
he modern home and office are
equipped with sophisticated computing and communications
devices, many of which require significant effort or specialist
knowledge to configure and use effectively. While the com-
plexity of such devices will surely increase in the future, it may
be possible to make them more user-friendly by transferring
some of the configuration burden to the devices themselves.
These computers would be context-aware, changing their
behavior based on how and where they were being used.

A context-aware computer or application must be able to
determine the state of its surroundings. One method of dis-
covering context is to monitor the locations of objects in the
environment. In this article, we first present an overview of
research into location-aware computing and evaluate currently
available location sensor technologies. We then describe a
new location sensor, tailored to provide information for con-
text-sensitive computers, which has been developed at the
Olivetti and Oracle Research Laboratory (ORL). Finally, we
examine potential applications of this system in an active office
[1] where location-aware equipment will be commonplace.

Location-Aware Computing

Much of the existing research into context-aware com-
puting has used location information provided by
Active Badges1 [2, 3], small computing devices worn by

personnel. Each badge has a globally unique code that is peri-
odically broadcast through an infrared interface. The infrared
signals reflect off walls and furniture to flood the surrounding
area, and are picked up by a network of sensors placed
around the building. By determining which badges were seen
by which sensors it is possible to deduce the location of a
badge, giving a hint to the location of the badge’s owner.
Applications in which Active Badge information has been

used include telephone call routing, security, and environmen-
tal control [4].

An extension to this system allows equipment to be tracked
using a low-power version of the Badge called an equipment
tag [1]. The developers describe a “nearest printer” service
offered to users of portable computers. Tags placed on the
computer and printers report their positions, and the comput-
er is automatically configured to use the nearest available
printer as it is moved around a building.

The ParcTab [5] is a personal digital assistant (PDA) that
uses an infrared-based cellular network for communication.
The infrared transmissions from ParcTabs can be used to
determine their locations in the same way Active Badges are
located. Schilit et al. describe the use of the ParcTab system to
implement applications involving context-triggered actions
and automatic reconfiguration [6]. The ParcTab has also been
used to implement a memory prosthesis [7] in which informa-
tion about the user’s context is collected and organized to
form a biography that can be consulted at a later time.

Weiser has considered how the widespread deployment of
location-aware devices might change the way we interact with
computers [8]. He considers a vision of ubiquitous computing,
in which computing elements are integrated into the environ-
ment to such an extent that they become invisible to common
awareness. There will be a number of different types of device
in this computing fabric, ranging in size to support different
tasks. However, devices will not be specialized to a particular
task; instead, they will be capable of adapting their behavior
based on what is happening around them.

Sensor Technologies

Systems like the Active Badge and ParcTab are robust, rel-
atively cheap, and can be integrated into everyday work-
ing environments. However, they locate objects only to

the granularity of rooms, which act as natural containers for
the infrared signals emitted by the devices. This limits the
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extent to which applications can adapt based on informa-
tion from the system. It is therefore pertinent to consider
other sensor technologies that might give finer-grained
location information about objects in the office and
home.

Electromagnetic trackers [9, 10] can determine object
locations and orientations to a high accuracy and resolu-
tion (around 1 mm in position and 0.2° in orientation),
but are expensive and require tethers to control units.
Furthermore, electromagnetic trackers have a short
range (generally only a few meters) and are sensitive to
the presence of metallic objects.

Optical trackers are very robust, and can achieve lev-
els of accuracy and resolution similar to those of electro-
magnetic tracking systems. However, they are most useful
in well-constrained environments, and tend to be expen-
sive and mechanically complex. Examples of this class of
positioning device are a head tracker for augmented real-
ity systems [11], and a laser-scanning system for tracking
human body motion [12].

Radio positioning systems such as Global Positioning Sys-
tem (GPS) and LORAN [13] are very successful in the wide
area, but ineffective in buildings because of the reflections of
radio signals that occur frequently in indoor environments. In-
building radio positioning systems do exist (e.g., the work of
Feuerstein and Pratt [14]), but offer only modest location
accuracies of around 50 cm or more.

Location information can also be derived from analysis
of data such as video images, as in the MIT Smart Rooms
project [15]. Accurate object locations can be determined
in this way using relatively cheap hardware, but large
amounts of computer processing are required. Further-
more, current image analysis techniques can only deal with
simple scenes in which extensive features are tracked, mak-
ing them unsuitable for locating many objects in cluttered
indoor environments.

After studying the currently available sensor technolo-
gies we concluded that none was well suited to the task of
generating fine-grained location information for use in
context-aware computing. Such a sensor would be accu-
rate, reporting the positions of objects in three dimensions
to within 15 cm of their true locations. It would be scal-
able, in both the number of objects located and the area
covered by the system, and would have a minimum impact
on the environment it was monitoring. We have undertak-
en work to develop a location system that meets these
requirements.

A New Location Technique

T he ORL ultrasonic location system extends the work of
Figueroa and Mahajan [16] and Doussis [17], who
describe a system for mobile robot positioning. Measure-

ments are made of times-of-flight of sound pulses from an
ultrasonic transmitter to receivers placed at known positions
around it. Transmitter-receiver distances can be calculated
from the pulse transit times, from which, in turn, the transmit-
ter’s location is found by multilateration.

Hardware
A small wireless transmitter is attached to every object that is
to be located. The devices, shown in Fig. 1 consist of a micro-
processor, a 418 MHz radio transceiver, a Xilinx field-pro-
grammable gate array (FPGA) and a hemispherical array of
five ultrasonic transducers. Each prototype mobile device has
a unique 16-bit address, is powered by two lithium cells, and
measures 100 mm x 60 mm x 20 mm.

A matrix of receiver elements is mounted on the ceil-
ing of the room to be instrumented. Receivers are placed
in an array,  1.2 m apart;  the prototype system has 16
receivers in a 4 x 4 square grid.  Each receiver has an
ultrasonic detector, whose output is passed through an
amplifier, a rectifier, and a smoothing filter before being
digit ized at  20 kHz by an analog-to-digital  converter
(ADC). The ADC is controlled by a Xilinx FPGA, which
can monitor the digitized signal levels. Receivers also
have a serial network interface through which they are
individually addressable, and are connected in a daisy
chain to a controlling PC.

Every 200 ms, a radio message consisting of a preamble
and a 16-bit address is transmitted in the 418 MHz band by a
controller, also connected to the PC. The PC dictates which
address is sent in each message. The radio signals are picked
up by the transceiver on each mobile device and decoded by
the onboard FPGA. The single addressed device then drives
its transducers for 50 µs at 40 kHz, and an ultrasonic pulse is
broadcast in a roughly hemispherical pattern around the top
of the unit. After receiving a message, mobile devices enter a
power-saving state, activating themselves 195 ms later, ready
for the next message.

The controlling PC sends a reset signal to the receivers
over the serial network at the same time each radio message
is broadcast. The FPGAs on each receiver then monitor the
digitized signals from the ultrasonic detector for 20 ms, cal-
culating the moment at which the received signals peak for
the first time.2 The short width of the ultrasonic pulse
ensures that receivers detect a sharp signal peak. The con-
trolling PC then polls the receivers on the network, retriev-
ing from them the time interval between the reset signal
and detection of the first signal peak (if any signal was
detected).

Distance Calculation
For each receiver, the interval tp between the start of the sam-
pling window and the peak signal time represents the sum of
several individual periods:
• tr, the radio signal transit time from the controller to the

addressed mobile device
• tu, the ultrasound transit time from transmitter to receiver

■ Figure 1. A mobile transmitter.

2 Although the transmitter sends only one ultrasonic pulse, reflections of
this pulse from objects in the environment may also reach the receivers,
causing them to detect multiple signal peaks.
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• A number of fixed delays, d1 … dn, such as the time taken
for the FPGA to decode the radio message
We then have

(1)

Also

where lr is the distance from the controller to the
addressed device, c is the speed of light, lu is the
transmitter-receiv
er distance, and vs is the speed of sound in the
room.

Since the controller and receiver matrix will
normally be collocated, lr ~ lu. We also have c » vs,
so tu » tr, and we can therefore rearrange Eq. 1 as

(2)

By empirically determining the fixed delays d1 …
dn and making an estimate of vs based on the
ambient temperature, we can use Eq. 2 to calcu-
late the transmitter-receiver distance from the
time at which the first signal peak was detected.

Position Calculation
This principle of multilateration is demonstrated
in Fig. 2; a transmitter known to be a distance x
from a receiver must be located on a sphere of
radius x centered on that receiver. Four such
spheres around receivers placed in three-dimen-
sional space, such that they are not coplanar
and no three are collinear, will intersect at only
one point. The transmitter must have been
located at this point in order to generate the
observed distances.

In the ORL system all receivers lie in the
plane of the ceiling, and the transmitters must
be below the ceiling. This allows calculation of
transmitter positions using only three distances,
rather than the four required in the general
case. Furthermore, we can use knowledge of
additional distance measurements to refine our
position estimates, making them less susceptible
to errors in those measurements.

Suppose a transmitter is at the coordinate (u,
v, w), and the distance from it to a receiver at
the coordinate (x, y, 0)3 is l. It can be shown that

l2 = (x2 + y2) + (u2 – 2xu)
+ (v2 – 2yv) + w2

We can regard Eq. 3 as a nonlinear model
[18], and use nonlinear regression to fit the val-
ues of l, x and y for several receivers to this
model. This gives estimates u, v, and w2 of the

parameters u, v, and w2. We can then determine a best least-
squares estimate for the transmitter position as the coordinate
(u, v,– √w2), taking the negative square root of w2 to fix the
transmitter below the ceiling.4 The nonlinear model has three
degrees of freedom, and knowledge of at least three transmitter-
receiver distances is therefore required to calculate the transmit-
ter position. Furthermore, the model cannot be fitted to the data
if all receivers that detected a signal are collinear.
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■ Figure 2. Position finding by multilateration.

Measurement of distances d1

and d2 to the transmitter from
two receivers allows us to
place the transmitter on a
circular locus of points 
(yellow) where the red and
blue spheres intersect.

By measuring distance d3 to the
transmitter from a third receiver,
we can place the transmitter at
one of two points (cyan) where
the green sphere intersects the
circular locus of points comput-
ed previously.

Determination of the distance d4

form the transmitter to a fourth,
non-coplanar receiver allows us
to fix the transmitter’s location at
the magenta point. This is the
single point at which all four
spheres intersect.

■ Figure 3. Orientation from location information.

Three non-collinear
points at known
locations on an
object define a

plane.

We determine the
3D positions of the

three points.

We can then find the
3D position and orien-
tation of the object by
mapping the known
relationship between
the points onto the
measured locations.

3 All receivers lie in the plane of the ceiling.

4 A shadow solution (u, v, + √w2) corresponds to an
impossible transmitter position above the ceiling.
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Reflected signals from objects
in the environment can lead to
incorrect distance measurements.
Normally, the first signal peak
detected by a receiver will be due
to a pulse traveling along a direct
line from the transmitter. This
pulse will arrive before any reflect-
ed pulses, which must travel along
longer paths. The distance thus
measured by the system will be
that of a straight line joining the
transmitter and receiver. Occasion-
ally, however, the direct path may
be blocked, and the first received
signal peak will be due to a reflect-
ed pulse. In this case, the mea-
sured transmitter-receiver distance
will be greater than the true distance, leading to an inaccurate
estimate of the transmitter’s position.

We have developed two techniques for identifying and
eliminating inaccurate distance measurements. First we note
that the difference of two transmitter-receiver distances can-
not be greater than the distance between the receivers. If, by
comparing pairs of measurements, we find two receivers
whose results do not satisfy this test, we can state that the
larger of the two distances must be a measurement along a
reflected path (remembering that reflections can only increase
the measured distance). We can then discard that result from
the data set.

A second statistical test is based on the observation that
the proportion of receivers which detect only reflected sig-
nals is small. Studentized residuals [19] provide one method
of identifying outliers in data sets, and can be calculated for
each of the distance measurements during the nonlinear
regression process. An incorrect measurement will be con-
sidered to be an outlier in the full set of measurements, and
it is likely to have a large studentized residual. We therefore
remove the result with the largest positive studentized resid-
ual from the set of distance measurements (remembering,
again, that reflections can only increase the measured dis-
tance) before recomputing the nonlinear regression and
residuals.

The statistical test is repeated until the variance of the
remaining measurements falls below an acceptable threshold
(suggesting that all outlying data points have been eliminat-
ed), or only three measurements remain. A final calculation
of the transmitter’s position is then made using those data val-
ues. Simulations suggest that the two tests, when used togeth-

er, can identify and eliminate all
incorrect distance measurements
caused by reflections in more than
90 percent of data sets. Further-
more, less than 4 percent of cor-
rect distance measurements are
erroneously eliminated by the algo-
rithms.

Orientation Calculation
Information from the ORL system
can be used to find the orientation
of objects. If three mobile devices
are placed on a rigid body at
known non-collinear points, then
by calculating the positions of the
devices the orientation of the
object can be found, as shown in

Fig. 3. This technique is most suitable for stationary or slow-
moving objects, because the three devices will be located at
different times — any intervening movement of the object will
introduce errors into the calculated orientation. For the same
reason, it is advantageous to locate the three devices consecu-
tively. Orientations of objects whose motion is constrained in
a known way may be found using fewer positions—a single
device placed on a door, for example, could be used to deter-
mine whether it was open or closed.

Alternatively, a hint to an object’s orientation can be
obtained using knowledge of the set of receivers that detected
ultrasonic signals from a mobile device. The directional trans-
mission pattern of the ultrasonic pulse is known to be hemi-
spherical, and some orientation information about a mobile
device can therefore be found from its location and data on
where the ultrasonic pulse was detected, as in Fig. 4. If the
device is rigidly affixed to an object at a known point and in a
known orientation, an approximation for the object’s orienta-
tion can then be deduced. This approach is most suitable
when tagging of the object with multiple transmitters would
be cumbersome.

Assessment
The prototype ORL location system, equipped with 16 ceil-
ing receivers, operates over a volume of some 75 m3. Figure
5 shows the accuracy of the location information provided
by the system. 95% of raw readings lie within 14cm of the
true position, and a similar proportion of averaged readings
(calculated as the mean position over ten cycles) lie within
8cm of the true position. The main factors limiting system
accuracy appear to be the finite size of the transmitter array
and noise in the receivers. The location information can be
displayed in real-time within a VRML model of the ORL
building, as shown in Fig. 6, allowing simple interpretation
of the data.

Up to 216 mobile devices can be located by the prototype
system, a number which could easily be increased by changing
the size of the address space to, say, 48 bits. The addressable
nature of the mobile devices allows flexible operation of the
location system — different location qualities of service
(QoSs) can be allocated to different objects, reflecting the lev-
els of demand for information about them. For example, a
system that forwarded incoming telephone calls to the handset
nearest the callee would require more location information
about people, who are highly mobile, than about telephones,
which are relatively static. The current system provides five
location updates each second, which may be shared between
objects in this way. Future implementations may support sig-
nificantly higher update rates — tests have shown that a fast

■ Figure 4. Single-transmitter orientation.

Directional ultrasonic
pulse

Transmitter

Receivers
detecting

signal
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Pentium5 class PC can perform at least 25 position computa-
tions each second, and the fundamental limit to the update
rate is approximately 50 Hz.6

The daisy-chain ser ia l  network can support  up to
256 receivers. The largest volume over which the current
system could operate is around 1100 m3, a figure that
compares very favorably with the working volumes of
other location sensors. At least three transmitter-receiver
distances must be measured to compute the transmitter’s
location, but this requirement was found not to be restric-
tive, because of the large number of ceil ing receivers
and broad ultrasound transmission pattern from mobile
devices.

The system appears to work well in the office envi-
ronment .  Day- to -day  maintenance  i s  min imized  by
the power-saving technique used in the mobile units,
which limits their average current consumption to 400
µA and gives them a battery l i fetime of around three
months. No interference was seen from sources of back-
ground ultrasound in the office (such as cooling fans),
which seem to be too quiet to affect the operation of the

receivers. The highest sound pres-
sure level recorded around the
mobile devices was 110 dB, with-
in suggested exposure limits to
ultrasound in the workplace [20].

Applications
We intend to use information
from the ORL system to improve
a number of  exis t ing appl ica -
t ions .  Those that  use Act ive
Badge data to select the nearest
telephone or printer to a partic-
ular  person could make more
accurate choices based on the
detailed location information.
The teleporting system [21], which
can redirect an X Window Sys-
tem7 environment to different
computer  displays ,  could use
location and orientation data to
present a user’s familiar desktop
on a screen that  faced them
whenever  they entered a  new
location. Enhancements might
also be made to v ideophones,
which could automatically con-
figure themselves by selecting
suitable cameras, displays, speak-
ers, and microphones based on
where users were and what input
and output devices they could
interact with.

Other types of application
require fine-grained location infor-
mation that cannot be provided by
technologies such as the Active

Badge. It would be possible to manage data streams between
input and output devices based on their physical locations: a
video stream could be set up between a camera and a display
simply by touching the two together. Computer systems could
be built from component parts placed near each other; an
example might be a large display made from an array of
smaller screens. Location devices might be used to signal ges-
tures for controlling computers, or as an input tool that could
pick information up from a display and place it on another
screen or printer.

Fitzmaurice has described three-dimensional infor-
mation areas around physical  objects called spatial ly
s i tuated information spaces [22] .  Users  interact  with
these computer-synthesized spaces through location-aware
PDA “portholes”;  for  example,  a  PDA placed near a
printer might display the contents of the job queue. In
the  or ig inal  research,  the  PDAs were  located us ing
tethered electromagnetic trackers; obviously, the use of a
wireless location device such as that described in this arti-
cle would ease interaction with such spaces.

A wireless tracker could also replace a variety of other sen-
sors. Hodges and Louie describe an interactive office [23] that
gathers information about the activity of the occupants. This
data is generated by a number of different sensor types, such
as motion detectors and reed switches (which monitor move-
ment of people and the positions of doors). The ORL loca-
tion system could provide much of this information using a
single, low-powered, untethered device, thus simplifying the
physical and computing infrastructure required to support the
interactive environment.

■ Figure 6. VRML view of location and orientation data.

5 Pentium is a trademark of Intel Corporation.

6 Reverberations of the ultrasonic pulse in a typical office take up to 20 ms
to die out, and this dictates the minimum interval between transmissions
from mobile devices.

7 The X Window System is a trademark of The X Consortium.
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Conclusions

W e have demonstrated a system that can determine the
location and orientation of objects within a building.
The information provided by the system is sufficient-

ly fine-grained to allow investigation of a new set of context-
aware applications, and the system has a very large working
volume. Furthermore, the wireless, low-powered nature of the
location sensors allows them to be integrated into an everyday
working environment with relative ease.

In the near future, we intend to extend the area covered by
the prototype system and will investigate miniaturization of
the mobile devices. We will also conduct research into soft-
ware architectures that can support a large-scale system
deployment in which hundreds, perhaps thousands, of objects
are located within a building.
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