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Abstract This paper presents a novel prototype system which al-
lows users’ mobile devices to perform peer-to-peer sensing
Knowledge of the fine-grained location and orienta- on a surface and compute their locations and orientations
tion of devices on a surface can be used to enhance then a 2D space. We first outline specific surface-based ap-
surface-based computing tasks of mobile users in the homeplications for mobile users, and propose infrared light as a
and workplace. However, existing systems which providefine-grained location sensing medium appropriate for their
surface-based positioning information are often not a prac- portable devices. We then detail our implementation and
tical solution for mobile users, since the systems all rely characterisation of the prototype system. Our findings show
upon pre-installed and calibrated environmental infrastruc- that such a system supports the positioning requirements of
ture. In this paper, we present prototype positioning devices mobile users’ surface-based tasks.
for surfaces which do not rely on such infrastructure. We
show.that inexpensivg infrareq transdugers can be used 105 Related Work and Motivation
effectively sense relative location and orientation of surface
devices. We evaluate the novel approach of usgitensity

’ ¢ ] - This section first outlines applications which require the
of light pulses for fine-grained location measurements.

location and orientation of user devices placed upon sur-
faces, such as desks and meeting tables. It is then demon-
strated that current location technologies are inappropriate
1. Introduction for mobile users and their portable devices. The choice of
infrared as a fine-grained, 2D location sensing technology

In everyday living and working environments, people for these devices is then justified.
perform a large number of tasks on surfaces such as desks
and tables. For mobile users, these surface-based tasks often.1. Surface-based activities of mobile users
heavily involve portable computing devices, ranging from
laptops to mobile phones. During such tasks, the ability to  The relative positions and orientations of devices on sur-
configure wired and wireless connections between the defaces can be used to enable a variety of applications highly
vices can be crucial. For meetings and collaborative work, relevant to mobile users. As proposed by Scott et al., actions
itis commonplace for multiple users to have several devicessuch as PDA-to-laptop synchronisation and digital camera
each, and to utilise some form of shared virtual workspaceimage downloading can be automatically initiated when the
between the devices. two devices concerned are placed in close proximity, and
Such application scenarios can be greatly enhanced usthe source device is oriented to face the destination de-
ing knowledge of the fine-grained location and/or orienta- vice [1]. The authors also suggest that positioning informa-
tion of the devices on the surface. Current location systemstion is used to configure a temporary interface export from
which can supply surface-based positioning data are thusa small device to a larger one. For example, a PDA might be
inappropriate, since they rely on costly and labour-intensive placed next to a laptop to allow a person to use the laptop’s
installations of transducers and equipment in the environ-keyboard and touchpad to manipulate documents stored on
ment. the PDA.



Often, many devices are placed on a single working sur- 3. Update rate: once every few seconds, providing ade-
face, including keyboards, monitors, laptops, PDAs, mobile guate response time for configuring connections
phones, and digital cameras. Their relative positioning in-
formation can be used to create GUI representations of the
layout of the devices on the table. These allow the user to
easily specify source and destination of data by perform-
ing drag-and-drop actions between devices across the sur2.2. EXisting location technologies
face fiyperdragging[2]. appropriate for surfaces

Configuring connectivity between devices is also ex-
tremely important for mobile users who gather for team-  Certain indoor location systems for context-aware com-
oriented tasks, as shown previously [3]. Positioning infor- puting are able to provide fine-grained location and
mation of the users’ portable devices, such as laptops, mo-orientation information sufficient for applications on sur-
bile phones, and PDAs, can be used to facilitate easy transfaces [5, 6]. Systems have also been developed specif-
fer of data objects between team members, as well as auically for surface-based location sensing. These have
tomatic configuration of associations between devices. Forused a number of techniques, including computer vi-
example, using a laptop with a GUI representation of the de-sion [2, 7, 8], physical contact or weight [9, 10], optical
vices on the table, one person can associate some data witmouse tracking [11], and short-range electromagnetic sig-
a small, nearby device, making it a token for the data (sim- nals [12].
ilar in concept to thenediaBlockgpresented by Ullmer et The indoor location systems mentioned above accom-
al. [4]). The token can then be handed to another groupplish wide-area fine-grained tracking, while the majority of
member, who can place it in close proximity to their own the surface-based systems have been designed for user in-
device to indicate that the system should transfer the data. terface scenarios which require centimetre resolution and

Alternatively, the token might represent a shared meet-many updates per second. As a result, many of these sys-
ing resource, such as a projector. As the meeting progressetems have a high cost due to their sensor density, spe-
the token can be passed between participants, each of whorfiialised transducers, or installation and calibration effort.
can display content on the projector by placing the token Moreover,all of these systems require static, pre-installed
near and pointing it toward their own device. A URL or infrastructure. For mobile users who wish to easily con-
file specified by the user possessing the token could thernect their portable devices wherever they go, or hold spon-
be transferred temporarily to the PC driving the projector, taneous meetings enhanced by location-enabled, shared vir-
which then displays the data object. (In this way, the token tual workspaces, systems requiring augmentation of the en-
would provide some of the functionality of the Meeting- Vvironment are impractical.

Machine Remote Control, described by Barton et al. [3].)

The proj_ector to_kgn might also be place_d in _the c_entre ofp 3 Enabling surface-based location

the_ m_eetlng parﬂm_pants’ _table, and then its orientation us_,ed sensing on devices

to indicate the device which should control the content dis-

played on the projector. o In order to avoid reliance on pre-installed tracking in-
In modern devices, wireless communication such asfrastructure, users’ devices must incorporate sensing tech-

B_Iuetooth or W|_F| is ofte_n available. Achieving the above nology. The inclusion of the sensing technology should not

discussed applications is then only a matter of software. ygversely affect the battery life, size, or cost of the mobile

Most of the application scenarios described involve con- geyices. Accordingly, the transducers chosen should have
figuring connections and transfers between devices ong |ow power consumption, small form factor, and low sig-
the surface. Thus, the necessary positioning informa- 5 processing overhead.

tion provided to the applications need only belative Computer vision and ultrasonic sensing technologies
(referenced to the devices themselves) rather @la8D- 156 heen shown to be successful for fine-grained location,
Iute(_referenced to the surfgce_orthe _room). The positioning 544 could be incorporated into user devices for surface-
requirements of the applications discussed can be sumyageq |ocation. For example, low-resolution cameras have
marised as follows: been incorporated into some mobile phones, PDAs, and lap-
tops. However, providing 360coverage around a device
would involve using many cameras or ultrasonic transduc-
ers, potentially raising the cost, size, and complexity of the
devices to a prohibitive level.
2. Orientation accuracy: about 3Gllowing detection of Conversely, a wide selection of infrared sensing tech-
when devices are facing one another nologies are available which are less expensive, smaller,

4. Number of devices: up to twenty for large meetings or
mobile users with many devices on a single surface

1. Location accuracy: between 10 cm and 20 cm, a granu-
larity similar in size to the smaller devices which might
be used (mobile phones and PDAS)



and have lower signal processing requirements than com-coming signals while onlgneobject emits pulses. This im-
puter vision or ultrasound—based techniques. Previously, in-proves the scaling behavior when the number of objects in-
frared has been used for location systems with coarse granereases.

ularity, ranging from room-scale to metre-scale accuracy.
Examples include the Active Badge [13], ParcTab [14], Lo-
cust Swarm [15], and a system for wearable computing [16].
These systems rely upon infrared sigmilibility between

a fixed unit in the environment and a mobile unit, such as a
device or tag. If a signal is visible, then it is assumed that
the mobile unit is in the same area as the fixed unit, allow-
ing a location to be inferred.

The HiBall system, designed for augmented and vir-
tual reality, uses infrared to accomplish fine-grained track-
ing [17]. User-worn devices consisting of lateral effect pho-
todiode clusters are used to accurately deteciatigle of
arrival of signals from arrays of ceiling-mounted infrared
LEDs with known positions, and the location and orienta- Figure 1. Infrared device prototype
tion of the user is tracked using Kalman filtering. The sys-
tem has the capability for sub-centimetre and sub-degree
tracking resolution, but the user-worn devices are large and
contain specialised hardware, making them inappropriate
for widespread incorporation into portable devices such as
mobile phones or PDAs.

In contrast to previous infrared systems, we propose

3.1. Location and orientation algorithms

As different devices emit infrared pulses and receiving

measuring théntensityof infrared signals between portable dgwces measure aqd broadgast their results, angles of emis-
devices on surfaces. The aim of using infrared teChnok)gyS|on/recept|on and inter-device ranges can be gathered for

is to achieve fine-grained location and orientation sensingPirs of devices on the surface. Two methods for estimat-
at little additional cost, size, or complexity to user devices ing the relative locations and orientations of the devices are

while still avoiding reliance on pre-installed infrastructure. Presented here. _ _

Map tracing. A collection of the distance and angle
readings reported can be used to construct a virtual map,
whose nodes represent devices and whose segments repre-
sent the distance and angle measurements between the de-
vices. The map is then processed as follows:

3. Prototype Implementation

Figure 1 shows the implementation which has six-
teen infrared emitters, twelve infrared receivers and addi-
tional components including analog multiplexers and fil- 1 Choose one device as the reference for the coordinate
ters, power circuitry and a microprocessor. The twelve pho- system.
todetectors each cover 3@nd the emitters 22 therefore
the angle measurement errors should be limitett18° or
+11° respectively. Additionally, the wireless platform parti-

cle computet was used to organize the distributed control, 3. Use trigonometry and the distance/angle readings of
synchronization and exchange of measurements. Itis impor- devices connected to the reference device and place
tant to note that these prototypes were designed to facilitate  those devices on the map. Mark the already placed de-
flexibility, in order to fully gauge the potential of infrared vices as “visited”.

technology for fine-grained, surface-based positioning. The
measurements are based on a series of short E#ighs)
infrared pulses. The receivers include analogue filters and a
10bit 35kHz A/D Converter. A single pair-to pair measure-
ment between two devices for any range up to 250cm and
360" coverage takes 600ms in the current implementation. 5. Repeat the previous step until the location and orienta-
The emission and reception of infrared pulses is organized tion for all devices in the map are calculated.

in a one-to-many styleMlany objects can measure their in- ) ) )
Thus, the algorithm traces the map to estimate the relative

locations and orientations of the devices. The advantage of
this method is that it is computationally lightweight; the

2. Call a device with measurements towards another de-
vice asconnectedo it.

4. Choose a node which has not been visited, and cal-
culate locations and orientations for any devices con-
nected to it which has been placed already. Place the
new node as well and mark it as “visited.”

1 http://particle.teco.edu



map tracing algorithm can be executed in real time, even us- | N€S€ techniques have previously been shown to work well
ing a modest microcontroller such as the PIC employed in IN POsitioning systems [18].
the prototype.

Non-linear regression. Alternatively, the angle and 4, Experiment and Discussion
range measurements can be used to arrive at a solu-
tion for the relative locations and orientations of the devices  This section presents a characterisation of the distance
using a system of equations. and angle measurements from the prototype devices, and

More specifically, taking devicé and j, with locations  the resulting location and orientation estimates. The practi-
(z:,9:) and (x5, y;), the euclidean distancé;; between  cal utility of such a system for mobile users is then evalu-
them is: ated. For the test setting, four prototype devices were placed

in one hundred different configurations on&0 x 200 cm
dij = \/(ffi —z;)? + (v — ;) @) surface indoors. For each configuration, the locations and

orientations of the devices were arbitrarily chosen, with the
aim of achieving an even distribution of locations and ori-
entations over all the test configurations. Ambient light dur-
ing the experiments came from overhead fluorescent lights
and indirect sunlight.

Also, the emission or reception anglg; at device; with
respect to devicg can be related t6;, the orientation of de-
vice i referenced to the arbitrary coordinate system being
used by the relative positioning system

Vij = ¢ij (@i, Yir T4, y;5) — b3, )

whereg,; is the angle of the vector drawn from device®
devicej, as shown infigure 2. As indicated in the equation,  Figyre 3 shows the error characteristic of the distance

4.1. Distance and angle accuracy

¢ij is afunction of the locations of the deviceandj, and  anq angle measurements taken by the devices. Ninety per-
can be calculated using trigonometry. cent of the distance measurements were within 18 cm. Al-

though the chosen photodetectors each covers a fairly broad

Y angular range, the beam intensity of the emitters used in the

prototype is greatly attenuated when the emitter is turned
by ten degrees or more. When a receiving device does not
Angleof devicej lie within the main lobe of sensitivity of any of the trans-
with respect to devicei . e ., .
W mitting device’s emitters, measurements become less accu-
! rate. A simple software model to compensate for this was in
place on the devices.
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Figure 2. Device angle relationships
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Since the devices in the system report measurements of
the distancesl;; and the angles;;, a non-linear regres- N
sionalgorithm can be applied to arrive at estimates for the Error (centimetres or degrees)
devices’ relative locations and orientations on the surface.
The regression process converges toward location and ori-
entation estimates which minimise the sum of the squares of
theresiduals(i.e. the difference between devices’ measured
distances and angles, and the distances and angles as calcu- As shown in figure 3, the ninetieth percentile angular ac-
lated using equations 1 and 2). The solution can be furthercuracies for reception and emission aré 26d 15, respec-
refined by usingstudentized residuats identify distances  tively. These deviate from the ideal limits stated in section 3
and angles which are likely to have large errors, and re-because the infrared transducers sensitivity beam is not per-
peating the regression with those measurements discardedectly aligned on the manually assembled prototypes

10 //

Percentage of measurements with error less than abscissa

OO‘

Figure 3. Raw measurement accuracy




4.2. Location and orientation accuracy Assuming a transmission duration of 200 ms and poor line-
of-sight conditions on a surface with twenty objects, po-
The measurement data for the experiments was fed intGsitioning updates would be available approximately every
the map tracing and non-linear regression algorithms tofour seconds. Although this would be awkward for users
prOduce relative location and orientation estimates. In Or-desiring fast, automatic connection and data Sharing, in our
der to compare the algorithms’ results with the manually- experiences with surface-based systems, line-of-sight con-
measured locations and orientations, a coordinate spacgitions are rareiy S0 poor, and positioning updates are often
transform was calculated for each result. The COOTdinatefeasime after on|y three or four devices report their mea-
space transform consists of the 2D rotation and transm.tiorburements_ A|though Oniy four infrared devices were con-
which minimise the mean squared distance error betweerstrycted, it has been experimentally verified that the wire-
corresponding devices. The accuracy of the resulting locajess protocol employed by the devices’ radio units will sup-
tions and orientations are shown in figure 4, and the nineti-port twenty or more devices in simultaneous operation.
eth and ninety-fith percentile accuracies are given in ta-  Environmental factors. The reflectance of the surface
ble 1. Note that of the two algorithms, non-linear regres- on which the devices are placed affects the received in-
sion achieves superior accuracy, but both algorithms have arared light intensity. Although the devices perform simi-
location accuracy better than that of the raw distance mea'iariy on typicai desks and work SurfaceS, extremeiy Shiny
surements provided by the devices. surfaces (such as glass) or absorbent surfaces (such as a
black tablecloth) can cause additional ranging errors. Ad-
ditionally, direct sunlight is crucial to the receivers used on

1001

% ool e o T the prototypes. section 2.1, mobile users rarely choose sur-
z wl ff faces vv.hllch are in direct sunlight, since it makes de\(lce dis-
g plays difficult to read. Also, a set of informal experiments
87 / have shown that e.g. additional automatic calibration can
g - ' compensate for ranging errors on unusually reflective or ab-
g [ e e sorbent surfaces.
Laop 0 e e o) Power Consumption. The prototypes have an aver-
% 30f age power consumption of 300mW when actively generat-
g 20 /) ing measurements. The biggest part of this relatively high
g 1oij'/,;,” , power consumption is used up by the infrared circuitry. Ap-
ol ‘ ‘ ‘ ‘ ‘ ‘ propriate redesigns can easily reduce this amout to less

25 30

than 50mW by e.g. reducing the pulse length of the in-
frared light pulses.

10 0
Algorithm error (centimetres or degrees)

Figure 4. Algorithm accuracy distributions

5. Conclusion

In this paper, we have proposed a new type of position-
4.3. Evaluation ing system for portable devices placed on surfaces. The sys-
tem usesntensitymeasurements of infrared pulses trans-
Based on the findings with the prototype system, this mitted between devices to determine their relative loca-
section evaluates the use of infrared technology for fine-tion and orientation. Unlike previous surface-based location
grained positioning of mobile users’ devices on surfaces. techniques, the system is not reliant on any pre-installed in-
Accuracy. The location and orientation accuracy of the frastructure and thus provides a more practical solution for
system is largely suitable for the types of applications out- the surface-based computing tasks of mobile users. The pro-
lined in section 2.1, such as configuration of device con- totypes (figure 1) were designed to fully gauge the poten-
nections, automatic interface export, and location-sensitivetial of infrared for surface-based positioning. Clearly, they
data sharing between meeting attendees. are too unwieldy and complex for everyday use as mobile
Update rate and scalability. In the current hard-  devices. For a consumer electronic device, the number of
ware prototypes, each device’s transmission sequence takesansducers could be vastly reduced by choosing infrared
600 ms. With some modifications this can easily be re- emitters and detectors which have much wider sensitivity
duced to less than 200 ms per device. beams. We developed a lightweight map tracing algorithm
If line-of-sight between devices on the surface is mini- and a more robust non-linear regression algorithm which es-
mal, then it may be necessary for all devices to transmit in timate device locations and orientations using distance and
order to uniquely solve for their locations and orientations. angle measurements collected from the devices. The ac-



Ninetieth percentile || Ninety-fifth percentile

Location | Orientation || Location | Orientation
Raw values 18 cm 25° 22.cm 28
Map tracing 14 cm 18 17 cm 21°
Non-linear regression 9 cm 1z 10 cm 14°

Table 1. Accuracy summary for measurements and location algorithms

curacy and update rate of the prototype devices is appro- [9] Frank Hoffmann and James Scott. Location of mobile de-
priate for enhancing users’ surface-based applications with
location-awareness. Using the regression algorithm, ninety-
five percent of the positioning results returned by the sys-

tem
tion.

are accurate to 10 cm in location, and it orienta-
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