectronixDRC.http://www.vectronix.ch/index.php?show=50  

[ 176 ] Virrantaus, K., Markkula, J., Garmash, A., Terziyan, Y.V., 2001. Developing GIS-Supported 

Location-Based Services. In: Proc. of WGIS’2001 – First International Workshop on Web 

Geographical Information Systems., Kyoto, Japan. 423–432. 

[ 177 ] W. Lovegrove, B. Brame, Single-camera stereo vision for obstacle detection in mobile 

robots, Proc. SPIE 6764, pp. 67640T, 2007 

[ 178 ] Want, R., Hopper, A., Falcao, V., And Gibbons, J.  

The Active Badge Location System.  

ACM Transactions on Information Systems 10, 1 (January 1992), 91-102. 

[ 179 ] Ward, A. Jones, and A. Hopper. A New Location Technique for the Active Office. IEEE Personal 

Communications, 4:42–47, 1997. 

[ 180 ] WHERIFY WIRELESS. GPS Locator for Children [online].  

[ 181 ] Wi-Fi Location-Based Services—Design and Deployment Considerations,  OL-11612-01. Cisco 

[ 182 ] XSens. XSens website. http://www.xsens.com. Accessed 2008.01.09. 

 

 



Acknowledgements                     Page 170	  

 

 

ACKNOWLEDGEMENTS 

 

First and foremost, I am grateful to Dr. Scott Kirkpatrick who was able to make me believe that I could 

explore my ideas in an academic setting and actually get them implemented. His sensitivity, foresight, 

insight as well as his partnering with me to develop his PostPC course into a lab, enabled me to explore 

Embedded Computing and Mobile Computing and brought me into contact with the students who were 

soon to work with me on my projects. Scott taught me many things, not the least is to keep the eye on the 

ball - focus on the important goals and make them happen.  

 

To Elliot Jaffe who shared an office with me and was always open to hearing my ideas and discussing 

them. He has become a friend and partner. 

I am indebted to my students who worked with me on these projects, Niv Noach, Barak Schiller, Elad 

Schiller, Omer Cohen, Dan Mordechai, Adam Shitrit – AoE would not have happened without you! 

Many thanks to the Google Research Awards program which was kind enough to award me a generous 

grant for my research as well as a whole bunch of Nexus 1 phones. 

I would like to thank Dr. Dana Porrat for her help on the WiMaps project – Her knowledge and insight 

were important and valuable. 

I would like to thank Dan Nacht for his work with me on a predecessor mobile project that was relevant 

for this work. 

 

Finally, to Merav, my wife, and Aya and Lia, who gave me the time and support needed to study, learn, 

research and write over the past years. I appreciate how they allowed me to turn our home into a 

mobile computing lab. I know this was not an easy time for them. I love you all! 


