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Abstract
This research addresses the design, implementation, and evaluation of a people location service using the

wireless network infrastructure at Carnegie Mellon University. The determination of the location of a mobile

computer user has several applications. A person locator has been developed to accomplish this task. A user’s

location can be determined both indoors and outdoors while on campus, and at a higher resolution than the

Global Positioning System. Although the system requires only a minimum of extra hardware, its results provide

a high degree of accuracy.

1. Introduction
1.1 Need

Context-aware computing is currently a major topic of research. More and more people are using handheld

computers every day and these users and computers are typically in different locations at different times of use.

It is a natural progression of computer technology that applications should use information about the user’s

location to assist the user. Location is an example of context, that is, information about people or devices that

can be used to modify the way a system provides its services to the user community [1]. The use of location

information to infer user intent based on location and previous user actions can enrich the capabilities of mobile

users. One of the most important pieces of information that composes a person’s context is that person’s loca-

tion. For this reason, it is very important to be able to determine the location of a mobile computer user.

The Global Positioning System (GPS) provides a location service under most conditions. GPS is used for

applications ranging from aircraft and ship navigation to guiding hikers and directing automobiles. The recent

decision to remove selective availability will allow for increased accuracy and use [2] of GPS. While GPS is

suitable for these purposes, it has a fairly low resolution of approximately 10 meters, and for the most part, only

works when there is a clear line-of-sight from the device to much of the sky. GPS does not function in urban

settings at most times, and especially inside buildings because of the need for the clear line of sight. For this

reason, another device or method must be used in buildings.

As part of Carnegie Mellon’s Wireless Andrew initiative, all academic buildings on campus have been

equipped with wireless network connectivity. As of May 2000, there were approximately 400 wireless access

points at Carnegie Mellon University, covering an area of 103 acres. Through these access points, members of

the campus community can connect to the network anywhere on campus including buildings and outdoor spaces.

The Wireless Andrew network provides the solution to the problem of determining location while inside

buildings. Not only can it be used for data communications anywhere on campus, but it can also be used to
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provide location information without the need of any extra hardware, such as an extra PCMCIA card or external

antenna.

1.2 Previous Work

During the course of preparing a paper on location determination, I came across recent research done by

Victor Bahl at Microsoft Research [3,4,5] on the same topic. My methods are similar to his in some respects, but

differ in many others. There is not necessarily a difference in terms of functionality. Both systems process

information in similar ways after it is gathered. The largest difference is in terms of architecture in that I gather

information directly on the mobile unit while his method collected information from base stations. Gathering

information on the mobile unit allows all computation to take place at one location. Gathering information at the

base stations requires them to send their information to a separate computer, possibly the mobile unit for compu-

tation to be performed. His research also involved taking four measurements at each location, one in each

direction. I did not find this to be necessary. While it may be thought that keeping data on four directions at each

location because a user may not be facing the same location as when the data was taken, the added directions at

the rest of the locations introduce a greater chance of getting the wrong location reported. In addition, he used

Euclidean distance measurements, while I used Manhattan distance. A comparison of these two distance metrics

is described in Section 3.2. I.

Triangulation can also be used in a larger scale than a LAN. There is a pressing need to incorporate some

sort of location service into cellular telephone for use in emergency 911 calls as well as consumer applications.

Svein Yngvar Willassen provides a comprehensive description of the methods necessary to accomplish this as

well as a description of recommended infrastructure changes [6]. While the methods and requirements neces-

sary to locate a mobile user in a cellular telephone network are going to be different, his paper is a good source

of information regarding location determination and triangulation.

Methods of determining a user’s location described by others require external hardware, such as a camera

mounted on a user [7], or light meters, accelerometers and magnetometers [8]. One of the main advantages of

my system is that it does not require any extraneous hardware. The method described here only requires an

unobtrusive PCMCIA card. Everything necessary to determine location can be contained within a user’s mobile

computer and with most probability, is already there. This is extremely important as cost to the user and size of

any devices used must be kept to a minimum.



2. Approach
Before any work could be done with respect to developing a method to determine a user’s location, baseline

measurements had to be taken. These measurements were obtained to provide insight into the feasibility and

methods necessary to determine location. The layout of the initial testing area is depicted in Figure 1. Station-

ary measurements were taken in room 2209. Mobile measurements were taken in the long hallway at the left of

the figure. Other mobile measurements were taken in the hall to the left of the lobby.

2209

145 ’

Upper F~rt o f
~udito~um

HAMBURG HALL
2ND FLOOR

¯ Access Point

Figure 1. Layout of test locations

2.1 Stationary Measurements

The first objective was to determine whether signal strength was consistent for a specific location over

time. If this was not the case, the reported location measurements would be inconsistent at different times and

attempts to use this information would fail.

Samples were taken over periods of five hours, 20 hours and a month at five - second intervals. The

sampling computer was sitting stationary on a desk in room 2209 during these periods. Figure 2 shows the

samples obtained over the five hour period. The other time periods generated similar data. The results show that

the data is fairly consistent with a standard deviation of 2.13 dBm (decibel milliwatts). Figure 3 is a histogram
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Figure 2. Signal strength measurements from a stationary position over time

o

Figure 3. Distribution of signal strength

depicting the frequency of various signal strengths and was constructed using the data from Figure 2. It was

also determined that environmental conditions, such as opening an office door, can create a change of up to 10

dBm. This fluctuation was expected. What was not expected was the effect other handheld devices had on

signal strength, having an effect of up to 5 dBm. This is what caused the dip during samples 524-984 in Figure

2.

A range of+/- 9 dBm was measured for multiple samples at a single location, as seen in Figure 3. If we
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average groups of 10 samples, this range can be reduced to +/- 3.45 dBm. The standard deviation of this data

decreased to 1.17 dBm after the averaging, compared to 2.13 dBm before. Averaging brings the standard

deviation down to .939 dBm when 20 feet away from the access point and 1.210 dBm when 82 feet away. This

puts 68.6% of the samples within +/- .939 dBm and 95.44% within +/- 1.146 dBm of the "actual" value. Al-

though the standard deviation generally increases with range from the access point, the greatest standard devia-

tion is measured when within 1 foot of the access point. At this distance, a standard deviation of 3.71 was

measured.

The next objective was to determine to what degree signal strength changed with distance from the access

point. A quantum had to be measured to determine how much distance 1 dBm represents. This determines

approximately what the maximum accuracy can be. The distance needed to result in a change of 1 dBm was

determined to be approximately 5 feet when close to the access point. Change in strength per foot decreases

with increased distance from the access point. One might think that the relative low resolution when far away

from an access point could be a problem. This turns out not to be a problem because by the time we are far away

from one access point, we are already in range of another access point. Table 1 summarizes the results obtained

by combining this data with the data from Figure 3. Due to the fact that greater than 99.9% of our measurements

are within 3 dBm of the actual value, we can be very confident that the reported locations are within +/- 15 feet

of our actual positions.

Confidence
dBm Feet

+/-5
+/- 10
+/- 15

Level
68.60% +/-.939
95.40% +/- 1.146
99.90% +/- 2.817

Table 1. Confidence of location measurements

2.2 Mobile Measurements

General measurements were taken to see how distance correlated to signal strength. This is illustrated in

Figure 4. Ten measurements were taken every five feet down the long hallway at the left in Figure 1, at positions

ranging from 10 to 135 feet, with the origin at the top of the hall. During this test, six access points were in

range. To simplify the diagram, only the two access points with the highest signal strengths are shown. These

two access points were both within line-of-sight of the mobile computer, with one situated at 40 feet down the

hallway and the other at 135 feet. The presence of these access points can be seen in Figure 4, as the signal

strength peaks at these positions.
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Figure 4. Relation of Signal Strength to Distance

Looking at the data shown in Figure 4 and Figure 2, we can see that the data collected is not very consis-

tent. As described earlier, averaging of the values is used to increase the consistency of the data. By sampling

multiple times and averaging the values, the correlation (covariance divided by products of standard deviations

between series) of data points from two data sets taken from groups of locations at different times was raised to

.983, compared to .916 when the samples were not averaged. This allows us to discount stray readings and

increases accuracy.

I wanted to determine if accuracy could be further increased by discounting outliers, assuming that there

were some stray readings. To determine this, the average of groups of samples, ranging from sizes of 10 to 30,

were computed along with averages of the same data with the lowest and highest values deleted from each

group. The correlation of these two groups was .99996, showing that discounting the highest and lowest values

is not warranted. In addition, the median and mode of the raw data had a correlation of .9992 and .9981

respectively, with respect to the straight average, showing that if necessary, these can be used in place of the

average.

Figure 5 shows the relationship of the range of values correlated to the standard deviation. There is a

distinct correlation of range to standard deviation. While both range and standard deviation are measures of

spread, they measure this attribute differently. Range represents the distance between smallest and largest
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Figure 5. Comparison of Range to Standard Deviation

value, while standard deviation takes all values into account. We can see from Figure 5 that there is not just a

single stray reading that increase the range, but that there is a distribution of values.

3. Methodology
3.1 Low Resolution

On some platforms, it is not possible to obtain signal strength measurements directly for use. For this

reason, a monitoring computer can be used to determine the location of every mobile computer. Each access

point acts as a bridge. Bridges are typically used to connect two similar networks together, in this case, the wired

and wireless networks. Because we do not want all traffic to be transferred from one side of the bridge to the

other, as it can increase traffic unnecessarily, a forwarding table is used to keep track of which machines are

connected to each access point. Using SNMP [9], each access point can be queried for its forwarding table.

While this method does not provide very high resolution, it can tell us when a mobile device is within the 60-90

foot radius covered by each access point. This provides the location of another user without the need to query

the user’s device directly, and has the added benefit of not introducing any traffic on the wireless network.

Unfortunately, this method cannot be implemented at this time. Under normal conditions, when a com-

puter with a wireless adapter enters the range of an access point, it authenticates with the access point and

potentially exchanges keys for use in encrypted communications. In order to decrease the time it takes for a

machine that has temporarily left the range of an access point to reassociate, Lucent’s implementation of 802.11

does not delete entries from the forwarding table (see section 10.2). Because of this, there are "ghost" entries 

the forwarding table that would generate false location information. In my view, this "feature" should be changed
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