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Abstract

Postioning by Diffuson is a method by which mobile and atic devices can cdculate
their positions, by means of exchanging information over short range wirdesslinks. It is
intended for deployment within shopping mals, corporate buildings, theme parks etc..
The implementation is in software, and does not impose extra hardware requirements on
mobile or Satic devices. Another objective is to minimize the syssem administration and
deployment cogts, by minimizing the required number of devices which have their
position programmed into them — devices we define as Access Points — for the syssem to
operate. The pogitioning system works instead by a seamlessinter-working of the
agorithm across Access Points, static devices which learn their posgition rather than
having it pre-programmed, and mobile devices.

1 Introduction

This paper isagenera overview of Pogtioning by Diffuson, amethod for mobile and
static devicesto caculate their postion from communications with other devices, across
short-range wirdesslinks. It isaimed at an in-building environment, and is characterized
by low complexity of implementation, and low overhead in system adminigration.

Postioning within buildingsis ardaively new idea, in contrast to positioning outside of
buildings (often cdled ‘Location’ in this context), which isfarly well established.

Severd Location techniques have been standardized for use in conjunction with mobile
cdlular technology, and the much more accurate GPS is o becoming much more
widdy used. However, these technologies will not work well within buildings, and the
cdlular technologies do not have sufficient accuracy. Consequently new ideas have to be
sought, based on short range wireless technology.

Some of the gpplications of cdlular and GPS Location will aso be gppropriate within
buildings. For example, postioning in the event of arequest for hep in an emergency isa
service relevant to shopping malls, airports, hospitals and so on. Other classes of
gpplication, such as enabling vigtors within corporate buildings quickly find fecilities

and sarvices, or to automatically locate the nearest suitable printer for example, or
dlowing hot-desking roving workers to be easily located by co-workers, are gpplications
specific to the indoor as opposed to the out of doors environment.

One option for in-building positioning sysemsis to densaly cover the areawith fixed
devices which have been programmed to hold their position — devices which we term
Access Points. However, deploying many Access Points involves alot of adminigtration
in terms of programming into each Access Point its position, as wdl asingdlation and
mai ntenance overheed.



The dternative approach described in this paper minimizes the number of Access Points
required for the system to operate, by taking advantage of the existence, in the near
future, of the multitude of short-range wireless enabled Stationary devices. For example,
in the corporate environment PCs, printers, scanners, photocopiers etc. are in the near
future likely to be enabled with short-range wireless connectivity. Such devices are
termed Static Devices.

The Pogtioning by Diffusion gpproach is characterized by a seamless inter-working of
the positioning agorithm across Access Points, Static Devices as described, and Mobile
Devices. The actud movement of Mobile Devicesis used to diffuse position information
from Access Points — which have had thelr pogtion programmed into them — to Static
Devices which the former passes close to. Subsequently, other Mobile Devices passing
close to Static Devices can obtain this stored position information to perform positioning
cdculations. The postion data origindly emanating from asmal number of Access
Points can be combined to perform positioning calculations.

The Pogtioning by Diffusion is dso seamless, in that — given asmdl number of Access
points - it can dlow communicating Static Devices in the aosence of Mobile Devices, to
perform postion caculations. In asmilar way, in the absence of Static Devices, Mobile
Devices can often perform reasonable position estimates, by exchanging among
themsdlves position data, which was originaly sourced at the Access Points.

Postioning by Diffusion is aso characterized by low device complexity, in that adevice
enabled with short-range wireless — Bluetooth for example — will implement the
Pogtioning by Diffuson in asmal software module, and will not require any extra
hardware. In particular, no changes to antennae are required.

The Pogtioning by Diffuson isamed mainly a in-building deployment, where GPS
cannot operate well, if at dl. Postioning by Diffusion could be deployed within corporate
buildings, or government or administrative buildings. It could dso be usefully deployed

in shopping mals, hospitals, airports, tourist atractions and theme parks, city centers
and univergty campuses, with short range wireless coverage.

Thetypica gpplications will vary from deployment to deployment. Within a corporate
building thereis an increasing tendency for people to ‘ hot-desk’, in other words come
into the building severd times per week, St in adifferent location each time, and plug in
alaptop. A postioning system could alow them to be quickly found by colleagues.
Another gpplication of positioning is asset tracking of dectronic office equipment.
Smilarly, within the medica, engineering and scientific environment, the tracking of
expendve equipment isimportant.

Within the mobile communications industry, a key marketing am has been the
persondization of the user experience. Within a shopping mal for example, the ability to
position a Mohile Device dlows such personalized service as sending the mobile user
text or audio information about new products, prices, discount offers etc. which arein the
us’simmediate vicinity.



Within campuses, corporate buildings, tourist attractions, theme parks etc. an obvious
application of pogtioning is alowing vistors to navigate through an unfamiliar
environment. There are indeed many other positioning gpplications, and additionaly
many other services which can be enhanced by incorporating the positioning informetion.

Another important application of positioning technology is as the prerequisite first stage
in Geographic Routing, particularly for Ad Hoc Networks [2], [3]. [3] and [4] report
positioning agorithms, which assume both continuous connectivity between adjacent
devices and accurate distance measurement based on hardware such as Time of Arriva.
The assumptions for Pogtioning by Diffusion are more generd, in that a more dynamic
environment is assumed in which connectivity is not dways continuous, due to the
movement of Mobile Devices, and extra hardware to very accurately measure distanceis
not assumed to be available.

A couple of points about the agorithm are relevant. The (probably nove) approach of
using the actua movement of mobile usersto in effect carry out diffusion of podtion
information to Static Devices opens up the possibility of using the geometric method,
described in this paper, of calculating the position estimate. The method is probably an
optima caculation, given the systlem assumptions, of the position estimate.

The Pogtioning by Diffuson uses adightly non-obviousway of conveying postioning
information from device to device. Initidly the best idea gppears to be for devices to send
to other devices the best estimate of their pogition. There are severd drawbacks with this,
one being that it may not cope well with very heavily asymmetric patterns of movement

of mobile users and uneven distributions of Access Points. Another drawback isthat if
the output of the postioning caculation for one device is used as the input to the
positioning caculation for another device, any inaccuraciesin the agorithm will tend to
build up cumulaively within the digtributed system of caculaions. Ingteed, in

Postioning by Diffusons, Static Devices and Mobile Devices will communicate to each
other the raw information about the Access Points, to dlow caculations based directly on
the source, rather than processed data.

Bluetooth ([5] and [6]) is an example of a short-range wireless network over which
Pogtioning by Diffusion could operate, and indeed Positioning by Diffusion has been
submitted to the Bluetooth Local Postioning Working Group as an agorithm for
implementing the pogitioning. However, Postion by Diffuson isin genera independent

of the short-range wireless technology, and could be envisaged to operate in combination
with various other short-range wireless networks.

2 A Generic Overview of the Operation of the Algorithm

In this section, ahigh-levd summary is given, of how the Pogitioning by Diffuson
dgorithm operates, focusing in a sense on the ‘ Diffuson’ agpect of the dgorithm. As
discussed before, Access Points have an inherent knowledge of their position, and may
well have been programmed by an administrator to hold accurate position information.



Since there is some adminigrative overhead in ensuring the Access Points each have their
position accurately programmed into the device, a motivating assumption has been that
there should be arequirement for only minimal number of Access Points to make the
system operate. Access Points may be stand-alone devices, or the Access Point
functiondity could be incorporated into another device, such as adevice dlowing short-
range wireless accessto LAN or internet services.

Static Devices participating in the agorithm are defined as short-range wirel ess equipped
devices which are generdly static while operating (e.g. PCs, most printers,
multifunctiona photocopiers etc.), and which do not have inherent position information,
but which can estimate their pogition as aresult of the Pogtioning by Diffusion
Algorithm. Static Devices can in effect hold positioning information they have
accumulated as aresult of the agorithm, over ardatively long period of time,

Positioning information can be transferred in the following ways:
From Access Point to Mobile Device

From Access Point to Static Device

From Static Device to Static Device

From Static Device to Mobile Device

From Mobile Device to Static Device

From Mobile Device to Mobile Device
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Figure 1. Thedotted lines show the path of 4 M obile Devices, which pass near to therespective Access Points
at timestl, t2, t3 and t4, and progresstowar dsto the Static Device, communicating position information

with thelatter. Thetimestl,t2, t3 and t4 could be separated from each other by hoursor even days.
Subsequently, thisinformation can be communicated to another Passing M obile.




A number of Stuations which can typicdly arise, are outlined as follows.

a) Initidly Static Devices have no postioning information. A Mobile Device passes
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Figure 2. Static Devices communicate positioning infor mation to neighbour swithin short-range wir eless
range. Thisallows position estimatesto be made, even in the absence of M obile Devices.

an Access Point and receives pogtioning information from the Access Point. A
short time later it passes a Static Device, and so is able to pass on the positioning
information, sourced at the Access Point, to the Static Device. Smilarly, other
Mobile Devices will first pass an Access Point, then the Static Device, again
passing further positioning information to the Static Device. The Static Devices
gan progressvely more pogtioning information as time goes on. Some time later
— possibly many hours or even days later — a further Mobile Device passes such a
Static Device, and the pogitioning information is passed from the Static Device to
the Mobile Device.

In generd, the Static Devices can obtain pogtioning information from passing
Mobile Devices, which can subsequently be used by another Mobile Device.
Anacther way in which pogtioning information may be diffused in this Stuation is



by a Mobile Device receiving positioning information from another Mobile
Device.

b) Itispossblethat in some stuations, there may be no Mobile Devices. Provided
the Static Devices form a contiguous network (i.e. successve devicesin range of
each other), and there are a number of Access Points around the edge of the
contiguous network, then positioning information can be sourced from the Access
Points, and diffuse among the Static Devices. This alows the Static Devices to
make a reasonable estimate of their position.

It is of course aso possible for a particular Static Device to make use of some
position information passed from nearby peer Static Device(s), and aso to make
use of pogitioning information communicated from a passing Mobile Device as
describedin @).

c) Itispossblethat in some Stuations, there may be no Static Devices. A Mobile
Devicein range of one or more Access Points can estimate its position by
positioning information passed from the Access Point(s) to the Mobile Device.
The Mobile Device can dso receive postioning information from other Mobile
Devices. Even when Mobile Devices are some way from Access Points, a group
of Mohile Devices, which have come from different directions (and have
communicated with different Access Points) can diffuse their information to each
other, and be in a position to perform reasonably good position estimates.

d) Another possible stuation is where the Access Points are much more densely
Stuated, and so Mobile and Static Devices may be able to communicate with
multiple Access Points. Algorithms need to be able to operate in this Stuation,
but, owing largdly to the cost involved, Access Points are much more likely to be
deployed more sparsely, and this paper focuses on this latter Situation.

The operation with very smal and very low power Mobile Devices, which will haveto
communicate less frequently, needs consdering. In the sort of Situation described in a),
there are rdatively few Access Points, but a number of Static Devices. The Static Devices
can obtain pogitioning information only from passing low power Mobile Deviceswhich
happen to be actively communicating at that point.

So Static Devices il build up positioning information over time as outlined in @), dbelt
at adower rate. Subsequent Mobile Devices may then obtain positioning information
from anearby Static Device, possibly as aresult of auser or gpplication actively
requesting a position estimate.



3 A Look at the Geometry of the Algorithm
3.1 A Simple Example

In this section, some smple stuations are outlined, in which knowledge accumulated by
short-range wireless tranamission can be used to determine the region in which aMobile
Deviceislikely to be located. In the smplest case, the region will be defined asthe area
within acircle, but in more complicated cases, a somewhat more complex region is
derived.

Suppose aMobile Device A can communicate with an Access Point APL. In generd, a
maximum distance of transmission, MD, can be determined. This might be amaximum
range of the particularly wirdess technology. Alternatively there may be a maximum
range for the particular circumstances. For example, the receiver may use the strength of
received Sgnals, possibly compared with the received signa strength of other recently
received transmissons, to get a better estimate of maximum distance.

For amplicity of explanation, ageneral maximum distance for the particlar wireess
technology will be used in the description that follows.

a) Thesmplest caseiswhen the Mobile Device A can communicate with Access
Point APL. It isclear that Dist (A, AP1) £ MD , where Dit isthe geometric
distance between the 2 points within the brackets. Clearly, the equation means
that A islocated within acircle centered at APL, of radius MD. To expressthis
more generdly, A’s Region of Possible Positions isthe circle centered at AP1,
with radius MD.

b) If asecond Mobile Device B isinrange of A, while A isdso within range of
AP1, then Dist (B, APL) £ 2MD , in other words, B’s Region of Possble Postions

iswithin acircle of radius 2MD from APL1.

c) Itisassumed that within atypica environment for which the dgorithm is
envisaged — e.g. corporate building, shopping mal, etc., there will be a practica
maximum limit of pedestrian Speed above which it is very unlikely mobile users,
and hence Mobile Devices, will trave. This maximum speed is abbreviated to
MS Consdering again Mobile Device A, suppose A loses touch with Access
Point 1, and the time of itslast communication with APL ist;.

Then e alater imet, Dist (A AP £ MD + (t - t,)MS
i.e. A’sRegion of Possble Postionsiswithinacircleof MD + (t - t1)MS of
APL

Thiscircleis cdearly expanding in Sze astime progresses, the radiusincreasing a
arate MSper unit time. The expanding circle implies that in the absence of
further information, there isless certainty as time progresses of where exactly the
Mobile Deviceis pogtioned.
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Region of Possible Positions for Mobile Device B in

Region of Possible Positions for Mobile Device contact with A, while A isin contact with AP1.

A in contact with AP1.
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) ) N ) ) o Region of Possible Positions for Mobile Device A if it loses
Region of Possible Positions for Mobile Device A if it contact with AP1 a timet,, and is al'so in contact with C, C
loses contact with AP1 at time't,. having lost contact with AP2 at timet,.

Figure 3. Some Examples of the Region of Possible Positionsin Various Circumstances

d) Suppose further that Mobile Device C last communicates with Access Point AP2
a timet,, and then communicates with Mohbile Device A @ timet. Clearly,

Dist(C, AP2) £ MD +(t - t,)MS, and since C and A are now communicating,

Dist (A, AP2) £ 2MD +(t- t,)MS i.e A iswithinacirdeof 2MD +(t - t,)MS
of AP2.

However, it isaso known from c) that Dist (A, APL) £ MD + (t - t,)MS
Therefore, from the information available, it can be deduced that A’s Region of

Possble Pogtions is within the intersection of the two circles, one centered at
AP1 and the other at AP2.

It isdso clear that if Mobile Device A communicates with a further device D, which
recently communicated with an Access Point AP3, Mohile Device A can dso deduceit is
within athird circle centered at AP3, in addition to the two circles mentioned. So A’s
Region of Possble Positions is within the intersection of three circles. Figure 4 in fact
shows such a Stuation.

It is possible to generdize about the Region of Possible Positions, using @) to d) above.
Point &) indicates that while a Mobile Device can communicate with only one Access
Point, its Region of Possible Postionsisacircle of radius MD, centered at the Access
Point. Asis shown in b) when the Region of Possible Postionsis communicated from
one device to another, its Sze expands by MD in dl directions. From ¢) one seesthat in
the absence of further pogtioning information, the Region of Possible Postionsfor a
Mobile Device expands at arate MS per unit time. Findly, d) showsthet if positioning



information pertaining to more than one Access Point is obtained by a Mobile Device, the
Region of Possible Positions will be the intersection of two or more circles,

3.2 The Protocol for Diffusing and Updating Position
Information

The observations of the previous section are used when defining the protocol for
diffusing the pogtion information. The information is conveyed in Position-Distance
Pairs. A Postion-Distance Pair has two fields, position and distance, and is expressed as
{ Position,Distance} . The Pogtion field will in genera be a coordinate in 2 dimensions,
S0 the Position-Distance Pair in itslonger form could be written as

{ (Position,,Position,), Distance} .

When two devices communicate, the PogitionDistance Pair isin effect copied from one
device to another, and many such operations cause it to be diffused among devices.
Asthe Position Distance Pair is copied or diffused, it is manipulated according to the
following rules. The rules are framed in away which can be implemented on Mobile and
Static Devices, and aso take into account that inter-device transmissonswill generdly
be in the form of a discrete event, when a packet or frame is sent between devices.

1. A Podtion-Distance Pair is generated by an Access Point, and initidly, the
Digtance Vdueis set to 0. The Pogtion field is set to be (the x- and y-coordinates
of) the position of the Access Point.

2. The Podgtion field does not ater as the Postion-Distance Pair diffuses from
deviceto device.

3. When acopy of the PositionDistance Pair is received by aMobile Device or a
Static Device, the Distance field isincreased by MD. As discussed previoudly,
MD may be a general maximum distance for a particular short-range wirdess
technology, or may be amaximum distance of transmission based on current and
local factors, as determined by the receiving device.

4. Eachdevice hasasmdl piece of memory for storing Position-Distance Pair
information. When a Positiont Distance Pair is received by a device, subsequent to
increasing the Digtance field by MD as just described, the receiving device carries
out the following caculation. If the recelving device does not dready haveinits
memory a Position-Distance Pair with the same Pogtion field value asthe
incoming Pogtion Distance Pair, then the incoming Pogition Digtance Pair is
gored in the device' s memory. If the receiving device does dreedy havein its
memory a Position-Distance Pair with the same Postion field value asthe
incoming Position:Distance Pair, then if the stored Distance vaue is higher than
the incoming Digtance vaue, the stored Distance vaue is overwritten by the
incoming Digtance vaue.

5. During the time a Pogtion-Distance Pair is held in a Mobile Device' s memory,
the Digtance fidd vaue isincreased by MS per unit time. This could be done on a
continuous basis, or a more efficient implementation could be to use an internd
clock, and to do the appropriate increase (based on eapsed time) on the Distance



vaug(s) in memory, the next timeit is utilized in a calculation or communicated
to another device. Thisincrease of MS per unit timeis not carried out on Static
Devices.

As can be seen, a Position-Distance Pair is sourced at an Access Point. While held within
aMobile Device, its Distance value increases at a constant rate MS, due to the fact that
the Mobile Device may move, and so its Region of Possible Pogitions increases. Also,
when inter-device transmission takes place, a copy of the Position-Digtance Pair is
transferred to the new device, with an increase in Distance value, owning to the fact that
the Regions of Possble Postions hasincreased by MD.

The protocol for individual Position-Distance Pairs has been described above. In practice,
agroup of more than one Pogition-Distance Pairs will be transferred from one device to
another, with each individua Position Distance Pair being processed according to the
above rules. The transfer of agroup of more than one PositionDistance Pairs being
transferred from one device to another implies that a Region of Possible Positions more
complex than just acircleis being transferred. In generd, a 2-way exchange of Postion+
Digtance Pairs between communicating devices is most effective, but there may be some
dependencies on the underlying short-range wireless technol ogy.

Within Mobile Devices, PostionDistance Pairs do not exist indefinitely. They may be
superseded by Position-Distance Pairs pertaining to the same position, but with alower
Distance Vdue (see 4.). Thereis dso amechanism described later which will cause less
useful Position Distance Pairsto be diminated.

From an intuitive point of view, as the Distance vaue of a Postion-Distance Pair
increases over time, the Position Distance Pair becomes less useful, since the Region of
Possible Positions defined becomes larger i.e. the knowledge of the position of the device
which can be derived becomes more vague. The Distance value can be seento be
inversdly related to the confidence level associated with the Position-Digtance Pair.
Intuitively it can be seen as well that faster moving Mobile Devices will tend to convey
more useful information to other devices. By the time a dower moving device reechesa
peer device and transfers positioning information, the Distance value(s) of the Position:
Digtance Pair(s) transferred will have increased, thus rendering the positioning
information less useful, and more likely to be diminated in the mechanism described in
point 4., described above.

A point related to the last paragraph is that the Sze of the Region of Possible Postionsis
an indication of the confidence level of a position estimate. A large Region of Possible
Pogtions indicates less certainty or confidence of the exact position of aMobile or Static
Device. A confidence measure can therefore be calculated, based on the area or
dimensions of the Region of Possible Positions, and this can be output to an application
in pardld with any actud estimate of pogtion.

Within Static Devices, the Distance VVaue of the Pogition-Distance Pair is not increased
in proportion to MS asis donein Mobile Devices, and in this sense, the confidence level
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associated with the Position-Distance Pair does not diminish over time. Position-Distance
Pairs are stored over amuch longer timescale than within Mobile Devices. In some
senses, the Static Device acts asa‘memory’ for Mobile Devices. A Mobile Device
conveys postioning information to the Static Device which & some time later is used by
another Mobile Device. Since the Position-Distance Pair information stored by a Static
Device may be used by multiple Mobile Devices, there is a case for a refinement within
the Static Device, in which rather than the lowest Pogition-Distance Pair being used for
position estimates and passed on to Mobile Devices, a 5% percentile vaue over the
digtribution of Distance values received, isingtead used. This, or Smilar refinements
being analyzed, would have the effect of eiminating rogue Position-Distance Pairs, such
as might occur very occasiondly, if for example a carrier of a Mobile Device runs rather
than walks, and exceeds the assumed maximum speed of MS. In any event, it is pragmetic
to age out positioning data in Static Devices after a certain period.

4 The Calculation of the Best Estimate

As aresult of the protocol described in the last section, a device will have a number of
Position-Digance Pairs in its memory, from which it can carry out an esimate of its
position. Severa agorithms are possible, varying from the smple and less accurate to the
somewhat more complex and more accurate, and three such agorithms are outlined here,

4.1 Estimation by Geometric Calculation

The mogt intuitive postion estimation dgorithm, conggting of afew smple seps, is now
described. The smplest caseiswhen a device has just one Position-Distance Pair in its
memory. In this case, the device only has information pertaining to one Access Point, and
S0 the pogition of that Access Point is the device' s best estimate for pogition.

If there are more than one Position-Distance Pairs in memory, then in generd, the Region
of Possible Positionsis defined as the intersection of the areas of severd circles. A
gpeciad case is where one circle pertaining to a PositionDistance Pair is entirdly within

al of the other circles pertaining to the other Position-Distance Pairs. A smple arithmetic
check will determinethis. In this case, the Stuation is Smilar to that above, and the best
edimate is amply the postion of the Access Point a the center of the cirdle which is
indde dl of the others.

In generd, the estimation agorithm will have anumber of Postion Distance Pairswhich
correspond to a set of circles, each centered at an Access Point. The Position and the
Digtance fields of the Postion Distance Pair define the circle center and circle radius
respectively. The Region of Possible Positionsis the areaformed by intersection of the
circes. In the case of 3 intersecting circles, the Region of Possible Positions could be
loosely described as atriangle with curved edges. For more than 3 intersecting circles, the
Region of Possible Positions could be described as a polygon with curved edges.
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The best caculation of position would be to evaluate the center of gravity of the Region
of Possible Positions. A pragmatic and fairly straightforward estimate of thisissmply to
determine the mean position of the points of corners of the (curved) triangle or polygon

forming the Region of Possible Pogtions.

Thisisdonein asmple two-stage process. Firgtly the set of dl of the intersections of
pairs of circlesis caculated. The coordinates of the intersects can be caculated usng a
ample quadratic formula. Secondly a subset of interior intersectionsis created in the
following way. If an intersection point of apair of circlesisingde dl of the other circles
(i.e dl of thecircdles not involved in the intersection), then it is defined as being in the
subset of interior intersections. Otherwisg, it is not included in the subset of interior
intersections. This evaluation involves a smple caculation of the distance from the point
of intersect to the center of acircle (the Position field of the Position Distance Pair), and
comparing it to the circle radius (the Distance field of the Position Digtance Pair).

To take asmple example of the two stage process involved, assume adevice has 3
Position-Digtance Pairsin its memory, as shown in Figure 4. The intersection of the 3
circles (which defines the Region of Possible Positions) creetes a roughly triangular
shape (with curved rather than straight edges), bounded by intersection points a, b and c.

In the first stage of the process, each pair intersection point of the (respective pairs of)
circlesis caculated, so in this case the coordinates of the 6 pointsa, b, ¢, d, eand f are
caculated . In the second stage, each of these 6 pointsis evaluated to seeif it isingde the
remaining circle not involved in the intersection. For example, point aisthe intersection

of the two circles centered at AP1 and AP3, and it isingde the remaining circle centered
at AP2. Point aistherefore an interior intersection. If one looks at point d, formed by the
intersection of the circles centered at AP1 and AP2, it is outside the remaining circle, the
circle centered at AP3. Point d istherefore not an interior intersection.

Once this smple caculation is made for each of the 6 intersect points, 3 intersections - a,
b and ¢ — are found to be interior intersections. The mean of these 3 points of interior
intersection is defined as the estimate of the position of the device. A dightly enhanced
verson of this caculation is presented in the next section.

12
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Figure4. The Region of Possible Positions formed by the I nter section of Circles

A smpleway of minimizing the number of Pogtion-Distance Pairs transmitted across the
short-range wirdess linksis inherent in this method. In the previous paragraphs, the stage
of cresting the subset of interior intersections has been described. A smple way of
keeping the most useful PogitionDistance Pairs and discarding the less useful ones, is
smply to keep only those Position-Distance Pairs which participated in the creation of
interior intersections. Any Pogtion-Distance Pair, which has not participated in the
creation of the subset of interior intersections, is marked as not to be sent to peer devices
across the short-range wirdless link in subsequent transmission.

4.2 Estimation by Geometric Calculation — Enhanced Version

The accuracy of position estimation of the Estimation by Geometric Calculation method
outlinedin 4.1 can be improved with the following enhancement. The basic method is
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very smilar to that of 4.1, but a post-processing enhancement to the basic algorithm can
improve the results.

Some moativation for the enhancement is given firg of al. One gpproximation used in the
Estimation by Geometric Caculation is caculation of the center of gravity of the

polygon, by taking the mean of the interior intersection points &t its corners. It may be
that the corners are grouped very irregularly. For example, if severa successve sdes of
the polygon are very short, severd cornerswill al be located close together, and this may
cause the estimation by taking the mean of the position of the cornersto lead to a
somewhat biased result.

It isto be noted that the effect of any such bias described would be minimd if the Sze of
the polygon (or of the Region of Possible Positions) were smdl. Also, other
goproximation effects will tend to diminish, with a smaller Sze of Region of Possble
Pogtions. A ussful strategy is therefore to reduce the size of the Region of Possble
Positions before carrying out the averaging caculation.

Thisis carried out as follows. Firgtly acopy of the origind Distance Vaues of the
Pogition Digtlance Pairsis stored in memory. (This has to be done, because when Position
Digtance Pairs are subsequently sent to other devices, they have to be as origindly
defined, not in their dtered Sate after the following operation.) Then, at each iteretion, if
the Sze of the Region of Possible Postions is above atarget Sze, each of the Distance
vauesismultiplied by afactor k (of lessthan one), so that dl of the Distance vaues are
reduced proportionaly. From a geometric point of view, the circles centered on the
respective Access Points dl are reduced by the samerratio. This processis carried on until
atarget Szeisreached. Then the same caculaions as in the Estimation by Geometric
Cdculation is made, but now using a potentially much reduced Region of Possible
Postions.

Thetarget Szeis best framed in terms of the size of the area bounded by the Access
Points the device is aware of through the Position fields of the Pogtion-Distance Pairs it
holds in memory. Since the target Size calculaion is Smply used to determine how many
iterations of the multiplication by k are carried out, great accuracy in determining the
target Szeisnot necessary. Therefore, the Size of the area bounded by the Access Points
could be estimated by taking the smallest rectangle which would contain al of the Access
Points, which can be cdculated in asmple way. Smilarly the size of the Region of
Possible Pogitions can be estimated by framing it with the smdlest possible rectangle.
Thetarget Size could therefore be some fraction of the Size of the smallest rectangle
enclosing the Access Points, and the iterations reducing the size of the Region of Possble
Positions can continue until the smalest rectangle enclosing it is less than the target.

During the course of reducing the size of the Region of Possble Postions, the number of

pointsin the set of interior intersections may reducei.e. some circles may ceaseto be
involved in its definition. The efficient implementation of the iteration process involves
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some finesse, as it encompasses the geometry involved as well as iterdtive convergence
Pprocesses.

4.3 Estimation by Numerical Calculation

Ancther possible method of performing a caculation of abest estimate of postionis
through a smple direct numerica caculation, rather than performing a computationa
dgorithm. The input of the caculation is the Pogition Distance Pairs the device hasin its

memory.

An obvious candidate is a weighted average estimate of the form

o = c,” APl +c,” AP2 +c,” AP3 +....+Cy  APN,
- CtC +C +......+Cy

X

_ G APL+c,  AP2 +c,” AP3 +...+c,” APN,

C +C+C+... + Cy,

y_ed

where APi, and APi, arethe x-coordinate and the y-coordinate of Access Point i.
The weighting factors are determined in terms of the Distance values of the respective
Access Points' PogitionDistance Pairs, and in the environments tested, the most

promising smple definition appeared be ¢, = d_12

The chief motivation for this goproach is the ease of implementation.

5 A Discussion on where Access Points should be
situated.

It is now relevant to have a brief generd discussion about the best placing of Access
Points, the pre-programmed source of position information. Often, the Access Point will
be incorporated in a generd wireless to wired network bridging device, dlowing for
example mobile users to access the internet or corporate LAN across the short-range
wirelesslink. If thisis the case, there may be less choice as to the placing of the device.
However, where there is some element of choice asto where Access Points should be
gtuated, it is useful to have some guiddines.

The description of diffuson of pogtion information in @ of Section 2 discussed how the
initial stage for pogition information to be diffused among Static and Mobile devicesis
often for Mobile Devices to pass an Access Point, and a short time later transfer position
information to a Satic Device, or possibly a Mohile Device. To maximize the diffuson

of position information from the Access Points, it is often logica for Access Points (the
source of the position information) to be placed at entrances to an area where positioning

15



isto take place. For example, in corporate buildings, Access Points should be placed
where peoplefirst enter aparticular floor i.e. at stairs, eevator exits etc. As people arrive
for work for example, and leave the gairs or lift exit, they will then tend to diffuse the
position information while walking to their working location. Similarly if postioning is

to be implemented in a public building such as a shopping mdl, it is useful to postion
Access Points at the entrances.

It is dso gppropriate to postion Access Points in Stuations where there is a heavy flow of
Mobile Devices passing. In the example of pedestrian streets within a shopping mall,
Access Points could be positioned at street intersections, which aso has the benefit of
partitioning the arealinto straight sections of pedestrian streets. However, it is clear that in
such gtuations Static Devices (which learn position information rather than having to be
programmed) could aso be placed there in such a Stuation. A Static Device which lies
somewhere between Access Points can be expected to accumulate enough position
information to be able to estimate its position, and to enable passing Maobile Devices to
do likewise.

In generd, auseful strategy isto place the Access Points at the extremes of the spacein
which the postioning isimplemented, and to dlow Static Devices Stuated in the interior
of the space, to participate in the way described. Focusing for example on afloor of a
corporate building, the Access Points could in particular be Stuated particularly in the
corners, and on the edge walls, and as well at the stairs and lift exits, as discussed.

6 A Comparison between the Algorithms

6.1 The Simulation Environment

In order to be able to examine the characterigtics of the various agorithms with respect to
redistic numbers of Mobile Devices, a smulation environment was devel oped. The code
was written in Java, and adisplay of the movement of Mobile Devices, together with the
configuration of Access Points and Static Devices could be observed in red time on the
monitor. Also, long smulation runs could be carried out, in order to examine the
characterigtics of the dgorithms.

A good degree of flexibility was obtained by dlowing the definition of the movement
patterns of Mobile Devices to be defined completely independently of the location of
Static Devices, both of these being completely independent of the definition of the
location of the Access Points.

6.2 The Simulation Experiments and Results

A number of experiments are reported, which give an ingght into the various agorithms.
A rectangular space was used, which could represent a torey of alarge corporate
building, or alarge space in acommercid public building. The dimengons of the
rectangular space was 400 pixelsin the east-west direction, and 800 in the north-south
dimension. The maximum distance of tranamisson of the short-range wireless
transmisson was initidly assumed to be 60 pixds. (To convert thisto ared-life Stuation
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with meters, one might divide these numbers by 4, the smulation would in effect be of a
200 meters by 100 meters space, and a wireless technology with a maximum range of 15
meters. However, the results are described in terms of pixels, not in terms of meters.)

Mobile and Static Devices attempt to communicate with another device within range
every 5 seconds, and if successful, they can exchange PositionDistance Pair information.

6.2.1 Experiment 1: 72 Static Devices and 8 Mobile Devices

The intention of this experiment was to Smulate a corporate environment, in which there
areredivey few Access Points, but many Static Devices, such as PCs and printers.
There were 6 Access Points, one in each of the four corners the other two were placed
hafway aong the two longer Sdes.

The 72 Static Devices were evenly distributed throughout the rectangular space, ina 6 x
12 grid, but were just far enough gpart that they could not communicate with each other.
They therefore relied on the movement of Mohile Devices to obtain pogtion informetion.
The 8 Mobile Devices represent asmal number of personnel who at any one time might
be moving around the floor of the corporate building. The movement was semi-random,
with the person coming into the space through an entrance (representing alift exit for
example).

The mean error in caculating the position of Static Devices, and of Mobile Devices, for
the three a gorithms discussed, is shown in the table below. The table shows the mean
errors after 25,000 cycles. One cycle in the smulation corresponds to the one second in

Satic Devices Mobile Devices
Edtimation by Geometric 18.36 (4.6 meters) 33.09 (8.3 meters)
Cdculation
Edtimation by Geometric 13.87 (3.5 meters) 27.89 (7.0 meters)
Cdculation — Enhanced
Verson
Egtimation by Numerica 45.84 (11.5 meters) 51.05 (12.8 meters)
Cdculation
Table1 Theresultsof Experiment 1, with 72 evenly distributed Static Devicesand 8 M obile Devices

the stuation being smulated, so 25,000 cycles gpproximately corresponds to around 7
hours, i.e. alittle less than aworking day. As discussed before, if the figures below
reported in terms of pixds, are divided by 4, thiswill gpproximately correspond to meters
in the red Stuation, and these figures are given in bracketsin the tables.

One can see that the Enhanced Verson of the Estimation by Geometric Calculation gives
asgnificant gain in accuracy as compared to the origina verson. Also, the very smple
Edtimation by Numericd Cdculation performs sgnificantly worse, as one might expect
from such a smple dgorithm. Interestingly, the figures for Estimation by Numericd
Calculaion hardly improve a dl with alonger smulation time, while the results for the
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firgt two dgorithms do show agradua improvement as the smulation progresses. For
example, after amillion cycles, for the Enhanced Verson of the EStimation by Geometric
Cdculation, the Static Devices have a mean postioning error of 7.6 pixels, and the
Mobile Devices have amean error of 23.5 pixels.

6.2.2 Experiment 2 : 4 Static Devices and 80 Mobile Devices

In this experiment, the same overall rectangular space was used, and the same positioning
of the Access Points. However, rather than a corporate environment with large numbers
of Static Devices, apublic building or tourist atraction was assumed, with alarge
number of Mobile Devices moving around, but from time to time semi-randomly
changing direction. The experiment had 80 Mobile Devices moving within the

rectangular space. It was aso assumed there could well be a small amount of
infrastructure, and so 4 Static Devices were aso placed within the space, well separated
from each other and from the Access Points.

The smulation results converge to remain amogt Sationary after a certain point, and the
mean error in positioning estimate after 400,000 cycles are given.

Satic Devices Mobile Devices
Edtimation by Geometric 17.75 (4.4 meters) 78.38 (19.6 meters)
Cdculation
Egtimation by Geometric 17.75 (4.4 meters) 65.27 (16.3 meters)
Cdculaion — Enhanced Verson
Edtimation by Numericd 4850 (12.1 meters) 70.29 (17.6 meters)
Cdculation
Table2 Theresultsfor Experiment 2, with 4 Static Devicesand 80 M obile Devices

Thisisrather a different scenario from the previous experiment, in that the 6 Access
Points and 4 Static Devices provide a much sparser coverage for Mobile Devices.
Consequently, the mean error for the Mobile Devices is higher. The relaively scarce
avalability of pogtioning information means thet the disadvantages of the Estimation by
Numerical Cdculation are less pronounced. The Estimation by Geometric Caculation in
the absence of the enhancement will in some situations be performing caculaions with
relatively large Regions of Possible Position, and some of the issues outlined in Section
4.2 aise. The benefits of using the Enhanced Verson of the Etimation by Geometric
Cdculaionisseen in theresults.

6.2.3 Experiment 3 : 72 Static Devices

Although a pogitioning system operating in the absence of Mobile Devices would be an
unusud Stuation, this experiment was carried out to illudtrate that the algorithms can
operate in this environment.
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The same rectangular space and the same placing of Access Points as in Experiment 1
were defined. Also, the 72 Static Devices were digtributed in the same way as Experiment
1. There were no Mohile Devicesin this experiment. A dight increase in the wirdess
transmission distance alowed the Static Devices to communicate with their nearest
neigbour, and aso for the Access Points communicate with the nearest Static Devices. (In
Experiments 1 and 2, no such communication could take place, and so the Static Devices
relied entirdly on Mobile Devices for their position informeation.

Satic Devices
Edtimation by Geometric 50.97 (12.7 meters)
Cdculation
Edtimation by Geometric 24.78 (6.2 meters)
Cdculaion — Enhanced Verson
Edgtimation by Numerica 47.33 (11.8 meters)
Cdculation

Table3 Theresultsfor Experiment with 72 Static Devicesin the Absence of M obile Devices

The results show that the agorithms still operate reasonably well in this environment,
with the Enhanced Version of the Estimation by Geometric Caculation able to perform
best.

7 Conclusions

This paper has provided an overview of the basic method of Postioning by Diffuson, a
method of performing positioning based on information transferred across short-range
wirdesslinks. It utilizes the motion of mobile users who carry Mobile Devices, to
diffuse, or spread positioning information through the network. The paper reports on
some smulations which have been performed to highlight pertinent features of the
performance of 3 methods of performing the find pogitioning cacul&tion.

Anam of Pogtioning by Diffuson isto have a pogtioning sysem which minimizes the
requirement for Access Points, which are devices which have to be programmed with
accurate pogtion information from which other devices— Static Devices and Mobile
Devices — derive therr own postion estimate. Clearly, minimizing the required number of
Access Points minimizes sysem adminigiration and installation requirements.

Pogtion by Diffuson, which isimplemented in devices as software, and does not require
any extra hardware, operates in a seamless way. Assuming there are aminima number of
Access Points, it can operate with anetwork of just Static Devices, just Mobile Devices
or amixture of both.
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Theinitid step, before the postion caculation is made, isto propagate or diffuse
Position-Distance Pairs among Mobile and Static Devices. This gpproach avoids the
feeding of the output of one estimate caculation, as a parameter into the input of another
edimate caculation, the latter approach tending to make any gpproximation effect in the
cdculations cumulatively build up.

The results of 3 different methods of performing the fina position caculation have been
amulated in this paper :

1. Edimation by Geometric Cdculation

2. Egimation by Geometric Caculaion — Enhanced Version

3. Edimation by Numerica Cdculation

A summary of observations from the smulationsisthat 3. can be described as afairly
crude method and very smple to implement, but is unable to make redly accurate
esimates, even when the quality of the information availableis good. Method 2. of the
list aboveis an enhancement of 1., and 2. performs sufficiently better than 1. to judtify the
enhancement. Further refinements to the basic algorithms presented here are being
investigated, to further enhance the dgorithm performance.

In generd the results indicate that in the scenarios smulated Postioning by Diffuson is
accurate enough for the mgority of in-building positioning gpplications, but there will be
some gpplications where very high accuracy is necessary, and positioning based on
gpecid hardware additions to the wireless communications sysems would then be
required.

Pogition by Diffuson has been submitted for consideration to the Bluetooth Loca
Positioning Working Group, which has been charged with sandardizing aloca
positioning technology for Bluetooth. However, Pogtion by Diffuson is not actudly
gpecific, and can potentialy operate in conjunction with other short-range wireless
technologies.
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