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Configuration of the mmputing and communications g/stems found at home and in the workplaceisa
complex task that currently requiresthe attention of the user. Recently, researchers have begun to
examine ommputers that would autonomoudy change their functionality based on observations of who
or what was aroundthem. By determining their context, using inpu from sensor systems distributed
throughout the environment, computing devices could personalize themsalves to their current user,
adapt their behaviour according to their location, or react to their surroundings. We present a novel
sensor system, suitable for large-scale deployment in indoor environments, which al ows the locations
of people and equipment to be acaurately determined. We al so describe some of the context-aware
applications that might make use of this fine-grain location information.

Introduction

The modern home and dffice ae eguipped with sophisticated computing and communications devices,
many of which require sgnificant effort or spedalist knowledge to configure and use dfedively.
Whilst the complexity of such devices will surely increasein the future, it may be possble to make
them more user-friendly by transferring some of the anfiguration burden to the devices themselves.
These ommputers would be context-aware, changing their behaviour based on how and where they were
being used.

A context-aware computer or appli cation must be able to determine the state of its surroundings. One
method of discovering context isto monitor the locations of objeds in the environment. In this paper,
we first present an overview of research into location-aware cmputing and evaluate arrently available
location sensor technol ogies. We then describe anew location sensor, tailored to provide information
for context-sensitive ammputers, which has been developed at the Olivetti and Oracle Research
Laboratory (ORL). Finally, we examine potentia appli caions of this g/stem in an Active Office [1]
where location-aware ejuipment will be commonplace

Location-aware Computing

Much of the eisting research into context-aware mwmputing hes used location information provided by
Active Badges' [2][3], small computing devices worn by personnel. Each badge has a globally unique
code that is periodically broadcast through an infrared interface The infrared signalsreflea off walls
and furniture to flood the surrounding area, and are picked upby a network of sensors placed around
the buil ding. By determining which badges were seen by which sensorsit is possble to deducethe
location of a badge, giving a hint to the location of the badge's owner. Applicaionsin which Active
Badge information has been used include telephone @l routing, searity and environmental

contral [4].
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An extenson to this gstem all ows equipment to be tracked using alow-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 mmputer and printersreport their positions, and the computer
isautomatically configured to use the nearest available printer asit is moved around a building.

The ParcTab [5] isa Personal Digital Assstant (PDA) that uses an infrared-based cdl ular network for
communication. The infrared transmisgons from ParcTabs can be used to determine their locationsin
the same way as Active Badges are located. Schilit et al. describe the use of the ParcTab system to
implement appli cations involving context-triggered actions and automatic recnfiguration [6]. The
ParcTab has adso been used to implement a memory prosthesis [7] in which information about the
user' scontext is coll eded anarganized to form a biography that cen be mnsulted at alater time.

Weiser has considered how the widespread deployment of |ocation-aware devices might change the
way we interact with computers [8]. He mnsidersavision of Ubiquitous Computing, in which
computing el ements are integrated into the environment to such an extent that they become invisible to
common awareness There will be anumber of different types of devicein this computing fabric,
ranging in size to support different tasks. However, devices will not be spedalized to a particular
task—instead, they will be @pable of adapting their behaviour based upon what is happening around
them.

Sensor Technologies

Systems like the Active Badge and the ParcTab are robust, relatively cheap, and can be integrated into
everyday working environments. However, they locate objects only to the granularity of rooms, which
act as natural containers for the infrared signals emitted by the devices. Thislimitsthe extent to which
applications can adapt based on information from the system. It istherefore pertinent to consider other
sensor technol ogies that might give finer-grain location information about objectsin the officeand
home.

Eledromagnetic trackers [9][10] can determine oljed locations and arientationsto ahigh accuracy and
resolution (around 1Imm in position and 0.2°in orientation), but are expensive and require tethersto
contral units. Furthermore, eledromagnetic trackers have a short range (generally only a few metres)
and are sensitive to the presence of metallic objeds.

Optical trackers are very robust, and can achieve level s of accuracy and resolution similar to those of
eedromagnetic tracking systems. However, they are most useful in well -constrained environments,
and tend to be expensive and mechanicdly complex. Examples of this class of positioning devicearea
head tracker for augmented reality systems[11], and alaser-scanning system for tracking human body
motion [12].

Radio positi oning systems such as GPSand LORAN [13] are very successful in thewide-area, but are
ineffective in buil dings because of the refledions of radio signals that occur frequently in indoor
environments. In-buil ding radio positi oning systems do exist (for example, the work of Feuerstein and
Pratt [14]), but offer only modest location accuracies of around 50cm or more.

Location information can also be derived from analysis of data such asvideo images, asinthe MIT
Smart Rooms projed [15]. Accurate object locations can be determined in thisway using relatively
cheap hardware, but large amounts of computer processng arerequired. Furthermore, current image
andysis techniques can only deal with simple scenesin which extensive features are tracked, making
them unsuitable for locating many objeds in cluttered indoor environments.

After studying the arrently avail able sensor technologies we oncluded that none was well suited to
the task of generating fine-grain location information for use in context-aware wmputing. Such a
sensor would be acaurate, reporting the positions of objeds in threedimensionsto within 15cm of their
true locations. It would be scalable, bath in the number of objeds located and the aea covered by the
system, and would have a minimum of impact on the environment it was monitoring. We have
undertaken work to develop alocation system that mees these requirements.



A New Location Technique

The ORL ultrasonic location system extends the work of Figueroa and Mahajan [16] and Dousss[17],
who describe a system for mokil e robot positi oning. M easurements are made of times-of-fli ght of
sound pulses from an ultrasonic transmitter to recevers placed at known positions around it.
Tranamitter-recever distances can be alculated from the pulse transit times, from which, in turn, the
transmitter'slocation isfound by multilateration.

Hardware

A smadl, wirelesstransmitter is attached to every object that isto be located. The devices, shown in
Figure 1 consist of a microprocessor, a 418MHz radio transcaver, a Xilinx FPGA and a hemispherical
array of five ultrasonic transducers. Each prototype mohil e device has a unique 16-bit address is
powered by two lithium cdl's, and measures 100mmx60mmx20mm.

Figure 1 - A mobile transmitter

A matrix of recever elementsis mounted on the celing o theroom to be instrumented. Recévers are
placed in an array, 1.2m apart—the prototype system has 16 recevers in a four-by-four square grid.
Each receaver has an ultrasonic detedor, whose output is passed through an amplifier, redifier and
smoathing filter before being digitized at 20KHz by an ADC. The ADC is controll ed by a Xilinx
FPGA, which can monitor the digitized sgnal levels. Recelvers also have a serial network interface
throughwhich they areindividually addressable, and are conneded in a daisy-chain to a contralling
PC.

Every 200ms, aradio message mnsisting of a preamble and 16-bit addressis transmitted in the
418ViHz band by a controller also conneded to the PC. The PC dictates which addressis ent in each
message. Theradio signals are picked up by the transcaver on each mohil e deviceand deaoded by the
on-board FPGA. The single addressed device then drives its transducers for 50us at 40KHz, and an
ultrasonic pulse is broadcast in aroughly hemispherical pattern around the top of the unit. After
receving amessage, mohil e devices enter a power-saving state, activating themselves 195ms later,
ready for the next message.

The ontrolling PC sends areset signal to the recevers over the serial network at the sametime as each
radio message is broadcast. The FPGAs on each recaver then monitor the digitized signals from the
ultrasonic detedor for 20ms, cal culating the moment at which the receved signals peak for the first
time®. The short width of the ultrasonic pulse ensures that recévers deted a sharp signal peak. The
contralling PC then poll stherecevers on the network, retrieving from them thetime interval between
thereset signal and detedion of the first signa pedk (if any signal was deteded).

8 Although the transmitter sends only one ultrasonic pulse, reflections of this pulse from objectsin the
environment may also reach the recevers, causng them to deted multiple signal peaks.



Distance calculation

For each recever, theinterval t, between the start of the sampling window and the peak signal time
represents the sum of several individual periods:

« t,theradio signal transit time from the antroller to the addressed mohil e device.

¢ t,, theultrasound transit time from tranamitter to receaver.

e A number of fixed ddays, d;...d,, such asthetimetaken for the FPGA to deade theradio
message.

We then have
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where |, isthe disance from the @ntroller to the addressed device, c isthe spedl of light, |, isthe
transmitter-recaver distance and vsis the speead of sound in the room.

Sincethe controll er and recéver matrix will normaly be coll ocated, |, ~ |,. We also have ¢ » v, SO
t, » t;, and we @n therefore rearange Equation 1 as

L=vxd, -5l @)

By empiricdly determining the fixed delays d;...d, and making an estimate of v based on the ambient
temperature, we @n use Equation 2 to calculate the transmitter-recaver digancefrom thetime &
which the first signal peak was deteded.

Position calculation

This principle of multilateration is demonstrated in Figure 2; atransmitter known to be a distance x
from arecever must be located on a sphere of radius x centred on that recever. Four such spheres
around recevers placed in threedimensional space, such that they are not coplanar and no three ae
callinea, will intersed 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 recéversliein the plane of the céling, and the transmitters must be below the
caling. Thisallows calculation of transmitter positi ons using only threedistances, rather than the four
required in the general case. Furthermore, we @n use knowledge of additional distance measurements
to refine our positi on estimates, making them less sisceptible to errors in those measurements.



Measurement of distances d1 & 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 computed previously.

Determination of the distance d4 from 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 2 - Position finding by multilater ation



Suppose atransmitter is at the coordinate (u,v,w), and the distance from it to arecever at the
coordinate (x,y,0)” is! . It can be shown that

12 = (x* + y?)+ (U2 - 2xu)+ (v —2w)+ W (3)

We @n regard Equation 3 as anonlinear modd [18], and use nonlinea regresson to fit the values of
I,x and y for several receversto thismodel. This gives estimates u, v and w? of the parameters u, v and
w2, We @n then determine a best least-squares estimate for the transmitter position as the coordinate
(u,v,-VWP), taking the negative square root of W to fix the transmitter below the céling'™. The nonlinea
model hasthreedegrees of freedom, and knowledge of at least threetransmitter-recever distancesis
therefore required to cdculate the transmitter positi on. Furthermore, the model cannot be fitted to the
dataif all receversthat deteded asignal are allinear.

Reflected signals from objects in the environment can lead to incorred distance measurements.
Normally, the first signal peak deteded by areceaver will be dueto apulse travelling along adired line
from the tranamitter. This pulse will arrive before ay refleded puses, which must travel along longer
paths. The distancethus measured by the system will be that of a straight line joining tranamitter and
recever. Occasionally, however, the dired path may be blocked, and the first receved signa peak will
be dueto arefleded puse. In this case, the measured transmitter-recaver distancewill be greaer than
the true distance, leadingto an inacaurate etimate of the transmitter's positi on.

We have devel oped two techniques for identifying and diminating inaccurate distance measurements.
Firg we note that the diff erence of two transmitter-recever distances cannot be greater than the
distance between therecavers. If, by comparing pairs of measurements, we find two recevers whose
results do not satisfy thistest, we an state that the larger of the two distances must be a measurement
along arefleded path (remembering that refledions can only increase the measured distance). We can
then dscard that result from the data set.

A second, statisticd test isbased upon the observation that the proportion of receversthat deted only
refleded signalsis smal. Studentized resduds [19] provide one method of identifying outliersin data
sets, and can be @lculated for each of the distance measurements during the nonlinea regresson
process An incorred measurement will be emnsidered to be an outlier in the full set of measurements,
and it islikely to have alarge studentized residua. We therefore remove the result with the largest
positi ve studentized residual from the set of distance measurements (remembering, again, that
refledions can only increase the measured distance), before recomputing the nonlinea regresson and
residuals.

The statigtical test isrepeated until the variance of the remaining measurements falls below an
acceptable threshold (suggesting that all outlying data points have been di minated), or only three
measurementsremain. A final calculation of the transmitter's position is then made using those data
values. Simulations suggest that the two tests, when used together, can identify and eliminate dl
incorred distance measurements caused by reflections in more than 90% of data sets. Furthermore, less
than 4% of corred distance measurements are eroneoudy eliminated by the algorithms.

Orientation calculation

Information from the ORL system can be used to find the orientation of objects. If threemobil e devices
are placed on arigid baly at known, non-collinea points, then by cal culating the positions of the
devices the orientation of the objed can be found, as 1own in Figure 3. Thistechnique is most suitable
for stationary or ow-moving objeds, because the threedevices will be located at different times—any
intervening movement of the objed will introduce erorsinto the clculated arientation. For the same
reason, it is advantageous to | ocate the threedevices conseautively. Orientations of objeds whose
motion is constrained in a known way may be found using fewer positions—asingle device placed on a
door, for example, could be used to determine whether it was open or closed.

™ All recéversliein the plane of the céling.
™ A shadow solution (u,v,+vVw?) corresponds to an imposshble transmitter positi on above the céling.
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Figure 3 - Orientation from location infor mation

Alternatively, a hint to an object's orientation can be obtained using knowledge of the set of recevers
that detected ultrasonic signas from amohil e device The dirediona transmisgon pattern of the
ultrasonic pulse is known to be hemisphericd, and some orientation information about a mohil e device
can therefore be found from itslocation and data on where the ultrasonic pulse was deteded, asin
Figure 4. If the deviceisrigidly affixed to an olject at aknown point andin a known orientation, an
approximation for the object's orientation can then be deduced. This approach is most suitable when
tagging d the ohjed with multiple transmitters would be aimbersome.

Receivers
detecting

~s—— Directional ultrasonic pulse

. Transmitter

Figure 4 - Single transmitter orientation

Assessment

The prototype ORL location system, equipped with 16 celling recevers, operates over a volume of
some 75m°. Figure 5 shows the acauracy of the location information provided by the system. 95% of
raw readings liewithin 14cm of the true position, and a simil ar proportion of averaged readings
(calculated asthe mean position over ten cycles) lie within 8m of the true position. The main factors
limiting system accuracy appear to ke the finite sze of the tranamitter array and noisein the recavers.
The location information can be displayed in red-time within aVRML model of the ORL buil ding, as
shown in Figure 6, allowing smple interpretation of the data.

Up to 2*° mobil e devices can be located by the prototype system, a number which could easily be
increased by changing the size of the address paceto, say, 48 bits. The addressable nature of the
mohil e devices all ows flexible operation of the location system—different location qualities-of-service
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can be all ocated to diff erent objects, refleding the levels of demand for information about them. For
example, a system that forwarded incoming telephone cdl sto the handset nearest the cdl eewould
require more location information about people, who are highly mohil , than about tel ephones, which
arerelaively static. The arrent system provides five location updates each second, which may be
shared between aobjectsin thisway. Future implementations may support significantly higher update
rates—tests have shown that a fast Pentium**-classPC can perform at least 25 position computations
each second, and the fundemental limit to the update rate is approximately 50Hz®S.

The daisy-chain seria network can support up to 256recevers. The largest volume over which the
current system could operateis around 1100m°, a figure that compares very favourably with the
working vdumes of other location sensors. At least threetranamitter-recéver distances must be
measured to compute the transmitter's location, but this requirement was found not to berestrictive,

because of the large number of cdli ng recavers and broad utrasoundtransmisson pattern from mokbile
devices.
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Figure 6 - VRML view of location and orientation data

* pentium isatrademark of Intel Corporation.

%8 Reverberations of the ultrasonic pulse in atypical officetake up to 20msto de out, and this dictates
the minimum interval between transmisgons from mobil e devices.



The system appeas to work well in the office awironment. Day-to-day maintenanceis minimized by
the power-saving technique used in the mohil e units, which limitstheir average airrent consumption to
40QuA and gves them a battery lifetime of aroundthreemonths. No interferencewas e from
sources of background utrasoundin the office (such as coding fans), which sean to be too quiet to
affed the operation of the recevers. The highest sound presaure level recorded around the mokile
deviceswas 110, within suggested exposure limitsto utrasound in the workplace[20].

Applications

We intend to use information from the ORL system to improve a number of existing appli cations.
Those that use Active Badge data to seled the nearest telephone or printer to a particular person could
make more accurate choices based upon the detail ed |ocation information. The Teleporting

System[21], which can redired an X Window System™ environment to different computer displays,
could use location and arientation datato present a user's familiar desktop on a screen that faced them
whenever they entered anew location. Enhancements might also be made to videophones, which could
automaticdly configure themselves by sdeding suitable ameras, displays, speakers and microphones
based on where users were and what input and output devices they could interact with.

Other types of appli cation require fine-grain location information that cannot be provided by
technologies sich asthe Active Badge. It would be poss ble to manage data streams between input and
output devices based on their physical |ocations—a video stream could be set up between a canera and
adisplay simply by touching the two together. Computer systems could be built from component parts
placed nea each other; an example might be a large display made from an array of smaller screens.
Location devices might be used to signal gestures for controlling computers, or asan inpu tod that
could pick information up from a display and placeit on another screen or printer.

Fitzmaurice has described threedimensiona information areas around physical objeds called Spatially
Stuated Information Spaces [22]. Usersinteract with these ammputer-synthesi zed spaces through
location-aware PDA ‘portholes ; for example, a PDA placed nea a printer might display the mntents
of thejob queue. In the original reseach, the PDAs were located using tethered eledromagnetic
trackers—abvioudy, the use of a wirelesslocation device such asthat described in this paper would
ease interaction with such spaces.

A wirdesstracker could also replacea variety of other sensors. Hodges and Louie describe an
Interactive Office [23] that gathers information about the activity of the occupants. This datais
generated by anumber of different sensor types, such as motion detedors and reed switches (which
monitor movement of people and the positions of doors). The ORL location system could provide
much of thisinformation using asingle, low-powered and untethered device thus simplifying the
physical and computing infrastructure required to support the interactive evironment.

Conclusions

We have demondtrated a system that can determine the location and orientation of objects within a

buil ding. The information provided by the system is aufficiently fine-grained to all ow investigation of a
new set of context-aware applications, and the system has a very large working vdume. 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 nea future, we intend to extend the aea covered by the prototype system and will investigate
minaturization of the mohil e devices. We will aso conduct reseach into software architedures that cen
support alarge-scale system depl oyment in which hundreds, perhaps thousands, of objects are located
within a building.

™ The X Window System is a trademark of The X Consortium.
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